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INTRODUCTION 

 

Polyurethane elastomers (PUEs) are possibly the most versatile class of polymers 

since they can be molded, injected, extruded and recycled (Zia et al., 2007). The 

polyurethanes include those polymers containing a plurality of urethane groups in the 

molecular backbone, regardless of the chemical composition of the chain. Thus typical 

polyurethane may contain, in addition to the urethane linkages, aliphatic and aromatic 

hydrocarbons, esters, ethers, amides, urea, and isocyanurate groups.  Polyurethane are 

used in a surprising array of commercial applications and found all around us. 

Polyurethane is resilient, flexible, rigid and durable manufactured material that can be 

used to substitute conventional paint, cotton, rubber, metal, and wood in thousands of 

applications across all fields. Polyurethane might be hard, like fiberglass, squishy like 

upholstery foam, protective like varnish, bouncy like rubber wheels, or sticky like glue. 

Since its invention, polyurethane has been used in everything from baby toys to airplane 

wings. Polyurethanes (PU) as a unique material class of polymers and occupying a 

special place in the materials-properties spectrum are defined in terms of their physical 

property and chemical structure relationships because their properties can be readily 

tailored by the variation of its structural components. Their traditional application fields 

are defined followed by the great up thrust of PUs into new fields in the aerospace, 

surface coatings and automotive industries, elastomers, foams, adhesives, fibers, 

varnishes and sealants (Hepburn, 1992; Barikani and Hepburn,1986).  
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The thermoplastic PUEs are linear block (AB) n copolymers, the ‘A’ segments, 

built from alternating sequences of chain extender and isocyanate molecules, are called 

“hard” segments. The ‘B’ segments, known as the soft segment originate from the 

intermediate chain polyol. The hard segment tends to aggregate forming micro domains 

of a physically cross-linked region distributed throughout the soft segments. The 

constituation of ‘A’ and ‘B’ in this linear block copolymer and their sequence length play 

an important role in the physical properties of thermoplastic PUEs. Their versatile 

physical properties are usually attributed to their microphase-separated and macrophase-

separated structures deriving from the thermodynamic incompatibility between the soft 

and hard segments (Szycher, 1999; Barikani and Hepburn, 1987).  

Polyurethane elastomers (PUEs) can be found in a variety of products, featuring a 

range in properties and performance. This is a result of the extensive choice of chemicals 

that may be used in their synthesis. The majority of polyurethane elastomers are, 

however, based on diisocyanates, long chain components such as polyesters and 

polyethers, and on short chain difunctional (or multifunctional) alcohols or amines, which 

act as chain extenders. The structure of the chain extender has a significant effect on 

properties and morphology of polyurethanes. Several studies have also reported that 

chain extender (CE) properties, such as the chemical structure, chain length, molecular 

volume and functionality can influence hard segment packing, crystallinity in the hard 

domains (Petrovic et al., 1998). The present studies mainly focus on the effect of CE on 

the structural, thermo-mechanical and surface properties of PUEs. The studies have been 

divided in to two parts i.e., α, ω-alkane diols based PUEs and chitin based PUEs. 
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It is important to note that polymer tailoring for any required application should 

have better thermo-mechanical and surface properties relevant to their end use. A deeper 

understanding of the microphase separation promises to realize new and improved 

thermo-mechanical properties of polyurethane. Surface properties of polyurethane are 

also of prime importance however, lot of studies has been done in order to characterize 

and control them (Regen et al., 1983; Nakamae et al., 1996). Several strategies have also 

been applied to modify the surface as well as the interfacial properties of polyurethane 

(Silver et al., 1993; Nakamae et al., 1999). With the increase in number of methylene 

units in alkane diol chain extender, the resulting final PU is chemically modified. This 

chemical modification depends upon the types, the content, and the methods employed, 

that can affect not only the thermo-mechanical and bulk, but also the surface properties.  

Although the materials with urethane structure exhibit good mechanical properties, their 

use as surface coatings in outdoor applications is limited by the sensibility to the photo-

oxidative degradation, which can lead to the discoloration and even the total destruction. 

The thermal degradation of polymeric materials has been the subject of many studies 

with the purpose to investigate the process that is responsible for the deterioration of the 

physical properties of materials.  

Polysaccharides (cellulose, starch, chitin etc.) are naturally occurring polymers obtained 

from renewable sources. They are readily biodegradable and tend to degrade in 

biologically active environments like soil, sewage and marine locations where bacteria 

are active (Alfani et al., 1998). As a biopolymer from agricultural resources, chitin and its 

derivatives with hydroxyl and acetamide groups have been considered as an alternative 

material in developing degradable elastomers because of its biodegradability, 
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derivability, availability and low cost (Kurita, 2001; Rinaudo, 2006). Chitin (C8H13O5N)n 

having cellulose-like rigid structure composed of 1,4-2-acetamido-2-deoxy-β-D-glucose 

units is one of the most abundant natural polymers and is widely distributed in nature as 

the skeletal material of crustaceans insects, and mushrooms and as the cell wall of the 

bacteria (Muzzarelli, 1977). Chitin is structurally similar to cellulose, but it is an amino 

polysaccharide having acetamide group at the C-2 positions in place of hydroxyl group. 

 
Scheme 1.1 Structure of chitin, cellulose and chitosan designated with carbon-position 

 

Materials made of chitin or modified chitin have the attractive advantages of being 

nontoxic, biodegradable, and antibacterial, plus relatively good biocompatibility, which 

offer even large unexplored commercial applications (Miyashita et al., 1997). In view of 

the future applications of the synthesized PUs in the biomedical field, their toxicity is 

currently being investigated and reported.  

 Shape memory refers to the ability of materials to remember its shape on demand even 

after severe deformation. Among various SMPs, shape memory polyurethanes (SMPUs) 

are receiving much attention for their easy control of glass transition temperature Tg and 
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excellent shape memory effect even at the room temperature. These SMPUs basically 

consist of two phases, the frozen phase and the reversible phase. Hard segments in 

polyurethanes can be formed via hydrogen bonding and crystallization, acting as a frozen 

phase below the melting temperature. The reversible phase, transformation of the soft 

segment, is responsible for the shape memory effect (Lee et al., 2001). Information 

collected from the literature regarding irradiation of PUEs and effect of even-odd chain 

extender on the thermal, mechanical and surface properties of PUEs are found very little. 

The aspects pertaining to the use of chitin as chain extender to investigate the thermo-

mechanical properties and cyto-compatibility of PUEs have not been studied so far, 

therefore, the present project is designed to meet the following aims and objectives:   

1. To investigate the role of structural aspects on the physical properties of 

thermoplastic polyurethane elastomers. 

2. To modify the thermo-mechanical properties of polyurethane elastomers extended 

with a,w-alkane diols (having 2-10 methylene units).  

3. To evaluate the dependence of thermal, mechanical and surface properties of 

PUEs on the number of –CH2- units in the chain extender (even or odd). 

4. To study the structural, thermo-mechanical and surface characteristics of UV-

irradiated PUEs. 

5. To study the structural, surface, thermal and mechanical characteristic of chitin 

based PUEs.  

6. To compare the effect of aliphatic and aromatic diisocyanate structures on the 

morphology and physical properties of a series of chitin based PUEs.  

7. To evaluate the cyto-compatibility and cyto-toxicity of chitin-based PUEs. 
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REVIEW OF LITERATURE 

    

2.1 Polyurethane 

Polyurethanes are one of the most versatile materials in the world today. Their 

many uses range from flexible foam (in upholstered furniture), rigid foam (as insulation 

in walls, roofs and appliances), medical devices, footwear, coatings, adhesives, sealants 

and elastomers (Brains, 1969; Hepburn, 1992). Polyurethanes have increasingly been 

used during the past thirty years in a variety of applications due to their comfort, cost 

benefits, energy savings and potential environmental soundness. What other factors that 

make polyurethanes so desirable? Polyurethane durability contributes significantly to the 

long lifetimes of many products. The extensions of product life cycle and resource 

conservation are important environmental considerations that often favor the selection of 

polyurethanes (Bayer, 1979; Wirpsza, 1993; Dodge, 1999). Polyurethanes (PUs) 

represent an important class of thermoplastic and thermoset polymers as their 

mechanical, thermal, and chemical properties can be tailored by the reaction of various 

polyols and polyisocyanates. The PUs include those polymers, which contain a 

significant number of urethane groups (–HN–COO–), regardless of what the rest of the 

molecule may be (Barikani and Hepburn, 1986; Szycher, 1999). Worldwide, more and 

more attention is being focused on polyurethane recycling due to on-going changes in 

both regulatory and environmental issues. Polyurethanes have a large number of 
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commercial applications as they can be molded, injected, extruded and recycled (Zia, et 

al., 2007). Modification of the physical and chemical properties of these materials, 

through reaction or blending with other biodegradable and non-biodegradable polymers, 

is often necessary to meet the required performances (Iannace et al., 1990; Iannace et al., 

1994; Iannace et al., 1995). 

2.2 Structure of Polyurethane   

Segmented polyurethanes, consisting of hard and soft segments are known to have 

microphase separated structure, which makes them useful in some applications such as 

adhesives, coatings, biomedical materials and elastomers. Polyurethanes are block 

copolymers with alternating soft and hard blocks or segments. Soft segments generally 

derive from a polyether or polyester polyol, whereas the diisocyanate with chain extender 

in conversion to urethane linkages form hard segments. The urethane linkage (-NH-COO-

) is a result of reaction between the isocyanate (-NCO) group of diisocyanate and 

hydroxyl group (-OH) of polyol. If a stoichiometric excess of diisocyanate is used, the 

resulting short typically diurethane chains are -NCO terminated and the product is called 

NCO-terminated prepolymer (Kim et al., 1998; Blackwell et al., 1984; Koberstein and 

Stein, 1983), which brings SPU to be used in various ways such as adhesives, coatings, 

biomedical materials and elastomers. 

2.3 Structure-Property Relationship 

Structure-property relationships in polyurethane elastomers were first time studied 

by Rausch and Saying (1965). In this study substantially linear, hydroxy-terminated 

elastomers were prepared to study the effect of chemical structure of the starting 

materials, the ratio of diisocyanate to polymeric diol, the excess glycol, and the method 
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of reaction. Asymmetry and steric hindrance in the diisocyanates adversely affected 

elastomer properties. Decreasing the density of or increasing the separation of strong 

cohesive functional groups had less adverse effects. These factors interfere with chain 

orientation, crystallization, and the cohesive forces, all of which are responsible for the 

strength of elastomers. Little difference in properties was observed between elastomers 

prepared from pure diphenylmethane-4,4′-diisocyanate (4,4′-MDI) and those prepared 

from a 90:10 mixture of 4,4′-MDI and 2,4′-MDI. The elastomers prepared by the more 

desirable one-step method generally have greater tensile strength and ultimate elongation 

and a higher melting point than analogs prepared by the prepolymer method. By 

balancing reaction conditions, useful and stable thermoplastic elastomers with a wide 

range of physical properties can be prepared from the 90:10 mixtures of the two isomeric 

diphenylmethane diisocyanates. 

Molecular characterization and morphological studies of polyurethane elastomers have 

been reported by many researchers (Rogulska, et al., 2006; Barikani and Barmar, 1996; 

Hu and Mondal, 2005). Polyurethane (PU) elastomers can be found in a variety of 

products that feature a range of properties and performance. This is a result of the 

extensive choice of chemicals that may be used in their synthesis. The majority of PU 

elastomers is, however, based on diisocyanates, long-chain components, such as 

polyesters and polyethers, and on short-chain difunctional (or multifunctional) alcohols 

or amines, which act as chain extenders (CEs). Because PU possesses various desirable 

properties, derived from its characteristic structure with phase separation from alternating 

hard and soft segments, it is widely applied in the fields of flexible fibers, paints, 
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adhesives, artificial leather, and so on (Barikani and Hepburn 1986 & 1987; Chen and 

Schlick, 1990).  

From a generic point of view, it is accepted that better properties are achieved as the 

microphase segregation between the soft and hard blocks is increased, and this 

morphology has been studied by spectroscopic, thermal, and microscopic techniques 

(Camberlin et al., 1983; Schneider and Matton, 1979; Bonart and Muller, 1974). The 

morphology of PU depends on the state of compatibility and microphase segregation 

between the two segments. The existence of the phase segregation caused by the 

clustering of hard and soft segments into separate domains has been a subject of 

continued research interest (Clough et al., 1968; Miller 1985). Various polyols, 

diisocyanates, and CEs have been used in the synthesis of PUs, and their effect on the 

properties has been investigated (Hassebuddin et al., 1996; Pegararo et al., 1991; Lee et 

al., 1997; Sigmann and Cohen, 1987). 

2.4 Synthesis of Polyurethane based on Alkane diols 

The structure of the CE has a significant effect on the properties and morphology 

of the PU. A number of attempts have been made to improve the physical and thermal 

properties of PU (Woo et al., 1985; Wang and Lyman, 1993; Cooper and Tobolsky, 

1966; Camargo et al., 1985; Abouzahr et al., 1982; Abouzahr and Wilkers, 1984; 

Fridman et al., 1980). For the very first time, Slezak et al. (1961) prepared three novel 

polyacetylenic-α,ω-diols by the reaction of formaldehyde, ethylene oxide and 

trimethylene oxide, respectively, with the α,ω-diGrignard reagent of 1,7,13,19-

eicosatetrayne. The diols were converted to the corresponding biscarbanilates and 

reduced to the known saturated compounds. Reaction of the diols with five different 



  Review of Literature 

 

10 

diisocyanates gave a series of polyurethane. Replacing polypropylene glycol with a 

polyacetylenic diol in an elastomeric polyurethane formulation gave polyurethane with a 

6.5% greater density and a 20% greater (calories/ml.) heat of combustion. 

The physical and thermal properties of PUs have been varied by the variation of the 

formulation of PUs (Barikani and Hepburn 1986). Several studies have also reported that 

CE properties, such as the chain length, molecular volume, and functionality, can 

influence hard-segment packing and crystallinity in the hard domains (Wilkes and Yusek, 

1973; Blackwell and Lee, 1984; Liaw, 1997; Petrovic et al., 1998). One factor, however, 

that strongly determines the CE chemical properties and molecular conformation is the 

chain length found within the CE backbone. First, it is important to consider that efficient 

packing in hard domains is largely driven by the amenability to strong hydrogen bonding 

between the hard segments of adjacent chains (Petrovic et al., 1998; Smith, 1974) and 

that this can be affected by CE conformation. Blackwell et al. (1982) studied the structure 

of the hard segments in MDI/diol/PTMA polyurethanes by X-ray diffraction and 

conformational analyses to investigate the differences in structure that result from the use 

of different chain lengths for the aliphatic diol component. It was found that for butandiol 

and longer diol chain extenders (up to octandiol) the structure depends on whether the 

diol has an even or odd number of CH2 groups. Both the odd and even diol polymers 

adopt staggered chain structures with triclinic unit cells, but the even diol polymers have 

higher crystalline order. The first two members of the homologous series, prepared using 

ethylene glycol and propandiol, are exceptions to the above behaviour and adopt 

contracted unstaggered structures. It is possible that these two diols are too short to 

permit packing of the MDI units in the same way as for the longer chain extenders. The 
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results suggest the simple explanation for the better overall properties of the elastomers 

prepared using butandiol and the higher even diols. The hard segments of these polymers 

can crystallize more easily in the lowest energy extended conformation, and hence there 

is more of a driving force for phase separation. 

2.4.1 Thermo-mechanical Characteristics of PU 

In earlier research on CEs, Minoura et al. (1978 a & b) found that some particular 

combinations of low-molecular-weight diol and diisocyanate specifically affect the 

properties of elastomers. A characteristic odd–even dependence was observed when the 

mechanical properties of the elastomers were plotted against the number of methylene 

units. This effect was very pronounced in case of a lower number of methylene units. The 

difference in the packing and the dependence of the ability of intermolecular hydrogen-

bonding tendency on the odd–even number of methylene units have also been 

investigated, discussed, and confirmed by X-ray diffraction.  

Ramesh et al. (1991) compared the mechanical properties of several PUs made with 

different diamines or diols as the CE and found that the PU samples extended with 

diamines showed better properties than those extended with diols. The reason was that 

the increased intermolecular hydrogen bonding improved the aggregating strength. 

Barikani and Hepburn, (1986) also compared the influence of various diols as CEs on the 

properties of the product and found that the chain length of the CE was able to affect the 

properties of the segment arranged structure and the character of the PU formed. Xiao et 

al. (1995) compared three CEs of different chain length and found that the longer the 

length of the CE was, the better were the mechanical properties of the resulting PU 

materials. Zawadzki and Akcelrud, (1997) observed that the values for the mechanical 
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properties increased with decreasing number of carbon atoms in the CE, that is, 1,3-

propane diol (PDO) > 1,4-butane diol (BDO) > 1,6-hexane diol (HDO). This finding 

disagreed with previous results, which showed a zigzag pattern (Minoura et al. (1978a & 

b) or an increase in properties with diol chain length (Sigmann and Cohen, 1987; Xiao et 

al., 1995). Liaw et al. (1997) synthesized polyurethane elastomers by chemical extension 

using bisphenols and their brominated derivatives. Results obtained from the analysis of 

mechanical properties demonstrated that the BPS and BPAF-based polyurethanes have 

higher tensile strengths than BPA based polyurethanes. The MDI-based polyurethanes, 

which have a higher concentration of polar groups, exhibited better tensile strengths than 

HMDI-based polyurethanes. The polyester urethanes have a somewhat higher hardness 

and tensile strength, as well as a smaller elongation at break and smaller density. The 

dynamic properties of the MDI-based polyurethanes were lower than those of the HMDI- 

based polyurethanes. The BPS-based polyurethanes have higher dynamic properties than 

the BPA and BPAF-based polyurethanes when polyester diol was used. However, 

applying the same condition for the BPS-based polyurethanes system, which shows lower 

dynamic properties. This result implies that the interaction between ester groups and 

dipolar sulfonyl groups improved the dynamic properties. The introduction of bromine 

atoms broadens the tan d peak. 

Yen et al. (2003) studied the synthesis of nonionic waterborne PU using two 

ethyldiamines of different chain length as the chain extender in the reaction and 

investigated some physical properties and dyeability of the fabricated membranes of the 

PU products as well as its blends with the PU formed with 1,4-BD as the chain extender. 

With respect to the thermal properties, between individual PUs, the Tg of DETA–PU is 
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the largest of the three, followed by EDA–PU, and that of 1,4-BD–PU is the lowest. In 

the cases of PU formed with diamines but blended in with 1,4-BD–PU, the fabricated 

objects show no Tm. However, the Tg of both PUs with 1,4-BD–PU added are enhanced 

significantly and become far greater than those of the pure PU. Both reach their 

maximum at a blending ratio of 75/25. With respect to mechanical properties, again as far 

as individual PU are concerned, PU formed with diamine as the chain extender has higher 

tensile strength than that of the 1,4-BD–PU. With respect to dye properties, fabrics coated 

with PU formed with diamines (EDA and DETA) as chain extenders are better than PU 

formed with 1,4-BD in terms of the dye-exhaustion ratio, color yield (K/S), and color 

fastness.  

Recently, Rogulska et al. (2007) studied the effect of aliphatic–aromatic α,w-alkane diols 

as CEs on the properties of PU samples and reported that the mechanical properties were 

enhanced with the longest chain. They also found that all of these polymers showed very 

good thermal properties. Azzam et al. (2007) compared the effect of 

heterocyclic/aromatic diamine CEs with aliphatic diols and reported that the number of 

methylene units in the aliphatic diols did not affect the thermal stability of the PU 

samples. In their investigations, the Young’s modulus and tensile strength were higher, 

whereas the elongation at break was lower, at room temperature.  

In the literature, none of the authors reported the effect of α,w-alkane diols [1,2-ethane 

diol (EDO) to 1,10-decane diol (DDO)] to determine an exact picture of results with diol 

CEs. From the aforementioned survey, it is very clear that the CE has a profound 

influence on the thermomechanical properties of the resulting PU through its aggregating 

function asserted between PU molecules. Moreover, a CE can be expected to bring in 
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certain functional groups relevant to better thermomechanical properties. In this 

dissertation a systematical explanation based on the study of the effect of α,w-alkane 

diols (having methylene units of length 2–10) used as CEs on the properties of PUs was 

done to get a clear picture of the dependence of different mechanical and thermal 

properties on the number of methylene units in the CE. 

2.4.2 Surface Characteristics of PU  

Fabulyak and Lipatov, (1970) studied for the first time the molecular motion in 

surface layers of polyurethane. Wettability of solid surface, especially those of polymeric 

materials, plays an important role in every daily life (Noda, 1991; Rager et al., 1999). 

The ability to manipulate the water wettability is equally important in many unit 

operations of modern industrial processes and of course in end use properties of various 

commercial products. In determining the water wettability of solid surfaces, the type of 

material of which the solid surface is made becomes an important issue. Many synthetic 

polymeric materials have relatively hydrophobic surfaces which will repel water upon 

contact. It is possible to change such hydrophobic surfaces to hydrophilic ones by 

employing chemical modification. It has been recognized for some time that polymeric 

materials which are soft and elastic tend always to have hydrophobic surfaces (Lee, 1967; 

Sharma et al., 1981). Various surface modification techniques are available to make solid 

surfaces wettable with water by increasing the intrinsic surface energy of solids. For 

example, corona discharge and cold plasma treatments (Owens, 1975), wet chemical 

methods (Regen et al., 1983), and other photochemical methods (Ranby et al., 1986) are 

used to enhance the wettability of the solid surfaces. Similar surface modification 

techniques are also used to enhance adhesion to plastic surfaces. In general, approaches 
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are based on the introduction to the surface of chemical functional groups capable of 

interacting favourable with water (Kim et al., 1998; Blackwell et al., 1984; Koberstein 

and Stein, 1983). They are used in almost every industrial as well as biomedical 

application. SPUs are used in many fields for a number of reasons: they effectively wet 

the surface of most substrates; they readily form hydrogen bonds to some substrates; their 

low viscosity allows them to permeate porous substrates; and they form covalent bonds 

with substrates that have active hydrogen. Furthermore, they also have good toughness, 

water and a broad range of chemical resistance. It is important to note that a polymer 

tailoring for any required application should have better surface properties relevant to its 

end use. A deeper understanding of the microphase separation promises to realize new 

and improved properties of SPU. Surface properties of SPU are also of importance, hence 

a lot of studies have been done in order to characterize and control them (Yih and Ratner, 

1987; Hearn et al., 1988; Nakamae et al., 1996). Several strategies have also been applied 

to modify the surface as well as the interfacial properties of SPU (Nakamae et al., 1999; 

Grasel and Cooper, 1989; Takahara et al., 1991; Silver et al., 1993; Yoon et al., 1994). 

Increase in number of methylene units in alkane diol chain extender and resulting in final 

PU is considered to be the most useful method as chemical modification (Barikani and 

Barmar, 1996). Depending on the types, the content, and the methods, the increase in 

number of methylene units in alkane diol chain extender can affect not only the bulk, but 

also the surface properties. The structure of the microphase separation is not only a 

function of the system thermodynamics, but also depends greatly on the ability of the 

hard segments to pack correctly to form a hard domain. It is well known that soft segment 

forms crystalline structure in the segmented polyurethane due to their long and ordered 
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structure (Hu and Mondal, 2005). Attempts have been made to study the crystallinity 

(Rafiemanzelat and Mallakpour, 2006; Barikani et al., 2006) and hydrophilicity by 

determining contact angle (Mohaghegh et al., 2006), water absorption (Razmi et al., 

2006) and swelling behaviour (Mirzadeh et al., 2006) of different polymeric materials. 

Due to the absence of any report on the synthesis of SPUs, studying surface morphology 

with increase in number of methylene units in alkane diol chain extender, the effect of 

increase in −CH2− units on the crystallinity and surface morphology is investigated and 

discussed in this dissertation. The effect of chain extender length on crystallinity, surface 

morphology and hydrophilicity was studied and discussed.  

2.5 UV irradiation of Polyurethane 

2.5.1 Irradiation Studies of PUEs 

Thermal degradation of linear aliphatic, fluorine-containing polyurethane has 

been studied and the rate constants and energies of activation for the process have been 

determined (Chervyatsova et al., 1970). It was observed that the introduction of fluorine 

atoms into the diisocyanate constituent strengthens the urethane group but the presence of 

fluorine atoms in the diol constituent promotes dissociation at the urethane group to the 

monomers. Irradiation of polyesterurethane (ESPU) with electron irradiation has been 

studied and well documented (Ravat et al., 2001). The irradiation was performed at both 

room temperature (293 K) and 77 K. The applied fluence was in the range of 1014–1017 

cm−2. Chemical transformations, such as degradation and oxidation, were studied by 

FTIR, by following NH and OH bond evolution, and by UV spectroscopy, by following 

the absorbance shift towards the visible region. These effects are analyzed versus depth, 

fluence and electron flux. Structural transformations are also characterized by GPC for 
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soluble samples. An increase of crosslinking rate of the polymer is observed and 

analyzed. 

Stelian et al. (2002) studied the effect of gamma-irradiation on mechanical behaviour of 

some poly(ester-urethane)s. The effect of radiation on the aging of the poly(ester-

urethane)s  were investigated using gamma irradiation in the presence of oxygen. 

Poly(ester-urethane)s were prepared using hexamethylene diisocyanates (HMDI) or 

dibenzyldiisocyanates (DBDI) as isocyanate components, the macroglycol was 

poly(ethylene-adipate)diol (PEA) and chain extender were diethylene glycol and or 1,4-

butane diol. The products were irradiated with gamma rays, and after decontamination, 

their mechanical behaviour was determined. The experimental results indicates that the 

predominant radiation effect on these poly(ester-urethane)s is degradation, resulting in 

decrease of tensile strength and elongation. Moreover, the radiation resistant of 

polyurethane is dependent on the number of aromatic rings and on the concentration of 

the ester groups in the polymer.  

2.5.2 UV irradiation Studies of PUEs 

For the application of PUEs, their stability against terrestrial weathering is 

important. One of the greatest factors in the terrestrial weathering of PUEs is ultraviolet 

(UV) radiation in the wavelength range 330–410 nm. This energy, from incident energy 

solar radiation, initiates an auto oxidative degradation process in PUEs that can 

chemically crosslink the chain extensively, embrittling and insolubilizing the PUEs, 

particularly aromatic PUEs (Bhowmick and Stephens, 1998). The mechanism of photo-

oxidative degradation of PU is known (Allen and Edge, 1992). Depolymerization, 

random chain scission and carbomethoxy side group abstraction are the main reactions 
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after photon absorption. In air atmosphere, formed free radicals react with oxygen giving 

hydroperoxides, which are photo-unstable and undergo further processes with formation 

of various oxidized products (containing different type of hydroxyl and carbonyl groups 

including ketones, aldehydes, esters, carboxylic). Moreover, the degraded chains become 

shorter and more mobile, which facilitate their rearrangements and local conformational 

changes. 

Chen et al. (2007) synthesized a novel silicone- and phosphate- modified acrylate 

(DGTH) and characterized by 1H NMR and FTIR. It was found that DGTH could be 

cured both by UV radiation and moisture mode with FTIR. The flammability and thermal 

behavior of the cured film were studied by the limited oxygen index (LOI), TGA, and 

FTIR. The LOI value of the cured film was 48. The results indicate that the degradation 

of the cured film can be divided into three steps. From 150 to 300 °C, the degradation is 

mainly attributed to the fast decomposition of phosphate and polyurethane to form 

alcohols and isocyanates. From 300 to 470 °C, poly(phosphoric acid) is formed, which 

catalyses the breakage of carbonyl groups to form polynuclear aromatic structures. When 

raising the temperature over 500 °C, some unstable structures in the char are 

decomposed, resulting in the formation of phosphorus oxides and some volatile aromatic 

molecules. The FTIR data implies that the degraded products of phosphate form 

poly(phosphoric acid) further catalyse the breakage of carbonyl groups to form an 

intumescent char, preventing the samples from further burning. 

2.5.3 Thermomechanical Characteristics upon UV-irradiation 

It is well known that in the PU structures oxygen attack CH2 groups in the 

aliphatic diol part, with hydro-peroxides formation (Ulmeanu et al., 2000). The hydro-
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peroxides decompose relatively fast and form carbonyl, as was evidenced by IR. It was 

observed that PU samples undergoing irradiation treatment tend to become yellowish. 

The intensity of the yellow color increased with increase in the chain extender length and 

irradiation time. It has been previously reported that at early stage PUs degrade with the 

formation of nitrogenous free residue and a nitrogen-containing yellow smoke (Caseaval 

et al., 2003; Rosu et al., 2002). With increased in irradiation time, the residue further 

decomposes to smaller compounds, and the yellow smoke yields nitrogen-containing 

products like HCN and acetonitrile. Extensive research on the thermal degradation of 

MDI-based PU found that HCN and all other nitriles generated during high-temperature 

decomposition originate in the thermal fusion of the aromatic ring, the nitrile carbon 

being the 2, 4, or 6, carbon of MDI (Chambers et al., 1981). It is also said that aromatic 

PUEs UV degradation process involves photo-Fries rearrangement (Schollenberger and 

Stewart, 1976) of the discoloring and crosslinking of PUEs chain. In general there are 

three main pathways for the initial degradation of the urethane linkage which are: 

dissociation to isocyanate and alcohol; dissociation to primary amine, olefin, and carbon 

dioxide; as well as the formation of secondary amine with elimination of carbon dioxide 

(Allen and Edge, 1992). 

2.5.4 Surface Characteristics upon UV-irradiation 

Although the materials with urethane structure exhibit good mechanical 

properties, their use as surface coatings in outdoor applications is limited by sensitivity to 

the photooxidative degradation. Attempts have been made to study the effect UV 

irradiation on surface properties of poly (vinyl chloride) (Kaczmarek, et al., 2002; 

Kaczmarek, et al., 2007), poly (methyl methacrylate) (PMMA) (Kaczmarek and 
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Chaberska, 2006), ethyl vinyl acetate (EVA) (Landete-Ruiz and Martin-Martinez, 2005), 

poly (acrylic acid)/poly (ethylene oxide) blends (Kaczmarek et al., 2004). Surface and 

interfacial properties of poly (vinylidene fluoride)/poly (methyl methacrylate)-co-poly 

(ethyl acrylate) blends films have been investigated before and after irradiation (Gu et al., 

2006). Structural modification using Fourier transform infrared (FT-IR) and UV 

spectroscopy upon electron beam irradiation of polyesterurethane have been studied and 

documented (Ravat et al., 2001). Photo-oxidative behavior of segmented aliphatic 

polyurethane (Irusta and Fernandez-Berridi, 1991) and effect of different molecular 

weight of soft segment in polyurethane on photo-oxidative stability have also been 

reported (Bajsic et al., 1995).  

2.6 Biodegradable Polymers 

Recently, natural polymers and their derivatives as renewable and biodegradable 

materials have attracted considerable attention because of the serious pollution problems 

caused by synthetic materials and shortage of resources (Barikani & Mohammadi, 2007; 

Chandra & Rustgi, 1998). Biodegradable materials derived from renewable resources 

have been carried into the center of public interest for environmental protection and 

sustainable development (Cao et al., 2003). Biodegradable polymers are, however, 

suitable in many commodities and medical applications, such as packaging, surgical 

implants, artificial blood vessels, absorbable and non-absorbable sutures, drug delivery 

systems and dietary supplements, but their uses are still limited because of their high cost 

and/or their low performance (Aminabhavi et al., 1990; Cao et al., 2003). Modification of 

the physical and chemical properties of these materials, through reaction or blending with 
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other biodegradable and nonbiodegradable polymers, is often necessary to meet the 

required performance (Iannace et al., 1994; Iannace et al., 1990; Iannace et al., 1995). 

Synthesis and characterization of biodegradable chitin-graft-poly(L-lactide) copolymers 

by ring opening polymerization has also been reported (Kim et al., 2002). Chitin and 

synthesized copolymers (chitin-graft-poly(L-lactide) copolymers) have been 

characterized by FTIR and solid state NMR spectroscopy (Kim et al., 2002; Cardenas et 

al., 2004; Yang et al., 2004). The peaks observed in the FTIR spectra of chitin were 

assigned as: 3500-3200 (broad H-bonded -OH st, N-H st), 2978 (CH2 st), 2950 (CH st), 

1670-1600 (amide), 1590 (H-bonded amide), 1480-1430 (amide), 1500 (H-bonded 

amide), 1370 (-C-O-), 1110-1000 (CH3 rocking). Solid state NMR showed following 

peaks assignments: 23 ppm (COCH3), 56 ppm (C2 position of chitin), 60 ppm (C6-

chitin),   72 ppm (C3 & C5-chitin),   82 ppm (C4-chitin),   104 ppm (C1-chitin),   174 

ppm (C=O).  

A series of starch filled polyurethane (from 5 to 25% wt/wt) extended with 

diamines were prepared. It was observed that the incorporation of starch components into 

chain extended PUs improves physico-mechanical properties of the resulting systems 

(Swamy and Siddaramaiah, 2002; Barikani and Mohammadi, 2007). TGA thermograms 

of PU/starch showed that the thermal decomposition occurs in three different stages. The 

phase stabilization occurs for all PU/starch systems. Addition of the starch to the material 

does not alter the crystalline region or the extent of crystallinity, but the chain 

conformation in the amorphous region may change, which is not indicated in the present 

study. The effect of prepolymer percentage on hydrophobicity has also been reported and 

it was found that increases with increasing amount of prepolymer. Glass transition 
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temperature (Tg) moved toward the lower temperature with increasing amount of 

urethane linkages. The scanned surface through SEM reveals that starch granules were 

completely coated by polyurethane. This confirms the strong adhesion between the 

polyurethane and starch granules (Barikani and Mohammadi, 2007) 

2.7 Biodegradable Polyurethanes 

The synthesis of biodegradable polyurethanes (PUs) is a relatively recent issue in PU 

chemistry. Biodegradable polymers are preferred since they are applicable in many of 

industrial application for pollution reduction. It is well known that polyester-based PUs 

are much more susceptible to biodegradation than PUs derived from polyether diols 

(Huang, 1989). Biodegradable urethanes were also synthesized by using polyester 

segments, such as lactic acid (Harkonen et al., 1995; Owen et al., 1995) poly(3-

hydroxybutyrate) (Hori et al., 1992) and polyethylene adipate (Sreenivasan et al., 1991). 

There is a correlation between flexibility and biodegradability. It is known that, the more 

flexible the PUs material, the more susceptible to biodegradation (Huang et al., 1981). A 

successful method of increasing biodegradability is to develop biopolymer based 

materials (Huang et al., 1993, chap. 6; Meister et al., 1993, chap. 5). Polysaccharides 

(cellulose, starch, chitin, etc.) are naturally occurring polymers obtained from renewable 

sources. They are readily biodegradable and tend to degrade in biologically active 

environments like soil, sewage and marine locations where bacteria are active (Alfani et 

al., 1998). Attempts have been made to synthesize biodegradable PU through structural 

modification of final PU structure via e.g., the incorporation of starch (Barikani & 

Mohammadi, 2007; Swamy & Siddaramaiah, 2003) and chitosan (Silva et al., 2003; 
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Yang et al., 2007; Yu et al., 2006), but nothing has been reported on the synthesis and 

characterization of chitin based PU. 

2.8 Chitin Properties and Sustainability for use in Polyurethane 

Moussian et al. (2005) stated that chitin is a crystalline polymer of N-acetyl-D-

glucosamine monomers and its capability of crystalline nature is because of the ability of 

forming a three dimensional ordered structure. Chitins do not melt but degrade at 

elevated temperatures. In an atmosphere, the chitosan fiber degrades at lower temperature 

than the chitin fiber. Isolation of α–chitin, b–chitin, and γ–chitin from natural resources 

by a chemical method to investigate the crystalline structure of chitin has been well 

documented (Kim et al., 2002). Its characteristics were identified with FTIR and solid 

state 13CNMR spectrophotometers (Kim et al., 2002; Yang et al. 2004; Cardenas et al., 

2004).  The average molecular weight of α–chitin, b–chitin, and γ–chitin, calculated with 

the relative viscosity, were about 701, 612, and 524 kDa, respectively. In FTIR spectra, 

α–chitin, b–chitin, and γ–chitin showed a doublet, a singlet, and a semi doublet at the 

amide I band, respectively. The solid state 13CNMR spectra revealed that α–chitin was 

sharply resolved around 73 and 75 ppm assigned to the C3 and C5 position of α–chitin 

respectively, and that b–chitin had a singlet around 74 ppm assigned to the both C3 and 

C5 position of b–chitin. For γ–chitin, two signals appeared around at 73 and 75 ppm 

assignable to the C3 and C5 position of γ–chitin. From the X-ray diffraction results, α–

chitin was observed to have four crystalline reflections at 9.6, 19.6, 21.1, and 23.7 by the 

crystalline structure and b–chitin was observed to have two crystalline reflections at 9.1 

and 20.3 by the crystalline structure (Yang et al., 2004).  γ–Chitin, having antiparallel 

and parallel structure, was similar in its X-ray diffraction patterns to α–chitin. The 
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exothermic peaks of α–chitin, b–chitin, and γ–chitin appeared at 330, 230, and 310 

respectively. The thermal decomposition activation energies of α–chitin, b–chitin, and γ–

chitin, calculated by TG analysis, were 60.56, 58.16, and 59.26 kJ mol-1, respectively. α–

Chitin with high activation energies was relatively temperature-sensitive; b–Chitin with 

low activation energies was relatively temperature-insensitive; while the γ-chitin falls in 

the middle of both α–chitin and b–chitin. The difference in the thermal degradation 

kinetics of the chitins has been attributed to their different intersheet or intrasheet 

hydrogen-bonding system. 

As a biopolymer from natural sources, chitin and its derivatives with hydroxyl 

and acetamide groups have been considered as an alternative material in developing 

degradable elastomers because of their biodegradability, derivability, availability and low 

cost (Kurita, 2001; Rinaudo, 2006). However, the applications of pure chitin materials are 

limited because of poor solubility, so by itself cannot satisfactorily replace the functional 

and physical properties of non-degradable polymers (Jang et al., 2004; Zeng et al., 2003).  

Chitin (C8H13O5N)n, a β-(1→4)-linked polymer of 2-acetamido-2-deoxyd-glucose(N-

acetyl-d-glucosamine) having cellulose like rigid structure, composed of 1,4-2-

acetamido-2-deoxy- β -D-glucose units is one of the most abundant natural polymers and 

is widely distributed in nature as the skeletal material of crustaceans insects, and 

mushrooms and as the cell wall of the bacteria (Muzzarelli, 1997). Chitin is structurally 

similar to cellulose, but it is an amino polysaccharide having acetamide group at the C-2 

positions in place of hydroxyl group. Chitin and its derivatives have been used as natural 

flocculants for wastewater treatment. However, the trend is toward producing high-value 

products for medical, pharmaceutical, biotechnological and cosmetic use (Kurita et al., 



  Review of Literature 

 

25 

1986). Chitin is mainly derived from the exoskeletons of insects, crustaceans and the cell 

wall of fungi and some algae. Chitin is structurally similar to cellulose, but it is an amino 

polysaccharide having acetamide group at the C2 positions in place of hydroxy group. In 

chitin there are two −OH groups located at C3-OH and C6-OH position of chitin and one 

acetamide group at C2-position. The hydroxyl and acetamide functionalities of this 

biopolymer allow chemical reactions with conventional diisocyanates or urethane 

prepolymer.  Materials made of chitin or modified chitin have the attractive advantages of 

being non-toxic, biodegradable and antibacterial and relatively good biocompatibility, 

which offer large unexplored commercial applications (Miyashita et al., 1997). For the 

last two decades, much attention has been paid to chitin to overcome restrictions of 

solubility and processibility (Chandra and Rustgi, 1998; Jang et al., 2004; Kurita, 2001; 

Kurita et al., 1986; Muzzarelli, 1997; Rinaudo, 2006).  

Wada and Saito (2001) measured the thermal expansion coefficients (TECs) of chitin 

crystals in the lateral direction are reported. Highly crystalline structure of a-chitin and b-

chitin from room temperature to 250 °C, using X-ray diffraction at selected temperatures 

in the heating process. For a-chitin, the TECs of the, a and b axes were aa =6.0 ´10-5 °C-1 

and ab=5.7´10-5 °C-1, indicating an isotropic thermal expansion in the lateral direction. 

However, the anhydrous b-chitin exhibited an anisotropic thermal expansion in the lateral 

direction. The TEC of the a axis was constant at aa =4.0 ´10-5 °C-1, but the TEC of the b 

axis increased linearly from room temperature to 250 °C, with ab=3.0-14.6´10-5 °C-1. 

These differences in the lateral thermal expansion behaviors of the of a-chitin and the 

anhydrous b-chitin are due to their different intermolecular hydrogen bonding systems. 
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Due to the unique and novel characteristics of chitin, this dissertation reports on the 

synthesis and molecular characterization of novel biodegradable polyurethane elastomers 

based on chitin and BDO.  

 2.9 Evaluation of Biocompatibility of Polyurethane 

Yeganeh and Hojati-Talemi (2007) synthesized novel epoxy-terminated 

polyurethane polyurethane networks based on castor oil (CO) as a renewable resource 

polyol and poly(ethylene glycol) (PEG) with tunable biodegradation rates as potential 

candidates for biomedical implants and tissue engineering, through the reaction of epoxy-

terminated polyurethane prepolymers (EPUs) with 1,6-hexamethylene diamine curing 

agent. The results showed that the degradation rate of final products could be controlled 

by the ratio of PEG or CO based EPUs in the final products. Increasing the PEG based 

EPU content caused an increase in hydrolytic degradation rate and mechanical properties. 

Evaluation of the L-929 fibroblast cells’ interaction with prepared samples showed their 

nontoxic nature. The surface wettability was one of the factors that determined the level 

of cytocompatibility of samples. 

Maeda et al. (2008) prepared β-chitin scaffolds by using CaCl2·6H2O/EtOH solvent 

system and the bioactivity was studied. The prepared β-chitin scaffolds were 

characterized by FT-IR, SEM and TGA. The bioactivity studies of β-chitin scaffold were 

carried out by using the SBF solution and saturated CaCl2 and Na2HPO4 solution. After 

the immersion of scaffolds in SBF solution for 7, 14 and 21 days, the scaffolds were 

characterized by SEM and FT-IR studies. The SEM and FT-IR results confirmed that the 

β-chitin scaffold formed the calcium phosphate layer in the scaffold surface and as well 

as in the cross-section. TGA thermogram of β-chitin and β-chitin scaffolds showed that 
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the β-chitin scaffold was slightly less thermal stability than β-chitin powder. These results 

indicated that the β-chitin scaffolds are useful for tissue-engineering applications. 

2.10 XRD Studies of Chitin and Polyurethane 

Chitin itself is a crystalline polymer of N-acetyl-D-glucosamine (GlcNAc) monomers. Its 

crystalline structure has been previously reported and well documented (Cardenas et al., 

2004). The uses of X-ray absorption spectroscopy in the study of synthetic polymers have 

been comprehensively reviewed (Grady, 2002). Attempts have also been made previously 

on X-ray studies on the composition of polyurethane elastomers and precipitated silica 

(Petrovic et al., 2004). Grazing incidence X-ray diffraction was also carried out to 

analyze the structure of polyurethane films as a function of X-ray penetration depth (Kim 

et al., 2003). The effect of diisocyanate structure (Rogulska et al., 2006) and chain 

extender (C.E) length on the crystallinity, surface morphology and thermo-mechanical 

properties of polyurethane elastomers has also been investigated and well documented. 

The crystalline structure of chitin has been reported (Gardner and Blackwell, 1975) with 

dimension a = 4.85 A˚, b = 9.26 A˚, c = 10.38 ˚A (fiber axis), and g=97.5◦. The space 

group is P212121 and the unit cell contains two sugar residues related by the two fold 

screw axis. The structure contains extended polymer chains indicating an anti-parallel 

arrangement of the chitin chain with strong intermolecular hydrogen bonding (Wada and 

Saito, 2001). FTIR studies have been used to analyze α–chitin from shrimp and b–chitin 

from squid. The α–chitin exhibited amide I vibration modes at 1660 and 1627 cm-1, 

whereas the b–chitin showed one band at 1656 cm-1. X-ray diffraction showed that α–

chitin is orthorhombic (a =4.74 Å, b =18.86 Å, and c =10.32 Å) and b–chitin had 
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monoclinic dehydrate form (a =4.80 Å, b =10.40 Å, and c =11.10 Å, and b=97˚) 

(Cardenas et al., 2004). 

2.11 Shape Memory Polymers and Shape Memory Polyurethane 

Shape memory refers to the ability of materials to remember the shape on demand 

even after rather severe deformation. During the past few decades shape memory 

polymers are gaining more and more attention because of their low cost, low density, 

high shape recoverability and easy processability (Hayashi et al., 1995; Liang et al., 

1997; Nakyama and Kanetsuna, 1977). Shape memory polymers (SMP) are polymer 

networks equipped with suitable molecular switches, which are sensitive to an external 

stimulus. Polymer networks consist of chain segments and net points. The net points 

crosslink the chain segments and determine the permanent shape of the polymer. The 

crosslinks can be either of a chemical nature (covalent bonds) or of a physical nature 

(intermolecular interactions). Among various SMPs, shape memory polyurethanes 

(SMPUs) are receiving much attention for their easy control of glass transition 

temperature (Tg) around the room temperature and excellent shape memory effect even at 

the room temperature. Shape memory polyurethane (SMPU), a novel class of functional 

materials, has been extensively researched since its discovery by Mitsubishi in 1988 and 

attracting a great deal of attention recently, due to their unique properties such as the 

wide range of shape recovery temperatures (from −30 to −70 °C), high shape 

recoverability, good process ability and excellent biocompatibility (Chen & Lin, 1998a & 

b; Hu et al., 2005; Lee et al., 2001; Lide, 1996; Ota, 1997). Magnetite-polyurethane (PU) 

shape memory polymer (SMP) composites containing 10–40 vol.% magnetite have also 

been reported and their mechanical properties in a temperature range from 255 to 355 K 
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have been investigated (Razzaq et al., 2007). As compared with shape memory alloys, 

the main advantages of shape memory polyurethanes (SMPUs) are their low cost and 

light weight. These SMPUs basically consist of two phases, the frozen phase and the 

reversible phase. Hard segments in polyurethanes can be formed via hydrogen bonding 

and crystallization, acting as frozen phase below the melting temperature. The reversible 

phase, transformation of the soft segment, is responsible for the shape memory effect 

(Lee et al., 2001). This shape memory effect can be controlled via the molar ratio of the 

hard and soft segments, the molecular weight of the soft segment, and the polymerization 

process. A series of SMPUs from polycaprolactone diol, 1,4-butanediol (BDO), 

dimethylol propionic acid (DMPA), and 4,4-diphenylmethane diisocyanate (MDI) or 

toluene diisocyanante (TDI) were introduced (Han et al., 2001; Hu et al., 2005; Jeong et 

al., 2000; Kim et al., 1998; Kim et al., 1996; Li et al., 1998; Li et al., 1996 a & b). The 

effect of their structures, including the ionization of SMPUs, and their thermo-

mechanical and shape memory properties have been extensively investigated and well 

documented in the literature (Yang et al., 2004).  

Kim et al. (1998) synthesized polyurethane (PU) ionomers and non-ionomers with 

various soft segment contents (SSC) and lengths have been from polycaprolactone diols 

(PCL), 4,4'-diphenylmethane diisocyanate (MDI), 1,4-butanediol (BD) and 

dimethylolpropionic acid (DMPA), and tested for shape memory behaviour as well as for 

mechanical and dynamic mechanical properties. It was found that ionomers gave higher 

hardness, modulus and strength as compared with non-ionomers, and the effects were 

more pronounced with increasing hard segment contents (HSC) and at room temperature, 

since the increased HSC makes use of more Coulombic forces which are stronger at room 
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temperature than at high temperature. Regarding the tensile cyclic behaviour, ionomers 

gave higher recovery strain and lower residual strain, and these were interpreted in terms 

of dynamic mechanical properties, i.e. the higher the rubbery modulus, the higher the 

recovery strain results. 

Wang et al. (2006) synthesized a series of polylactide polyurethanes (PLAUs) and 

studied the thermal and mechanical properties and shape-memory behavior. The Tgs of 

these polymers were in the range of 33–53 °C, and influenced by the Mn of the PLA diol 

and the ratio of the soft-segment to the hard-segment. These materials can restore their 

shapes almost completely after 150% elongation or two fold compression. By changing 

the Mn of the PLA diol and the ratio of the hard to-soft-segment, their Tgs and shape 

recovery temperatures can be adjusted to the neighborhood of the body temperature.  

Zhuohong et al. (2006) prepared a series of crosslinked shape memory polyurethanes 

(SMPUs) and studied the morphology, microstructure, mechanical, thermomechanical, 

and shape memory properties were investigated. The FT-IR result showed that 

crosslinking could effectively occur in SMPUs. The analysis of thermal properties 

showed that the content of the soft segment and DMPA affect to the melting temperature 

and melting enthalpy of the soft segment. In addition, the crosslinking decreases the 

crystallization of the soft segment, which leads to a decrease in the melting temperature 

and melting enthalpy of the soft segment.  

Ji et al. (2007) synthesized a series of segmented polyurethanes showing shape memory 

effect with HSC varying from 10% to 50%. The polyurethanes possessed more or less 

hard-segment phase when HSC ³15%. The hard-segment domains change from isolated 

states into interconnected states as HSC increased from 40% to 45%. With the increase of 
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HSC, the crystallinity of soft segment phase decreased. The shape fixity of the segmented 

polyurethanes decreased with the increase of HSC. Further investigations proved that the 

segmented polyurethanes should be extended at least over 100% strain to obtain better 

shape fixity. The shape recovery of segmented polyurethanes decreased dramatically 

when the hard-segment domains changed from isolated into interconnected state.  

Up to the present, most SMPUs are prepared from linear polyurethane, which have 

physically crosslinked segments. However, these linear SMPUs cannot endure repeated 

changes in shape memory, and the retention and recovery of shape memory will decrease 

after several cycles of shape memory recovery; some studies have even found that the 

shape retention and shape recovery of SMPUs decrease dramatically after first cycle 

(Kim et al., 1998). 
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MATERIALS & METHODS 

 

A collaborative research work was done hosting; Department of Chemistry, University of 

Agriculture, Faisalabad 38040, Pakistan with guest facility provided by Iran polymer and 

Petrochemical Institute, Tehran, Islamic Republic of Iran and Department of Textile 

Chemistry, National Textile University, Faisalabad 37610, Pakistan.  

The study was divided in to two major parts and sub sections: 

Part–I  Polyurethane elastomers (PUEs) extended with α, ω-alkane diols 

(a): Synthesis and structural, thermo-mechanical & surface characterization of 

polyurethane elastomers extended with α, ω-alkane diols 

(b): Structural, thermo-mechanical and surface characteristics of UV-irradiated 

polyurethane elastomers extended with α, ω-alkane diols 

Part-II Chitin based polyurethane 

(a): Synthesis and characterization of novel biodegradable, thermally stable 

chitin/1,4-butane diol based PUEs with potential as biomedical implants 

(b): Synthesis and characterization of chitin based PUEs varying diisocyanate 

and chain extender structure: XRD studies and evaluation of bio-

compatibility and mechanical properties   

(c): Synthesis and characterization of chitin based shape memory polyurethane 

(SMPU) 
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3.1 Chemicals/Instruments 

Chemicals and instruments used in the present research work are given as:  

3.1.1 Chemicals  

4,4′-Diphenylmethane diisocyanate (MDI), (a mixture of 97% w/w of the 4,4¢ isomer and 

3% w/w of 2,4¢ isomer); Methylene bis(p-cyclohexyl isocyanate) (H12MDI); 

Hexamethylene diisocyanate (HMDI); 1,4-Butane diol (1,4-BDO) 99% purity; 1,6-

hexane diol (1,6-HDO) 97% purity; 1,8-octane diol (1,8-ODO) 99% purity and 1,10-

decane diol (1,10-DDO) 99% were purchased from Sigma Chemical Co. (Saint Louis 

MO, USA). 1,2-ethane diol (1,2-EDO) 99% purity; 1,3-propane diol (1,3-PDO) 99% 

purity; 1,5-pentane diol (1,5-ṔDO) 98% purity; Dimethylol propionic acid (DMPA); 

Triethylamine (TEA); Dimethylformamide (DMF); Potassium permanganate and Oxalic 

acid were obtained from Merck Chemicals (Darmstadt, Germany). Diiodomethane 

(analytically pure) was obtained from UCB, Belgium. Polycaprolactone diol, CAPA 225 

(Molecular weight 2000) and CAPA 240 (Molecular weight 4000) were supplied by 

Solvay Introx (Cashire, England). 

Chitin (`Mv=6.067×105 g mol-) was very kindly supplied by Department of Polymeric 

Biomaterials, Iran Polymer and Petrochemical Institute Tehran, Iran 

3.1.2 Instruments/Techniques used in the whole study 

1. Bruker-IFS 48 Fourier Transform Infrared (FT-IR) Spectrometer (Bruker 

Ettlingen, Germany) 

2. Bruker Advance 400 MHz NMR Spectrometer (Bruker Ettlingen, Germany) 

3. Siemens D-5000 diffractometer (Siemens AG) 

4. NETZSCH DSC 200 (NETZSCH-Geraetebau GmbH) 
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5. Differential Scanning Calorimetry (DSC) STA-780 (Stanton Redcraft London, 

UK) 

6. Polymer Lab Thermogravimetric Analysis (TGA)-1500 (Polymer Laboratories, 

Loughborough, UK) 

7. Dynamic Mechanical Thermal Analyzer (DMTA) (Model MK-II) (Polymer 

Laboratories, Loughborough, UK) 

8. MTS tensile tester model 10/M (MTS system corporation, Eden Prairie, USA) 

9. Zwick hardness tester (Zwick Ulm, Germany) 

10. Kruss G10 contact angle measuring system (DSA) (Kruss GmbH Germany) 

11. Cannon-Frenske (Kimax no. 120) (Kimax Laboratory Glassware, USA) 

12. UV exposure unit (Latina Tendeng Cor., China) 

3.2 Synthesis of Polyurethane  

3.2.1 Analysis of Reactants 

3.2.1.1  Molecular weight of polyol: Molecular weight of polyol (CAPA225, 

CAPA240) was confirmed by applying the procedure reported in ASTM D-4274C.  

3.2.1.2. Isocyanate (NCO) contents in the prepolymer: The NCO contents in the 

prepolymer were obtained by titration with n-butylamine (ASTM D 2572-80). All the 

reagents used in this work were of analytical grade. 

3.2.1.3    Purification of chitin 

Chitin (Mv¯= 6.067×105) was very kindly supplied by Department of Polymeric 

Biomaterials, Iran Polymer and Petrochemical Institute (Tehran, I.R. Iran). Chitin was 

purified according to established methods (Wang et al., 1991). The material was 

immersed in 0.5% (wt/v) aqueous potassium permanganate solution for 1 h and washed 
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with distilled water. The washed chitin was immersed in 1 % (wt/v) aqueous oxalic acid 

solution at 30°C for 20 min. The resulting product was finally washed and dried. 

3.2.1.4  Relative viscosity measurements 

The viscosity average molecular weight of chitin was deduced from the intrinsic 

viscosity, as described in the literature (Chen et al., 2002).  To calculate the average 

molecular weight, the relative viscosity with a Cannon-Frenske (Kimax no. 120) 

instrument in formic acid at 25.0± 0.02 ˚C was measured. By using the relative viscosity 

results, the Mark-Houwink equation was used to evaluate Mv of chitin:  

[η]=KMa
v        (3.1) 

Where K is 8.93´104 and a is 0.71, [η]: the intrinsic viscosity, Mv: viscosity average 

molecular weight.  

3.2.2 Synthesis  

3.2.2.1   Synthesis of NCO terminated polyurethane prepolymer (NTP)  

For this investigation a prepolymer was synthesized as reported by Barikani & Hepburn 

(1986, 1987) by the condensation polymerization of polyol and diisocyanate, and 

extended with chain extenders. Into a four-necked reaction kettle equipped with 

mechanical stirrer, heating oil bath, reflux condenser, dropping funnel and N2 inlet and 

outlet was placed polyol (e.g., PCL: 31.25g; 0.0156 moles). The temperature of the oil 

bath was increased to 60°C. Then diisocyanate (e.g., MDI: 11.95g; 0.047 moles) was 

added and the temperature was then increased to 100°C. A small portion of the reaction 

mixture was used to ensure the completion of the prepolymer synthesis by FTIR 

spectroscopy. It almost took 1.0 h to obtain NCO terminated prepolymer. The NCO 

contents of the prepolymer were determined and found close to the theoretical value 
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(experimental value 9.31%; theoretical value 9.29%). A schematic illustration for the 

synthesis of NCO terminated polyurethane (PU) prepolymer is shown in Scheme 3.1. 

 

Scheme 3.1 Synthesis of NCO terminated polyurethane prepolymer (NTP) 

3.2.2.2   Synthesis of polyurethane (PU)  

Conversion of the prepolymer into the final PU was carried out by stirring the prepolymer 

vigorously and then adding a previously degassed chain extender (e.g., 1, 2-EDO: 1.94g; 

0.0313 moles). When homogeneity was obtained in the reactant mixture, the dispersion 

of chain extender was considered complete and the liquid polymer was cast into a Teflon 

plate to form a uniform sheet. The synthesized polymer samples was first placed under 

vacuum for 15 minutes to ensure the removal of air bubbles before casting and then cured 

for 24 h in hot air circulating oven at 100˚C. The cured sample sheets were then stored 

for one week at ambient temperature (25°C) and 40% relative humidity before testing. 

Schematic illustration of chemical route for synthesis of polyurethane is shown in 

Scheme 3.2. 

 

Scheme 3.2  Synthesis of polyurethane (PU) 
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3.3  Characterization 

3.3.1 Techniques  

The synthesized PUEs samples were characterized using the techniques listed in section 

(3.1.2). Detailed description of the techniques and methods are given as:   

3.3.1.1  Nuclear Magnetic Resonance (NMR) Spectroscopy: 

NMR is a non-destructive technique to determine the structure of organic molecules. It is 

based upon the principle that the nuclei of atoms with odd spin quantum numbers such as 

1H, 13C, 31P, 15N, 19F, etc., found in nature act like magnets. When they are placed in an 

external magnetic field they absorb energy and undergo flip or spin. This action is called 

resonance and can be detected, showing which atoms are present in the molecule and 

where they are located in relation to each other, thus the term nuclear magnetic 

resonance. The precise resonant frequency is dependent on the effective magnetic field of 

the nucleus that is affected by electron shielding which is in turn dependent on the 

chemical environment. This frequency dependence is called chemical shift. In general, 

the more electropositive the nucleus, the larger its chemical shift. The effective magnetic 

field is also affected by the orientation of neighboring nuclei. This effect is known as 

spin-spin coupling which can cause splitting of the signal for each type of nucleus into 

two or more lines. The size of the splitting is independent of the magnetic field and is 

therefore measured as an absolute frequency (usually Hertz). The number of splitting 

indicates the number of chemically bonded nuclei in the vicinity of the observed nucleus. 

All the 1H NMR and 13C NMR spectra were recorded in deuterated dimethyl sulfoxide 

(DMSO)-d6 solution using a Bruker Advance 400 MHz Spectrometer at the Iran Polymer 

and Petrochemical Institute (IPPI), Tehran, Iran. The polyurethane films were dissolved 
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in deuterated dimethyl sulfoxide (DMSO). Spectra were collected with a one-pulse 

experiment using a 9 ms pulse width with a 30 seconds pulse delay and 472 scans. All 

chemical shifts (δ) in ppm were referenced to tetra methoxy silane (TMS). 

3.3.1.2  Fourier Transform Infrared (FT-IR) Spectroscopy: 

Fourier Transform Infrared (FT-IR) is a widely used technique to determine the structure 

and composition of organic, inorganic and polymeric samples (Smith, 1996). When a 

sample is placed in the beam, various wavelengths of infrared radiation are absorbed by 

the sample as the beam is scanned, and the result is recorded as the infrared spectrum of 

the sample. An IR spectrum is composed of several absorption bands that correspond to 

various vibration modes of the bonds present in the molecule. Each of these vibrations 

can occur in any molecule, but they all occur at different frequencies.  

FT-IR spectra of thin films were obtained in the transmission mode using a Bruker-IFS 

48 Fourier Transform Infra-red (FT-IR) spectrometer (Ettlingen, Germany). FTIR scans 

were collected on completely dried thin films cast on KBr discs from N, N¢-

dimethylformamide (DMF) solution. The spectra covered the infrared region 4000-500 

cm-1, the number of scans per experiment was 16 and resolution was 4 cm-1.  

3.3.1.3  X-ray Diffraction (XRD) 

The interaction between the energetic monochromatic electrons from an impinging 

electron beam and the electrons in the atoms of the specimen results in the generation of 

X-rays. Characteristic X-rays are always of a specific energy or wavelength and identify 

the elements in a specimen (Staniforth et al., 2002).  

The electron microprobe instrument utilizes a stationary beam of electrons to excite X-

rays from the sample area of interest. The X-rays are characterized by their specific 
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wavelength with a crystal diffraction grating. The electron microprobe suffers from its 

selectivity and method of analysis. Various crystals are required to efficiently diffract 

different wavelengths of X-rays. In addition, a given crystal can diffract only one 

wavelength at a time. Therefore, ranging over all the wavelengths in the periodic chart is 

a very tedious and time-consuming task. The X-ray diffractograms of the polymers in this 

thesis were obtained in a Siemens D-5000 diffractometer with radiation Cu-Ka 

(λ=15.4nm, 40 Kv and 30 mA) at 25˚C. The relative intensity was registered in a 

dispersion range (2θ) of 5-40˚. 

3.3.1.4  Optical Microscopy (OM) 

A Jenavert optical microscope was used to observe the images of the final PU films. 

Optical microscopes are used in the characterization of microstructural surface 

topography, step coverage, grain size, oxide slope, construction parameters, sample 

composition, contamination, structural defects, bonding defects and intermetallic 

formation.  

3.3.1.5  The Dynamic Mechanical Thermal Analysis (DMTA): 

DMTA can be simply described as applying an oscillating force to a sample and 

analyzing the material response to that force (Myrayama, 1978). The applied force is 

called stress and is denoted by the Greek letter,s. When subjected to a stress, a material 

will exhibit a deformation or strain, g.  The slope of the line gives relationship of stress to 

strain and is a measure of material stiffness, the modulus. The modulus is depends on the 

temperature and the applied stress. The modulus indicates how well is material will work 

in specific application in the real world. Through DMTA measurements we can obtain a 

modulus any time, since each time sine wave is applied, allowing us to sweep across a 
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temperature or frequency range. The modulus measured in DMTA is, however, not 

exactly the same as the Young’s modulus of the classic stress-strain curve (Figure 3.1). 

Young’s modulus is the slope of a stress-strain curve in the initial linear region. In 

DMTA, a complex modulus (E*), an elastic modulus (E¢), and imaginary (loss) modulus 

(E¢¢) are calculated from the material response to the sine wave. These different moduli 

allow better characterization of the material, because we can now examine the ability of 

the material to return or store energy (E¢) to its ability to lose energy (E¢¢), and the ratio of 

these effects (tan delta), which is called damping.  

E* = E¢ + iE¢¢       3.2 

tan d= E¢¢  /  E¢      3.3 

 

Fig. 3.1 DMTA relationship 

 

DMTA uses the measured phase angle and amplitude of the signal to calculate a damping 

constant, D, and a spring constant, K. From these values, the storage and loss moduli are 

calculated. As the material becomes elastic, the phase angle,d, becomes smaller, and E* 

approaches E¢.  

The dynamic mechanical measurements (DMTA) were performed on a UK Polymer Lab 

Dynamic Mechanical Thermal Analyzer (Model MK-II) over a temperature range of 
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−150 to 200°C at heating rate of 10°C/min and frequency of 1 Hz. The dimensions of 

samples were 30 × 10 × 1 mm. The value of tan δ and the storage modulus versus 

temperature were recorded for each sample.  

3.3.1.6  Differential Scanning Calorimetry (DSC) 

In DSC, the thermal properties of a sample are compared against a standard reference 

material which has no transition in the temperature range of interest, such as powdered 

alumina (Hunt, 1992). Each is contained in a small holder within an adiabatic enclosure. 

The temperature of each holder is monitored by a thermocouple and heat can be supplied 

electrically to each holder to keep the temperature of the two equal. A plot of the 

difference in energy supplied to the sample against the average temperature, as the latter 

is slowly increased through one or more thermal transitions of the sample yields 

important information about the transition, such as glass transition or melting. 

The glass transition for a glassy polymer which does not crystallize and is being slowly 

heated from below Tg. The Tg at its mid point represents the increase in energy supplied 

to the sample to maintain it at the same temperature as the reference material, due to the 

relatively rapid increase in the heat capacity of the sample as its temperature is raised 

through Tg. The addition of heat energy corresponds to this endothermic direction. A 

melting process is also illustrated below for the case of a highly crystalline polymer 

which is slowly heated through its melting temperature: Again, as the melting 

temperature is reached, an endothermic peak appears because heat must be preferentially 

added to the sample to continue this essentially constant temperature process. The peak 

breadth is primarily related to the size and degree of perfection of the polymer crystals. 

Note that if the process were reversed so that the sample was being cooled from the melt, 
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the plot would be inverted. In that case, as both are being cooled by ambient conditions, 

even less heat would need to be supplied to the sample than to the reference material, in 

order for the crystals to form. This corresponds to an exothermal process. 

To understand the changes in thermal properties of polyurethane using various chain 

extenders, the DSC analysis was performed. The DSC analysis was carried out using a 

Stanton Redcraft STA-780 (London, UK) under nitrogen atmosphere. The samples were 

each carefully weighed in the hermetic aluminum pans. The samples were then quenched 

to –100°C using liquid nitrogen and all transitions were determined upon reheating to 

200°C at a rate of 10°C/min.  

3.3.1.7  Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was recorded on a Polymer Lab TGA-1500 (London, 

UK) under N2 atmosphere from room temperature up to 650°C with heating rate of 

20°C/min. TGA is a type of testing that is performed on samples to determine changes in 

weight in relation to change in temperature. Such analysis relies on a high degree of 

precision in three measurements: weight, temperature, and temperature change. As many 

weight loss curves look similar, the weight loss curve may require transformation before 

results may be interpreted. A derivative weight loss curve can be used to tell the point at 

which weight loss is most apparent. The analyzer usually consists of a high-precision 

balance with a pan loaded with the sample. The sample is placed in a small electrically 

heated oven with a thermocouple to accurately measure the temperature. The atmosphere 

may be purged with an inert gas to prevent oxidation or other undesired reactions. A 

computer is used to control the instrument. It continuously monitors the weight of a 

sample during isothermal or dynamic temperature scans over the range from 30° to a 
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maximum of 1000°C.  Analysis is carried out by raising the temperature gradually and 

plotting weight against temperature. After the data is obtained, curve smoothing and other 

operations may be done such as to find the exact points of inflection. The sample weight 

can range from 1 mg to 150 mg. Sample weights of more than 25 mg are preferred, but 

excellent results are sometimes obtainable on 1 mg of material. Samples can be analyzed 

in the form of powder or small pieces so the interior sample temperature remains close to 

the measured gas temperature.  

Thermogravimetry is one of the oldest thermal analytical procedures and has been used 

extensively in the study of polymeric systems. The technique involves monitoring the 

weight loss of the sample in a chosen atmosphere (usually nitrogen or air) as a function of 

temperature. It is a popular technique for the evaluation of the thermal decomposition 

kinetics of materials, e.g., polymers, rubbers and hence provides information on thermal 

stability and shelf life. However, it is probably best known for its ability to provide 

information on the bulk composition of compounds. The simultaneous TG/DTA system 

can be used for such applications as oxidation, heat resistance, the amount of water, 

compositional analysis and the measurement of ash content in a sample. 

3.3.1.8  Tensile Testing 

To determine the mechanical properties of a material, tensile testing is a very versatile 

method. The typical stress-strain curve of a material is shown in Figure 3.2. In order to 

analyze the changes in the mechanical properties of polyurethane varying chain 

extenders, tensile tests were performed on PU samples on MTS tensile tester model 10/M 

instrument. The PU samples were subjected to a specified tensile load and elongated at a 
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specified rate according to the ASTM D638 standard. From the dimensions of the 

specimen, load and displacement data, the stress-strain curve can be plotted.  

 

Fig. 3.2 Typical stress strain curves of the material 

 

Mechanical properties including tensile strength, modulus and elongation at break were 

determined from stress–strain curves at a strain rate of 50 mm/min. The measurements 

were performed at 25 °C with a film thickness of about 1 mm and stamped out with an 

ASTM D-638 Die (ASTM, 2004).  

3.3.1.9   Hardness  

Samples hardness was measured by a Zwick instrument in shore A scale. Hardness refers 

to various properties of matter in the solid phases that give it high resistance to various 

kinds of shape change when force is applied. Hard matter is contrasted with soft matter. 

The material under test should be a minimum of 6.4 mm thick (ASTM D2240). The 

hardness testing of polymer is most commonly measured by the Shore (Durometer) test. 

Shore hardness is a measure of the resistance of a material to the penetration of a needle 

under a defined spring force. It is determined as a number from 0 to 100 on the scales A 



                                                                                                Materials and Methods 

   

45 

or D. The Shore A scale is used for 'softer' rubbers while the Shore D scale is used for 

'harder' ones. The Shore hardness is measured with an apparatus known as a Durometer 

and consequently is also known as 'Durometer hardness'. The final value of the hardness 

depends on the depth of the indenter's penetration. If the indenter penetrates 2.5mm or 

more into the material, the durometer is 0 for that scale. If it does not penetrate at all, then 

the durometer is 100 for that scale. It is for this reason that multiple scales exist. 

Durometer is a dimensionless quantity, and there is no simple relationship between a 

material's durometer in one scale, and its durometer in any other scale, or by any other 

hardness test. 

3.3.1.10  Contact Angle Measurement 

Contact angle measurement is used to determine the interfacial tension present between 

two surfaces i.e., between a solid and/or a liquid, and/or a vapor. When a droplet of a 

high surface tension liquid rests on a solid of low surface energy, the liquid surface 

tension will cause the droplet to form a spherical shape (lowest energy shape). 

Conversely, when the solid surface energy exceeds the liquid surface tension, the droplet 

spreads and attains a lower profile shape. By viewing small droplets of liquid on a surface 

in profile, the effects of interfacial tension can be readily observed. In order to define 

these droplet profiles, a line tangent to the curve of the droplet is drawn at the point when 

the droplet intersects the solid surface. The angle formed by this tangent line and the solid 

surface is called the contact angle as shown in Figure 3.3. By measuring the contact 

angle, the surface energies of the system can be determined. For substrates having low 

surface energy, water will tend to form a spherical droplet and the contact angle will be 
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high, while for substrates having high surface energy, water will spread out into a thin 

film of low contact angle.  

 

Fig. 3.3 Contact angle measurements 

 

The measurements in this research work were performed on a contact angle measuring 

system, the DSA G-10 goniometer of Kruss GmbH (Germany). This instrument utilizes 

precision optics and computer control discs (CCD) cameras in conjunction with image 

processing hardware and software to perform contact angle analysis quickly, easily, and 

accurately. In practice a droplet of liquid is dispensed onto the surface of interest, and 

then a CCD camera examines the profile of the droplet displayed on a computer screen. 

The image is captured into the computer memory and analyzed to determine its shape. 

The computer software then calculates the tangent to the droplet and computes the 

contact angle. 

The static contact angle (q) was measured by a sessile drop method at controlled room 

temperature (20°C) using the DSA G-10 goniometer of Kruss GmbH (Germany), 

equipped with software for a drop shape analysis. Diiodomethane (analytically pure, 
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UCB, Belgium) and deionized water were applied as the test liquids. The image of liquid 

drop (volume of 2-3 ml) was recorded by video camera and fitted by means of 

mathematical functions. Each given  q  value is the average of at least 10 measurements. 

Surface free energies (gs) and their dispersive (gd
s) and polar (gp

s) components were 

calculated by Owens-Wendt method (Owens and Wendt, 1969) and Wu method 

(Abbasian et al, 2004). From q measurement, the work of water adhesion to PU surface 

was also obtained.  

3.3.1.11  Evaluation of Water Absorption (%) 

Bulk hydrophilicity of the polyurethanes was quantified by measuring the amount of 

water that each polymer absorbed at 37 °C. The film of samples (10 × 10 × 1 mm) were 

placed in 100 ml Erlenmeyer flasks, containing deionized, degassed water and kept for 1, 

2, 3, 4, 5 and 7 days in an incubator maintained at 37 °C. The samples were removed 

from water at predetermined time intervals, wiped gently with filter paper, and weighed 

immediately with an analytical balance. The sample mass change resulting from the 

water uptake (expressed as a percentage) was calculated according to the following 

formula:  

100(%) ´
-

=
d

dw

m

mm
rptionWaterbabso      3.4 

where md and mw are the masses of dry and wet polyurethane samples, respectively. 

 

3.3.1.12  Equilibrium Degree of Swelling: 

The equilibrium degree of swelling of each elastomer was determined by immersing a 

small sample (20 × 20 × 2 mm) in 100 mL solvent (toluene) for 7 days at room 
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temperature and reweighing after rapid surface drying with paper towels. The equilibrium 

degree of swelling was calculated using the following relations (Minoura, et al., 1978a, 

b):  
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where 1/VR is equilibrium degree of swelling, vR is volume fraction of elastomer 

component in the swollen sample, vS is volume fraction of solvent in the swollen sample, 

ωR is weight of dry sample after swelling, ωS is weight of solvent contained within 

swollen sample, ωS+R is weight of swollen sample, ρR is density of dry sample before 

swelling, and ρS is density of solvent (0.876 for toluene).  

3.3.1.13 Density of the dry polymer samples 

Density of the dry polymer samples (ρR) was measured according to method reported in 

ASTM D-1817 (ASTM, 2004). 

3.3.1.14 Cell Culture Assays  

Cell culture reaction of the prepared films was evaluated by an in vitro cell culture test. 

The mouse L-929 fibroblast cells were used as a test model in this study. Cells, which 

have fibroblast-like morphology, grow only in a mono-layer culture. The cells were 

maintained in Roswell Park Memorial Institute (RPMI)-1640 growth medium, 

supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycin, and 10% fetal calf 

serum. A routine subculture was used to maintain the cell line. The cells were incubated 

in a humidified atmosphere of 5% CO2 at 37 °C. After 48 hrs of incubation, the 

monolayer was then harvested by trypsinization. The cell suspension of 4 × 105 cells/ml 

was prepared before seeding. The samples were washed with phosphate buffered saline 

(PBS) and rinsed with distilled water and then sterilized in an autoclave at 120 °C and 
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placed in a multiwell tissue culture polystyrene plate (Nunc, Denmark) with 5 ml cell 

suspension. For the precision of results, two wells were kept for each sample and 

maintained for 48 h in a CO2 controlled incubator at 37˚C. Plate was kept in the incubator 

for 48 h. After incubation, the samples were removed from the incubator and washed 

immediately with PBS. The cells were fixed with 5% glutaraldehyde and dehydrated in 

graded aqueous ethanol (50%, 60%, 70%, 80% and 96%). The cells were observed with 

light microscopy (Nikon). 

3.4 Part–I: Polyurethane Extended with α, ω-alkane diols 

3.4.1 Part-I (a): Synthesis and structural, thermo-mechanical and surface 

characterization of polyurethane elastomers extended with α, ω alkane diols 

3.4.1.1  Chemicals 

4,4′-Diphenylmethane diisocyanate (MDI), a mixture of 97% w/w of the 4,4¢ isomer and 

3% w/w of 2,4¢ isomer was purchased from Sigma Chemical Co. (Saint Louis MO, 

USA). Chain extenders 1,2-ethane diol (1,2-EDO), 99% purity; 1,3-propane diol (1,3-

PDO), 99% purity; 1,5-pentane diol (1,5-ṔDO), 98% purity were obtained from Merck 

Chemicals (Darmstadt, Germany). 1,4-Butane diol (1,4-BDO), 99% purity; 1,6-hexane 

diol (1,6-HDO), 97% purity; 1,8-octane diol (1,6-ODO), 99% purity and 1,10-decane diol 

(1,10-DDO), 99% purity were obtained from Sigma Chemical Co.  (St. Louis MO, USA).  

Polycaprolactone diol, CAPA 225, (molecular weight 2000) was supplied by Solvay 

Introx (Cashire, England). All the chain extenders and PCL used in this study were dried 

at 80°C under vacuum for 24 hrs before use, to ensure the removal of all air bubbles and 

water vapors that may otherwise interfere with the isocyanate reactions. Molecular 

weight of CAPA 225 was confirmed by applying the procedure reported in ASTM D-
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4274C. The NCO contents in the prepolymer were obtained by titration with n-

butylamine (ASTM D 2572-80). All the reagents used in this work were of analytical 

grade. 

3.4.1.2   Synthesis of Polymer (PU)  

For this study a prepolymer was synthesized as reported by Barikani & Hepburn (1986, 

1987) by the step-growth polymerization of PCL and MDI (Section 3.2.2), extended with 

series of chain extenders. A synthetic route of polyurethane based on 1, 2-EDO is shown 

in Scheme 4.1 (Page 63). Prepolymer synthesis and film casting were preceded as 

described briefly in the synthesis of PU based on 1, 2-EDO (Section 3.2.2). For each 

sample, prepolymer was extended with weighed amount of alkane diol chain extender 

(0.0313 moles) as predicted in Table 4.1 (Page 71). All other parameters, temperature 

condition remain same as described previously in the synthesis of PU extended with1, 2-

EDO.  

3.4.1.3   Measurements 

The FTIR spectrum of the monomers and PU films was obtained with a Bruker-IFS 48 

Fourier Transform Infrared (FTIR) Spectrophotometer (Ettlingen, Germany) over the 

range of 500-4000 cm-1 at room temperature. The 1H NMR and 13C NMR spectra were 

recorded in deuterated dimethyl sulfoxide (DMSO)-d6 solution using a Bruker Advance 

400 MHz Spectrometer. Chemical shifts (δ) were given in ppm with tetramethylsilane 

(TMS) as a standard. The X-ray diffractograms of the polymers were obtained in a 

Siemens D-5000 diffractometer with radiation Cu-Ka (λ=15.405nm, 40 Kv and 30 mA) 

at 25˚C. The relative intensity was registered in a dispersion range (2θ) of 5-40˚.  
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Differential scanning calorimetry (DSC) was recorded on a Stanton Redcraft STA-780 

(London, UK). Thermogravimetric analysis (TGA) was performed on a Polymer Lab 

TGA-1500 (London, UK) under N2 atmosphere from room temperature up to 600 °C 

with heating rate of 20 °C/min. The dynamic mechanical measurements (DMTA) were 

performed on a UK Polymer Lab Dynamic Mechanical Thermal Analyzer (Model MK-

II) over a temperature range of −150 to 200 °C at heating rate of 10 °C/min and 

frequency of 1 Hz. The dimensions of samples were 30 × 10 × 1 mm. The value of tan δ 

and the storage modulus versus temperature were recorded for each sample.  

Mechanical properties including tensile strength, modulus, and elongation at break were 

determined from stress–strain curves with MTS tensile tester model 10/M at a strain rate 

of 50 mm/min. The measurements were performed at 25 °C with a film thickness of 

about 1 mm and stamped out with an ASTM D-638 Die (ASTM Standards, 2004). 

Samples hardness was measured by a Zwick instrument in shore A scale.  

Kruss G10 contact angle measuring system was used for measurement of water droplet 

angle on polymeric film surface via sessile-drop experiment. The contact angle was 

measured using two test liquids; one polar and other non polar (i.e., water and 

diidomethane). All the values presented in the data were average of ten measurements. 

Surface tension and their polar and dispersive portions were calculated applying two 

different methods (Owens-Wendt Method & Wu Method) for precision of the results. 

Water absorption (%) and equilibrium degree of swelling of the synthesized polymers 

were also determined and discussed. Detailed methods for the evaluation of water 

absorption (%) and equilibrium degree of swelling have been discussed in sections 

(3.3.1.11) and (3.3.1.12) respectively. 
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3.4.2 Part–I (b): Structural, thermo-mechanical and surface characteristics of UV-

irradiated polyurethane elastomers extended with α, ω alkane diols 

3.4.2.1  Materials and synthesis of polyurethane elastomers (PUEs)  

The synthesis of PUEs was performed by following two step procedure as presented in 

previous section (Section 3.2.2) by the polymerization of PCL (31.25g; 0.0156 mole) and 

MDI (11.95g; 0.047 mole), and extended with series of chain extenders (Table 4.1.1) i.e. 

1,2-EDO (1.94g; 0.0313 mole); 1,3-PDO (2.38g; 0.0313 mole); 1,4-BDO (2.82g; 0.0313 

mole); 1,5-ṔDO(3.25g; 0.0313 mole); 1,6-HDO(3.69g; 0.0313 mole);  1,8-ODO (4.56g; 

0.0313 mole) and 1,10-DDO(5.44g; 0.0313 mole).  

3.4.2.2  UV exposure 

Irradiation of PUEs was carried out in an UV exposure unit with irradiation chamber 

having five 80 W medium pressure mercury vapor lamps (Latina Tendeng Cor., China) 

constructed with borosilicate glass envelopes which filter all wavelength below 300 nm. 

As such, the spectral distribution of the light is good match for terrestrial solar radiation. 

Irradiations of samples were performed for 50, 100 and 200 h with sample to lamp 

distance of 20 cm at ambient relative humidity.  

3.4.2.3  Measurements 

Fourier Transform Infrared (FT-IR) spectra of thin films were obtained in the 

transmission mode using a Bruker-IFS 48 Fourier transform infrared (FT-IR) 

spectrometer (Ettlingen, Germany). FTIR scans were collected on completely dried thin 

films cast on KBr discs from N, N¢-dimethylformamide (DMF) solution. The spectra 

covered the infrared region 4000-500 cm-1, the number of scans per experiment was 16 

and resolution was 4 cm-1. A blank was made for each PU film before irradiation in order 
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to eliminate possible errors due to non-homogeneity or thickness variation between films. 

Thermogravimetric analysis (TGA) was carried out on a Polymer Lab TGA-1500 

(London, UK) under N2 atmosphere from room temperature up to 600 °C with heating 

rate of 20 °C/min. The dynamic mechanical measurements were performed on a UK 

Polymer Lab Dynamic Mechanical Thermal Analyzer (DMTA-Model MK-II) over a 

temperature range of −150 to 200 °C at heating rate of 10 °C/min and frequency of 1 Hz. 

The dimensions of samples were 30 × 10 × 1 mm. The value of the storage modulus 

versus temperature was recorded for each sample. Mechanical properties including 

tensile strength and elongation at break were determined from stress–strain curves with 

MTS tensile tester model 10/M at a strain rate of 50 mm/min. The measurements were 

performed at 25 °C with a film thickness of about 1 mm and stamped out with an ASTM 

D-638 Die. Samples hardness was measured by a Zwick instrument in shore A scale.  

The static contact angle (q) was measured by a sessile drop method at constant room 

temperature (20°C) using the DSA 10 goniometer of Kruss GmbH (Germany), equipped 

with software for a drop shape analysis. Diiodomethane and deionized water were 

applied as the test liquids. The image of liquid drop (volume of 2-3 ml) was recorded by 

video camera and fitted by means of mathematical functions. Each given  q  value is the 

average of at least 10 measurements. Surface free energies (gs) and their dispersive (gd
s) 

and polar (gp
s) components were calculated by Owens-Wendt method (Owens-Wendt, 

1969) and Wu method (Abbasian, et al., 2004). From q measurement, the work of water 

adhesion to PU surface was also obtained. Water absorption (%) and equilibrium degree 

of swelling were determined following the method as described in previous section 

(3.3.1.11 and 3.3.1.12). 
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3.5 Part-II Chitin-Based Polyurethane 

Chitin (`Mv= 6.067×105) was very kindly supplied by Department of Polymeric 

Biomaterials, Iran Polymer and Petrochemical Institute (Tehran, I.R. Iran). Chitin was 

purified according to already established methods (Section 3.2.1.3) (Wang et al., 1991). 

The viscosity average molecular weight of chitin (Section 3.2.1.4) was deduced from the 

intrinsic viscosity, as described in the literature (Chen et al., 2002).   

3.5.1 Synthesis and characterization of chitin/1,4-butane diol based PUEs 

3.5.1.1  Chemicals 

4,4′-Diphenylmethane diisocyanate (MDI) and 1,4-butane diol (BDO) were purchased 

from Sigma-Aldrich Chemical Co. Polycaprolactone polyol, CAPA 225, (molecular 

weight 2000 from Introx Chemicals) and BDO were dried at 80°C under vacuum for 

24 hrs before use to ensure the removal of all air bubbles and water vapors that may 

otherwise interfere with the isocyanate reactions. Molecular weight of CAPA 225 was 

confirmed by applying the procedure reported in ASTM D-4274C (ASTM Standards 

2004). All other materials including MDI were used as-received. All the reagents used in 

this work were of analytical grade. 

3.5.1.2  Synthesis of PU based on BDO (CPU1) 

For this investigation a prepolymer was synthesized as reported by Barikani and 

Hepburn, (1986 and 1987) by the step-growth polymerization of PCL and MDI (Section 

3.2.2.1), and extended with different proportions of chitin and BDO. Conversion of the 

prepolymer into the final PU was carried out by stirring the prepolymer vigorously, and 

then adding a previously degassed chain extender, 1, 4-butane diol (2.81 g; 0.031 moles). 

When color homogeneity was obtained in the reactant mixture, the dispersion of chain 
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extender was considered complete and the liquid polymer was cast into a Teflon plate to 

form a uniform sheet of 2-3 mm thickness. The synthesized polymer was then placed in a 

hot air circulating oven at 100˚C and cured for 24 h. The cured sample sheets were then 

stored for one week at ambient temperature (25°C) and 40% relative humidity before 

testing. Schematic illustration of chemical route for synthesis of BDO based polyurethane 

(CPU1) is shown in Scheme 4.2. 

3.5.1.3 Synthesis of PU based on mixture of chitin: BDO (CPU2-CPU4) and pure 

chitin (CPU5) 

Prepolymer synthesis and film casting were performed same as described briefly in the 

synthesis of CPU1 (Section 3.2.2.1). Weighed amount of chitin according to molar ratio 

as predicted in Table 1 was dissolved in solvent (mixture of N-methyl-2- pyrrolidine 

(NMP) and dimethyl sulfoxide (DMSO) with ratio 2:1) (Austin 1984; Agboh, & Qin, 

1997). For samples designated as CPU2-CPU4, the prepolymer was extended with 

different proportions of chitin/BDO (Table 4.13; Page 153) while the sample designated 

as CPU5, was extended with 100% chitin (4.25 g). All other parameters, temperature 

condition remain same as described previously in the synthesis of CPU1. Schematic 

illustration of chemical route for synthesis of chitin based polyurethane (CPU5) is shown 

in Scheme 4.3. 

3.5.1.4  Measurements 

Infrared measurements were performed on a Bruker-IFS 48 Fourier Transform Infrared 

(FT-IR) Spectrometer (Ettlingen, Germany). The 1H NMR and 13C NMR spectra were 

recorded in deuterated dimethyl sulfoxide (DMSO)-d6 solution using a Bruker Advance 
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400 MHz Spectrometer. Chemical shifts (δ) were given in ppm with tetramethylsilane as 

a standard.  

Differential Scanning Calorimetry (DSC) was recorded on a Stanton Redcraft STA-780 

(London, UK). Thermogravimetric Analysis (TGA) was recorded on a Polymer Lab 

TGA-1500 (London, UK) under N2 atmosphere from room temperature up to 650°C with 

heating rate of 20°C/min. The dynamic mechanical measurements were performed on a 

UK Polymer Lab Dynamic Mechanical Thermal Analyzer (DMTA) (Model MK-II) over 

a temperature range of −150 to 200°C at heating rate of 10°C/min and frequency of 1 Hz. 

The dimensions of samples were 30 × 10 × 1 mm. The value of tan δ and the storage 

modulus versus temperature were recorded for each sample.  

A Kruss G10 contact angle measuring system was used for the measurement of water 

droplet angle on polymeric film surface. Contact angle was measured using two test 

liquids; one polar and other non polar (water and diidomethane). Each value in the data 

presented was average of ten measurements. Surface tension and their polar and 

dispersive portions were calculated applying two different methods i.e., Owens-Wendt 

Method & Wu Method. NCO content of polyurethane prepolymer was determined 

according to procedure reported in ASTM D-2572 (ASTM, 2004).  

Evaluation of cyto-toxicity and cyto-compatibility of the specimens were determined 

through cell culture tests. A detailed description of cell culture assays has been presented 

in section (3.3.1.14).  

3.5.2 Synthesis of PU varying diisocyanate and chain extender structure 

3.5.2.1   Chemicals 
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4,4′-Diphenylmethane diisocyanate (MDI), methylene bis(p-cyclohexyl isocyanate) 

(H12MDI), hexamethylene diisocyanate (HMDI) and 1,4-Butane diol (BDO) were 

purchased from Sigma-Aldrich Chemical Co. (Saint Louis, MO, USA). Polycaprolactone 

polyol, CAPA 225, (molecular weight 2000 from Solvay Chemicals) and BDO were 

dried at 80°C under vacuum for 24 h before use to ensure the air and water tracers that 

may otherwise interfere with the isocyanate reactions. Molecular weight of CAPA 225 

was confirmed by applying the procedure reported in ASTM D-4274C. All the other 

materials including MDI, H12MDI and HMDI were used as received. All the reagents 

used in this work were of analytical grade. 

Chitin was obtained from the Department of Polymeric Biomaterials, Iran Polymer and 

Petrochemical Institute Tehran, Iran. Chitin was purified according to already-established 

methods in literature (Wang et al., 1991). The viscosity average molecular weight (`Mv) 

of chitin was deduced from the intrinsic viscosity, as described in the literature (Chen et 

al., 2002).   

3.5.2.2  Synthesis of PU  

For this investigation a NCO-terminated prepolymer was synthesized as described in 

previous section (3.2.2.1; Page 35) by the step-growth polymerization of PCL and 

diisocyanate using weighed amounts of reagents as given in Table 4.14 (Page 158). The 

prepolymer was extended with chitin and or BDO following the recommended procedure 

(Zia, et al., 2008a). The chemical structures of the raw materials used in different 

formulations of PU have been presented in Scheme 4.5 Schematic illustration of the 

chemical route for the synthesis of polyurethane is shown in Scheme 4.6 & 4.7. It is well 

known that aliphatic/cylco-aliphatic diisocyanates are less reactive as compared to 
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aromatic ones. To speed up the reaction a single drop of dibutyl tin dilaurate (DBTDL) 

was used as catalyst. The synthesis of PU with aromatic diisocyanates was carried out 

without catalyst. 

3.5.2.3  Measurements 

Infrared measurements were performed on a Bruker-IFS 48 Fourier Transform Infrared 

(FT-IR) Spectrometer (Ettlingen, Germany). The 1HNMR and 13CNMR spectra were 

recorded in deuterated dimethyl sulfoxide (DMSO-d6) solution using a Bruker Advance 

400 MHz Spectrometer. Chemical shifts (δ) were given in ppm with tetramethylsilane 

(TMS) as a standard. The X-ray diffraction spectra (XRD) of the polymers were obtained 

in a Siemens D-5000 diffractometer with radiation Cu-Ka (λ=15.4nm, 40 Kv and 30 mA) 

at 25˚C. The relative intensity was registered in a dispersion range (2θ) of 5-40˚. 

Differential scanning calorimetery (DSC) was recorded on a NETZSCH DSC 200 under 

a protective nitrogen gas atmosphere. Accurately weighed dry material was placed in an 

aluminum sample holder which was hermetically sealed. The measurements were carried 

out from 25 to 350˚C in the nitrogen medium at a scanning rate of 10˚C /min. The value 

of tan δ versus temperature was recorded using dynamic mechanical measurements on a 

UK Polymer Lab Dynamic Mechanical Thermal Analyzer (Model MK-II) over a 

temperature range of −150 to 200 °C at heating rate of 10 °C/min and frequency of 1 Hz. 

The dimensions of samples were 30 × 10 × 1 mm3. Mechanical properties including 

tensile strength, modulus, and elongation at break were determined from stress–strain 

curves with MTS tensile tester model 10/M at a strain rate of 50 mm/min. The 

measurements were performed at 25 °C with a film thickness of about 1 mm and stamped 
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out with an ASTM D-638 Die. The hardness of all the samples was measured by a Zwick 

instrument in shore A scale. All the data presented were average of five replicates.  

3.5.3 Synthesis and characterization of chitin based shape memory polyurethane 

(SMPU) 

3.5.3.1  Materials 

4, 4′-Diphenylmethane diisocyanate (MDI), dimethylol propionic acid (DMPA) and 1, 4-

butane diol (BDO) were purchased from Sigma-Aldrich Chemical Co. Polycaprolactone 

polyol, CAPA 240, (molecular weight 4000 from Solvay Chemicals) and BDO were 

dried at 70°C under vacuum for 24 h before use to ensure the removal of all air bubbles 

and water vapors that may otherwise interfere with the isocyanate reactions. Molecular 

weight of CAPA 240 was confirmed by applying the procedure reported in ASTM D-

4274C. All other materials and MDI were used as received. Dimethylformamide (DMF) 

and triethylamine were used after being dehydrated with a 4Å molecular sieve for 2 days. 

Chitin (Mv= 6.067×105) was kindly supplied by Iran Polymer and Petrochemical 

Institute, Iran. Chitin was purified according to already established methods in literature 

(Wang et al., 1991). Its molecular weight was deduced from the intrinsic viscosity, as 

described in the literature (Chen et al., 2002). All the reagents used in this work were of 

analytical grade. 

3.5.3.2  Synthesis of Shape Memory Polyurethane (SMPU6) 

Into a four-necked reaction kettle equipped with mechanical stirrer, heating oil bath, 

reflux condenser, dropping funnel and N2 inlet and outlet was placed PCL 4000 (3mmol) 

and the temperature of the oil bath was increased to 60°C. Then MDI (5 mmol) and 80 ml 

DMF were charged to the dried flask and reacted for about 2 h at 80–85°C; then, DMPA 
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(2 mmol) and MDI (2 mmol) were successively added and kept the reaction at the same 

temperature. Two hours later, BDO (5 mmol) and MDI (6 mmol) were added and 

allowed to react for another two hours. Then chitin (3 mmol) was added for another 1 h. 

At last, the neutralization reaction was carried out at 50°C for 0.5 h, with the addition of 

TEA (2.2 mmol). The solid content of the product is about 15–20%. The formulation of 

the prepared SMPU samples is listed in Table 4.16. The liquid polymer was casted into a 

Teflon plate to form a uniform sheet. The synthesized polymer was then placed in a hot 

air circulating oven at 100˚C and cured for 24 h. The cured sample sheets were then 

stored for one week at ambient temperature (25°C) and 40% relative humidity before 

testing. The general structure of the chitin based SMPU is shown in Scheme 4.8. 

Films for the measurement of tensile properties were prepared by casting the SMPU 

solution in DMF in a mould. After evaporation of DMF at 80°C for 24 h, the films were 

further dried at 60°C under a vacuum for another 48 h. Tensile tests were conducted 

using a tensile tester, by coupling it with a constant-temperature heating chamber. The 

micro tensile test specimens had dimensions of 40×5×0.5mm.  

3.5.3.3   Characterization 

Infrared measurements were performed on a Bruker-IFS 48 Fourier Transform Infrared 

(FT-IR) Spectrometer (Ettlingen, Germany). Differential scanning calorimetry (DSC) 

was recorded on a Stanton Redcraft STA-780 (London, UK). The dynamic mechanical 

measurements (DMTA) were performed on a UK Polymer Lab Dynamic Mechanical 

Thermal Analyzer (Model MK-II) over a temperature range of −150 to 200°C, using a 

bending mode at heating rate of 10 °C/min and frequency of 1 Hz. The dimensions of 
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samples were 30 × 10 × 1 mm. The values of the storage modulus versus temperature 

were recorded for each sample.  

3.5.3.4  Analysis of shape memory effect 

Thermo-mechanical cycle tests were performed to investigate the shape memory effect of 

the final polyurethane material. Shape retention (%) and shape recovery (%) were 

calculated by following the relationships (Kim et al., 1998; Kim et al., 1996):  

Shape retention (%) = 
m

u e
e

100
´      3.6 

Shape recovery (%) = ( )
m

pm e
ee 100

´-      3.7 

Where εm is the maximum strain, εu is the retention strain and εp is the recovery strain  
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RESULTS AND DISCUSSION 

 

The main aim of this research work was to study the dependence of the structural, 

surface, thermal and mechanical properties of polyurethane elastomers on the nature and 

structure of chain extenders (α, ω alkane diols and chitin). So synthesis of a range of 

polyurethane samples was done to perform this extensive study, following the synthetic 

route as outlined in Scheme 4.1 (a, b). The reaction of one equivalent of polyol with three 

equivalents of MDI leads to NCO-terminated polyurethane prepolymer (Scheme 4.1a), 

which was subsequently extended with two equivalents of chain extender to prepare final 

polyurethane (Scheme 4.1b).  

4.1 Part–I (a): Polyurethane elastomers (PUEs) extended with α, ω-

alkane diols 

4.1.1 Polymer synthesis study and structural characterization 
 
Structural characterization was done using FT-IR, 1HNMR and 13CNMR spectroscopic 

techniques.  

4.1.1.1 FT-IR Spectral Studies 

FT-IR spectra of MDI, PCL, NCO terminated polyurethane prepolymer, 1,4-BDO and 

polyurethane extended with 1,4-BDO is shown in Fig.4.1(a-e). FTIR spectrum of MDI 

(Fig.4.1a) showed very strong peak at 2255 cm-1 attributed to the isocyanate (−NCO) 

group attached to 4,4′-diphenylmethane diisocyanate. The FTIR spectra show sharp peak 
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at 1527 cm-1, which is due to the C=C stretching of benzene ring. Other observed peaks 

in the FTIR spectrum of PCL (Fig.4.1b) were assigned as: 3447 cm-1 (OH stretching 

vibration); 2949 cm-1 (asymmetric CH2 stretching); 2865 cm-1 (symmetric CH2 

stretching);  1727 cm-1 (C=O stretching); 1293 cm-1 (C-O and C-C stretching in the 

crystalline phase); 1240 cm-1 (asymmetric COC stretching); 1190 cm-1 (OC-O 

stretching); 1170 cm-1 (symmetric COC stretching); 1157 cm-1 (C-O and C-C stretching 

in the amorphous phase). The FTIR spectrum of NCO-terminated urethane prepolymer 

has also been presented in Fig. (4.1c). It is clearly observed that the signal for the OH 

groups disappeared and that of the intensity of NCO groups has reduced to some extent 

resulting that isocyanate group has entirely reacted and a signal for NH units appeared at 

3298 cm-1 suggesting that PU prepolymer had been formed (Fig.4.1c). The other 

observed peaks in the FTIR spectrum of PU prepolymer (Fig. 4.1c) were assigned as: 

2931cm-1 (CH symmetric stretching of CH2); 2889 cm-1 (CH asymmetric stretching of 

CH2 groups); 2255 cm-1 (isocyanate (−NCO) group); 1727 cm-1 (C=O stretching of soft 

segment of PCL). The changes in the intensity of the signal of the carbonyl groups (C=O) 

of the PCL at 1728 cm-1 indicates the chemical reaction of the diisocyanate with PCL. 

The chain extender (1,4-BDO) was added in the final step to end the polymerization 

reaction. FT-IR spectra of 1,4-BDO (Fig.4.1d) showed that broad OH stretching vibration 

band appeared at 3443 cm-1. The CH symmetric and asymmetric stretching vibrations of 

CH2 groups were observed at 2930, and 2887 cm-1, respectively. To provide clear 

information about the vibrational mode changes due to involvement of 1,4-BDO in to the 

polyurethane backbone during the polymerization reaction, FT-IR spectrum obtained 

from the cast film is shown in Fig.4.1(e). In the FT-IR analysis obtained for the PU 
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sample the disappearance of the NCO peak at 2255 cm-1 and the appearance of N-H peak 

at 3330cm-1confirmed the completion of polymerization reaction. The observed peaks in 

the spectrum imply that the reaction was completed and the predesigned PU was formed. 

FTIR spectra obtained support the proposed structure of the final polymer. FTIR spectra 

showed characteristic bands of urethane groups at 3330 cm−1 (N–H stretching). The other 

peaks observed were assigned as: 2947 cm−1 (CH symmetric stretching vibrations of 

CH2); 2810 cm-1 (CH asymmetric stretching vibrations of CH2 groups); 1728 cm-1, 1642 

cm-1(C = O bond); 1599 cm-1, 1529 cm-1 (NH deformations);  1464 cm-1 (CH2 bending 

vibration); 1407 cm-1(CH bending vibration); 1311 cm-1 (CH2 wagging). By extending 

prepolymer with 1,4-BDO, the FT-IR spectra showed a very strong, new peak at about 

1728 cm-1 which was assigned to C=O stretching of soft segment of PCL. Another new 

peak was also observed at about 1464 cm-1 which was assignable to urethane –NH group. 

Peaks correspond to the absorption of –N–H, –C=O, –CHN were observed at 3330 cm-1, 

1728 cm-1 and 1464 cm-1 respectively, which indicate the new synthesized product 

having –NHCOO group. The observed N-H bending vibrations at 1529 cm-1, C-O-C 

stretching absorption band corresponding to the ether oxygen of soft-segment at 1000-

1150 cm-1 also provide strong evidence for the formation of PU.  

It is worthwhile mentioning that the N-H group in polyurethane could form hard-hard 

segment H-bonding with the carbonyl oxygen and hard-soft H-bonding with the ether 

oxygen. The stronger hard-hard segment H-bonding acts as physical crosslinks leading to 

difficult segmental motion of the polymer chain which results in a more significant phase 

separation between hard and soft segments. The phase separation improves mechanical 
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properties of polyurethanes but reduces the flexibility and solubility (Lu et al., 2002; 

Subramani et al. 2004). 

4.1.1.2 NMR Studies  

1HNMR (400 MHz, DMSO-d6) and 13CNMR (400 MHz, DMSO-d6) spectra of 

final synthesized polyurethane samples (PU1-PU7) were in accordance with proposed 

structures. 1HNMR and 13CNMR spectra of polyurethane extended with 1, 3-propane diol 

(PU2) are shown in Figure 4.2 (a & b). The signal of urethane (NH) was observed at 8.46 

ppm and peaks observed at 7.05-7.45 assignable to proton of the aromatic structure. 

Some other peaks at 1.29-4.08 ppm assignable to proton of CH2, CH2OCO support the 

formation of polyurethane (Figure 4.2a). The other peaks observed were assigned as: 8.46 

ppm (s, NH); 7.3-7.2 (m, 4H); 7.08-7.02 (m, 4H); 4.05-3.93 (broad, 4H); 3.77-3.73 (s, 

2H); 3.36 (m, 2H); 2.47 (DMSO); 2.21 (m, 2H); 1.48-1.35 (m, 2H); 1.34-1.24 (m, 2H) 

and regarding 13CNMR spectra (Figure 4.2b); observed peaks were assigned as: 173.2, 

173.1, 154.8 ppm (C=O); 137.6, 135.9, (Aromatic C); 129.2, 118.7 (Aromatic CH); 64.4, 

63.9, 61.0, 40.7, 40.6, 40.4, 40.1, 39.9, 39.7, 39.5, 39.3, 34.9, 33.8, 28.9, 25.5, 25.4, 24.6, 

25.5 (CH2).  

1HNMR and 13CNMR spectra of polyurethane extended with 1, 10-decane diol 

(PU7) are also shown in Figure 4.3 (a & b). The signal of urethane (NH) was observed at 

8.45 ppm and peaks observed at 7.07-7.45 assignable to proton of the aromatic structure. 

Some other peaks at 1.28-4.09 ppm assignable to proton of CH2, CH2OCO support the 

formation of polyurethane. In 1HNMR spectra (Figure 4.3a) observed peaks were 

assigned as: 8.45 ppm (s, NH); 7.45-7.25 (m, 4H); 7.07-7.02 (m, 4H); 4.04-3.91 (broad, 

4H); 3.77-3.73 (s, 2H); 3.35 (m, 2H); 2.47 (DMSO); 2.21 (m, 2H); 1.48-1.35 (m, 2H); 



                                                                                                                              Results and Discussion 
 

 

151

1.34-1.24 (m, 2H). The observed peaks in the 13CNMR spectra (Figure 4.3b); were 

assigned as: 173.8, 154.7 ppm (C=O); 137.7, 136.0, (Aromatic C); 129.6, 118.8 

(Aromatic CH); 70.1, 69.8, 64.5, 63.8, 61.1, 40.8, 40.7, 40.3, 40.2, 39.8, 39.6, 39.4, 39.3, 

34.8, 33.8, 30.5, 29.3, 28.9, 25.5, 25.4, 25.2, 24.6, 25.5 (CH2). 

In the 13CNMR spectra of final PU samples, it was observed that the peak at 40 

ppm presents a progressive intensity increase. This result can be attributed to the 

overlapping of –CH2- signals with those due to aromatic chemical structure. 

 

4.1.2 X-ray diffraction studies: 

The degree of crystallinity of the PU samples was estimated by multiplying the ratio of 

the crystalline peak area to total peak area by 100. The d-spacing of different samples 

was determined by Debye-Scherrer (powder) method using Bragg’s relation (Castellan, 

1996; Han et al., 2005). 

nλ = 2d sin θ          (4.1) 

where, n is an integer, λ is the wavelength of the X-ray which is 1.54 Å for Cu target, d is 

the inter-planar spacing also called d-spacing, θ is the diffracting angle between the 

planes and the direction of the beam. 

In segmented PUs, phase separation of soft segments (SS) and hard segment (HS) can 

take place depending on their relative contents, structural regularity and thermodynamics 

incompatibility. The X-ray diffraction studies showed that crystallinity much depends on 

the number of methylene units in the polyurethane backbone, crystallinity increased as 

the chain extender length in to the final PU increased (Table 4.1; Figure 4.4). We can 
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observe that the increase in chain extender length favor the formation of more ordered 

structure. There is an increase in intensity of the peak localized at 2θ = 21.5˚ with 

increase of –CH2–units in the formulation, generating better defined peak. We can 

conclude that PU extended with 1,10-DDO (PU7) showed the higher peak intensities 

leading us to conclude that this sample present the higher chain orientation degree. These 

results confirm the hypothesis that the increase in chain extender length tends to increase 

in phase segregation and as consequence the soft segment mobility. This increase in 

mobility would be responsible for an increase in the chain orientation degree. It can be 

seen that the sample PU1 has shown a lower diffraction peak height and broader upper 

half peak height area which indicates that this sample has smaller crystal particles 

resulting decrease in crystallinity.  

Previous studies (Kovacevic et al. 1990, 1993) stated that the crystallinity of PU 

elastomers is provided by the soft segments. As the hard segments have a higher polarity 

than the soft segments, they interact with each other faster than the soft segments, and 

thus, the part of the PUs structure due to the hard segments would be less crystalline than 

the one due to the soft segments, which are able to reorganize themselves until they reach 

a more stable disposition before interacting with each other, and hence, give a structure as 

crystalline as possible. Only when the hard segments are annealed are they able to 

reorganize themselves before crystallizing and give crystallinity to the thermoplastic 

polyurethane elastomers (TPU) structure. It is reported in the literature that hard segment, 

when present at higher concentration, present diffraction peak in a range of 2θ = 11.12˚. 

So that crystallinity in the under study project is due to soft segment itself.  As the 

crystallinity of the PUs considered in this study is mainly due to the soft segments, so a 
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clear relationships between the phase separation and structural organization is expected. 

In general, the lower the melting enthalpy (reduced structure organization), the lower the 

crystallinity. Considering that a lower melting enthalpy due to lower crystallinity can be 

associated with a lower degree of phase separation. 

4.1.3 Surface morphological studies 

4.1.3.1 Contact angle measurement 

Contact angle measurement is a very sensitive method to surface changes although does 

not give information about types of group present. It is a measure of non-covalent forces 

between liquid and the first monolayer of the tested material. Thus, in case of strong 

interactions between the studied phases, the liquid drop spreads on the solid and wets it.  

Hydrophilicity was evaluated by measuring the contact angle formed between water or 

diidomethane drops and surface of the PU films using contact angle measuring devices 

(G-10 KRUSS). In present study the contact angle was measured using two different test 

liquids (one polar and other non polar). The values of contact angle using water as test 

liquid change from 81.6˚ to 66.6˚ as the number of methylene units in the PU backbone 

vary from 02 to 10 (Table 4.2). Same kind of behavior of decreasing in contact angle 

values (52.0˚ to 36.0˚) was observed using diiodomethane test liquid (Figure 4.5a). As it 

can be seen, there is remarkable difference between the contact angle degree values of 

PU1 to PU7 with both the test liquids. This means hydrophilicity of the final PU film 

increases by increasing the chain extender length. This phenomenon is might be due to 

fact that the hard segment carrying polar group is connected with short chain extender 

(PU1) resulting the movement of the hard segment is restricted and it does not have 

freedom to come on the surface. On the other hand when it is connected with a long 
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flexible chain carrying 10 -CH2- units (PU7), more conformation freedom are 

incorporated in PU and they do not restrict the movement of the HS so they can easily 

move towards surface. This movement of the polar group during the casting process 

makes the polymer hydrophilic because of the relative abundance of the polar group at 

the surface. This increases the hydrophilicity of the PU film more as chain extender 

length increases. Moreover, the decrease in water wettability of solid surfaces is 

attributed to the thermodynamic driving force to minimize the surface free energy. It is 

believed that chemical functional groups responsible for the enhanced wettability 

gradually migrate away from the surface exposed to dry air to the interior of polymeric 

material. The migration of the functional groups to minimize the solid surface energy is 

facilitated by the local segmental motion of polymers.  

4.1.3.2 Surface Free Energy 

There are no direct methods for the estimation of the surface free energy of the solid 

polymers (gs). It can be obtained from the contact angle measurements. The Young 

equation describing the three phase equilibrium is usually used:  

gs v = g s l + g l v cosq                                 (4.2)  

where gsv, g sl  and  g lv are the polymer-vapour, polymer-liquid and liquid-vapour 

interfacial energies, respectively, and q is the contact angle. However, the assumption 

that the spreading pressure, which represents the decrease of solid surface tension due to 

vapour adsorption may be neglected (pe @ o), has to be done. In such case g s = g s v and 

Eq. (4.2) can be expressed as 

gs = g s l + g l cosq                      (4.3)            
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where g l  is a surface tension of liquid. The contact angle can be measured by a sessile 

drop method. It is known that the hydrophilic surface with a high surface energy spreads 

the drop of polar liquid and gives a low contact angle, while the hydrophobic surface with 

a low free energy gives a high contact angle (Garbassi et al., 1998; Zenkiewicz 2000). 

According to the Owens-Wendt method (Owens and Wendt 1969), gs is a sum of 

dispersive (gd
s) and polar (gp

s) components of surface free energy:  

gs = gd
s + gp

s           (4.4)  

and g s l can be expressed as the geometric mean: 

)(2 l
p

s
p

l
d

s
d

lssl ggggggg +-+=             (4.5)                      

where subscripts ‘s’ and ‘l’ indicate the value for solid and liquid, respectively. By 

combining the above relationship (4.5) with Young equation (4.3) and measurement of 

contact angle for at least two liquids, we can resolve the system of two equations with 

two unknown (gd and gp for polymer). Only the values of g for test liquids (including polar 

and dispersive components) have to be known. Whereas the Wu method (Abbasian et al., 

2004) utilizes a similar approach but uses a harmonic mean equation to sum the 

dispersive and polar contributions. Contact angles against two liquids with known values 

of gd and gp are measured. The values for each experiment are put into the following 

equation; 

(1 + cosθ)γl = 4(γl
d γs

d / γl
d + γs

d + γl
p γs

p
 /γl

p + γs
p )     (4.6) 

where γ refers to surface tension (surface free energy), the subscripts ‘l’ and ‘s’ refer to 

liquid and solid, and the superscripts ‘d’ and ‘p’ refer to dispersive and polar components.  

For precision, validation and best discussion of the results, surface tension and their polar 

and dispersive portions were calculated applying two different methods (Owens-Wendt 
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Method & Wu Method). It was found that surface energy increases as the number of 

methylene units in the final PU backbone increases (Table 4.2). This behaviour was 

evidenced from the results of both applied methods (Figure 4.5b). This phenomenon is 

due to the fact that decrease in contact angle values leads to increase in surface energy. 

The contact angle of a liquid with a solid surface is related to the solid surface energy γS, 

liquid surface tension γL, and solid-liquid interfacial tension γSL by the well known 

Young’s equation (But et al., 2003). 

L

SLS

g
gg

q
-

=cos         (4.7) 

This shows that higher the solid surface energy γS, or the lower the liquid surface tension 

γL, the lower the contact angle becomes. In other words, one can make a solid surface 

more wettable either by lowering the surface tension of the liquid or by increasing the 

surface energy of the solid (Noda et al., 1992). It is well known that increase in chain 

extender length results in decrease of free volume and chain mobility in the PU 

membrane. This would increase the surface free energy. In addition to this, it was also 

observed that with increasing chain extender length, the polar component steadily 

decreases and the dispersive part is increased. 

4.1.3.3 Evaluation of Water Absorption (%) and Swelling Behavior 

Physical properties of PU such as density, water absorption (%), equilibrium degree of 

swelling were determined (Table 4.3). Also as these polymers can be used to perform and 

degrade in biological environments, as they have hydrolysable soft segments such as poly 

(ε-caprolactone) (PCL) into the backbone. So bulk water absorption ability plays an 

important role on degradation rate of them. Water absorption as a function of time and 

type of samples are collected in Table 4.3. There was no considerable difference in the 
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amount of absorbed water as a function of time. The chain extender length was the main 

factor that can control the amount of absorbed water. The results presented clearly 

showed that water absorption of samples increased with increasing number of methylene 

units (–CH2–) in to the final PU samples (Figure 4.6). In addition to this, the swelling 

behaviour was also in accordance with water absorption. The swelling ability of final PU 

steadily increases as the chain extender length increases. It was found that PU1 has better 

solvent resistance as compared to PU7, and this resistance continuously decreases as the 

number of methylene units in PU increases. This effect can be elucidated by the degree of 

physical crosslinking and hydrogen bonding in polyurethane. All the above discussed 

results focusing the surface properties of PUEs have been published in Zia et al. (2008b). 

4.1.4 Thermal characterization  

4.1.4.1 TG and DSC Analysis 

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the 

prepared polymers. Results are reported in Table 4.4. The TG curves of the samples as a 

function of chain extender length are shown in Figure 4.7. For the prepared final 

polyurethane the decomposition temperature for 10% weight loss was in the range of 

290–325°C. The maximum decomposition temperature was in the range of 582–604°C. It 

is quite clear that a sample extended with 1,2-EDO (PU1) is more thermally stable than 

all the other samples. It can be seen that by increasing the CE length, thermal stability of 

PU films decreased. It means the number of methylene units in the aliphatic diols used as 

chain extender has considerable effect on the thermal stability of the prepared PU 

samples. It is said that the early stage degradation occurred mainly in the hard segments 

where urethane groups first undergo depolymerization, resulting individual monomers, 
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and then their further reaction produce carbon dioxide (Sebenik and Krajnc 2004). TGA 

studies of the PU films showed that the degradation of PU films starts at about 300˚C and 

ended at 600˚C with formation of char. It can be concluded that increase in CE length 

results to decrease in thermal stability of the final PU. This lower thermal stability is 

probably due to the significantly lower MDI mass fraction and therefore a lower inter-

urethane H-bond concentration. It is considered that increase in chain extender length 

leads to dilute the urethane linkages which results lower in inter-urethane H-bond 

concentration.  

The effect of CE length on the structure of the PU samples can be studied by DSC 

measurements. As an instance, the DSC thermograms of the PU extended with series of 

chain extenders are shown in Figure 4.8. It is clear from the Figure 4.8, that all the PU 

samples have degraded partially at temperature above 300˚C and this degradation 

temperature has been confirmed by TGA (Table 4.4). Moreover the peak observed at 

about temperature 315˚C is going to become clear and bigger as the CE length increased 

in the PU backbone and shifted to higher temperature. The shift of the peak from 315˚C 

and the corresponding area under the peak strengthens the concept of conformational 

freedom and packing of hard segments (HS). With increase in CE length the 

conformational freedom for the packing of HS increase which lead to attain the better 

packing of the HS. It is clearly observed that increase in number of methylene units 

results to increase in better phase separation between the HS and SS which is also evident 

from the DSC peak becoming more clear and significant in melting region of the 

polymer. At glass transition the micophase separation is not clear in lower number of 

methylene units in the CE. The overall enthalpy changes observation is high than the 
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corresponding polymer having higher number of meythylene units and same is the value 

of Tg. On the other hand peak located at 405˚C is going to become smaller and seems to 

be disappearing without changing its position with increase in CE length. This behavior 

may be due to the fact that increase in chain extender length show decrease in NH 

contents which results to decrease in H-bonding. Less H-bonding results in lower thermal 

stability. It is known that better phase separation results in better thermal stability. Better 

phase separation resulted from H-bonding, and if H-bonding is within the hard segment, 

then final PU has better thermal stability than PU having H-bonding between the hard 

segment and the soft segment. Therefore thermal degradation peak located at about 

405˚C (PU1) becoming smaller and disappearing indicate that final PU sample extended 

with DDO (PU7) is degraded at 355˚C. It can be concluded that CE length has 

considerable effect on the thermal degradation of PU and by increasing CE length 

thermal degradation is going to shift at lower temperature, as it is obvious from the 

Figure 4.8.   

4.1.4.2 DMTA Studies 

Dynamic mechanical thermal analysis (DMTA) was used to study the viscoelastic 

properties of prepared samples. DMTA allows different types of transitions and 

relaxations to be detected and related to the structure and morphology of the samples. 

The data of thermal transition is collected in Table 4.4.  The storage modulus (E′) and 

loss tangent (tanδ) as functions of temperature are shown in Figure 4.9 and Figure 4.10 

respectively. Determination of storage modulus of the prepared samples helps to detect 

their structural behavior in terms of stiffness or elasticity.  It is apparent from the Figure 

4.9 that increases in CE length results to change the thermal transition behavior of the 
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final PU. It was also found that PU extended with 1,2-EDO (PU1) has obvious higher 

plateau modulus and wide plateau temperature range than all the other samples. This 

suggests that molecular rigidity of PU1 is stronger than all the other samples and which 

can play a significant role in determining the physical properties. The plateau modulus is 

continuously decreasing as the number of methylene units in the chain extender 

increased. This behavior implies that, MDI ratio used to establish a prepolymer remains 

the same for the whole study whether we have extended the prepolymer with 1,2-EDO, 

1,3-PDO, or 1,10-DDO. As we increase the chain extender length the MDI mass fraction 

leads to a decrease, resulting in lowering of the inter-urethane H-bond concentration. This 

decrease in H-bond concentration leads to decrease in storage modulus. In comparison 

with PU7, PU1 has showed much higher plateau modulus with wide plateau temperature 

range than PU7. This suggests that the strength and heat resistance of PU decreases by 

increasing number of methylene units in PU backbone. It is possible to use the sample 

PU1 in a wide range of temperature without sacrificing the properties. Below the glass 

transition temperature, all the samples had almost same storage modulus. Once the glass 

transition temperature was reached, the modulus began to decrease rapidly. The modulus 

for sample PU7 with higher crystallinity decreased at a faster rate than the sample PU1 

with lower crystallinity (Zia et al 2008b). It was concluded that by increasing the CE 

length in the polyurethane formulation, the stiffness of the samples decreases and this 

behavior was strongly supported by DMTA study. It is considered that the degree of 

crystallinity and molecular orientation are affected by heat treatment and stress in 

polymer processes. These structural changes have profound effects on the dynamic 

mechanical properties.  
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Investigation of loss tangent curves (Figure 4.10) showed that in tan δ peaks for 

all the samples, the glass transition occurred within broader temperature range. As it can 

be seen from the Figure 4.10, any increase in CE length results to decrease both intensity 

and broadening of the peaks. This broadening was attributed to an increase in the 

distribution of molecular weights. It is well known that the glass transition temperature is 

affected by a number of chemical and molecular structures. Flexibility of the molecular 

chain, bulkiness of the side groups attached to the backbone, and molecular polarity 

affects the Tg. The damping peak (tan δ peak) height and the temperature at which α–

peak occur are closely related to the glass transition phenomenon. Therefore similar 

interpretation was used to determine the Tg of the prepared samples through the centre of 

the damping peaks. It can be seen that increase in chain extender length results to 

decrease in damping peak intensity. This decrease in damping peak intensity results to 

decrease the energy dissipation of the polymers. The glass transition temperature (Tg) of 

PU (tan δ) moves toward the lower temperatures as the CE length increases. The tan δ 

peak located at about –22.5˚C is shifted to about –39.5˚C as the number of methylene 

units increased. This decrease in Tg with increase in CE length is mainly due to increased 

chain flexibility in PU structure (Figure 4.10; Table 4.4). Moreover the amplitude of tan δ 

peak becomes smaller as the CE length increased. This phenomenon attributed to the 

increase in crystallinity of the samples in accordance with increase in CE length. It has 

also been previously reported that the intensity of damping peak decreases with 

increasing degree of crystallinity. The intensity of the damping peak (tanδ) often is given 

by the equation (Myrayami et al. 1978). 

aCCC WW ))(tan1()(tantan ddd -+=       (4.8) 
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where ‘WC’ is the degree of crystallinity, and the subscripts ‘a’ and ‘c’ refers to the 

contributions of the amorphous and pure crystalline phases, respectively. Since the loss 

tangent (tanδ), in general, is mostly due to the amorphous phase, the tan δ equation for 

the maximum in the tan δ peak simplifies to  

aCW ))(tan1(tan dd -@          (4.9) 

This equation (4.9) shows that the intensity of damping peak decreases with increasing 

degree of crystallinity. The same trend has also been observed in this study. 

4.1.5 Mechanical properties studies  

The stress strain behavior in mechanical testing is commonly expressed by stress strain 

curves. Types of these curves indicate whether materials are hard, brittle, ductile, and/or 

soft. Measured mechanical parameters are summarized in Table 4.4. It can be seen that 

the sample PU1 (PU extended with 1,2-EDO) showed a significantly higher tensile 

strength and breaking strain among all the other samples. This behavior can be attributed 

to increased intermolecular forces associated with the PU1 sample. It may also due to 

higher hard segment contents for the same NCO/OH ratio and highest hydrogen bonding 

density. All the samples display a smooth transition in stress–strain behavior from the 

plastic to elastic deformation regions as the CE length increased. Comparison of the 

whole mechanical properties data of samples showed that samples containing lower 

number of methylene units, had high strengths and than those containing higher one. 

These results do not agree with the previous one, which showed a zigzag pattern 

(Minoura et al., 1978), or increase in property with diol chain length (Sigmann and 

Cohen, 1987; Xiao et al., 1995) 
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The former behavior was explained in terms of the number of H-bonds which could be 

formed for each repeating unit of the hard segment that is two for even-numbered chain 

extenders and one for the odd-numbered. In fact this explanation presumes a perfectly 

ordered arrangement within the hard domains, which does not hold for the PU as in our 

case. In previous studies (Sigmann and Cohen, 1987; Xiao et al., 1995), the increase in 

ultimate stress and 50% modulus with diol chain length found for dimeryl diisocyanate, 

hexamethylene diisocyanate (HMDI) and cyclohexyl diisocyanate PUs extended with 

aliphatic diols was attributed to an increase in compatibility for the hydroxyl-terminated 

polybutadiene (HTPB)–diol system with the diol chain length. Greater amounts of the 

diols were then be able to copolymerize with the HTPB through the diisocyanate, which 

resulted in increasing concentrations of urethane groups in the HTPB matrix, which thus 

provided a higher mechanical strength. The mechanical properties depended not only on 

the phase separation but also on the hydrogen bonding. A decrease in hydrogen bonding 

resulted in a decrease in the mechanical properties. With increasing CE length, the NH 

content per unit volume of PU decreased and, ultimately, showed a decrease in hydrogen 

bonding and the mechanical properties of the PU. In a comparison of PU1 and PU7, PU1 

showed a higher tensile strength than TPU7. We concluded that the strength of the PUs 

was decreased with increasing CE length in the PU backbone. This decrease in the tensile 

properties was a result of a decrease in the cohesive forces of the PU structure.  

The hardness data of the samples are also collected in Table 4.4. The hardness of the PU 

samples increased with increasing number of methylene units. In a comparison of PU1 

and PU5, the latter showed more hardness than the former. We concluded that the 

hardness of the polymers increased as the CE length increased. Many researchers have 
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predicted that hardness is an indication of the storage modulus; however, in this study, we 

obtained inverse results. It is a well-established phenomenon that Tg is related to the 

amorphous region, which is in this case, depended on the conformational behavior of the 

soft segments. So, the higher the conformational freedom in the soft segments was, the 

lower the Tg of the materials should have been, which was clear from the DMTA studies. 

When the material properties were studied well above Tg, it was observed that the main 

controlling factor of the properties of the material was the nature and degree of 

orientation in the ordered region of the material. At room temperature, which was higher 

than Tg, the ordering of the hard segments was more obvious with a higher number of 

methylene units (C atoms). This ordering could be the valid reason for the observation of 

the relatively mild changes in the hardness of the material. The thermal and mechanical 

properties of above discussed PUEs samples have been published in Zia et al. (2008c).  

4.2 Part–I (b): UV-irradiation of Polyurethane extended with a, w-

alkane diols 

The main aim of this research work was to study the effect of UV exposure on the 

structural, thermo-mechanical and surface characteristics of polyurethane elastomers 

extended with α, ω-alkane diols. So synthesis of PUEs was carried out following the 

synthesis route as outlined (Scheme 4.1; Page 63) in previous section (4.1.1). After 

synthesis the samples were irradiated in UV exposure unit (for 50, 100 and 200h) and 

characterized. Structural characterization was done using FT-IR spectroscopic technique. 

FTIR spectra of the monomers (MDI, PCL, 1,4-BDO), NCO terminated polyurethane 

prepolymer and polyurethane extended with 1,4-BDO have already been explained in 

previous section (4.1.1.1) and are presented in Fig.4.1 (a-e). Structural characterization 
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using 1HNMR and 13CNMR spectroscopic techniques of the designed samples have been 

explained and reported (Zia, et al. 2008c). FT-IR Spectroscopy obtained from the cast 

films before and after irradiation is shown in Figure 4.11 (a-f). 

4.2.1 Structural modification studies upon UV irradiation 

Spectroscopic results allow monitoring photochemical changes in macromolecules on the 

film surface. The identification of functional groups located at the surface was done using 

Attenuated Total Reflectance Fourier Transform Infra-red (ATR-FT-IR). In this method, 

the electromagnetic wave is reflected at the polymer/crystal surface because of 

differences in the refractive index in both substances. It penetrates only a small distance 

into the sample, where it is partly absorbed.  

ATR-FT-IR study was also used to check the chemical modification of the final PUEs 

structure before and after UV irradiation. During irradiation the systematic changes in the 

IR spectra of the tested samples were noticed. The change of transmittance in the IR 

spectra recorded for PUEs before and after irradiation are given in Figure 4.11 (a-f), 

where the IR spectra of non irradiated sample (A), irradiated sample for 50 h (B), 

irradiated sample for 100 h (C) and irradiated sample for 200 h (D) are presented. The 

corresponding frequencies and morphological region are given in Table 4.5. Long-term 

UV irradiation of PU led to a continuous decrease of the bands which were recorded for 

the non-irradiated samples.  

After irradiation the resolution of the peak from carbonyl groups decreased. A new broad 

band appeared at 3500 cm-1 which could be because of the formation of hydroxyl groups. 

The spectra show that the oxidation occurs in the PUEs during irradiation due to 

dissolved oxygen present in the original polymer (Chapiro, 1995). It was responsible for 
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the creation of alkoxy group (alkyl group linked to oxygen), which led to the OH-bond 

formation. This new bond (OH-bond) is highlighted in the Fig. 4.11 (a-f) at 3500 cm-1. 

The alkyl function, present in the soft segment of the polymer, can be dehydrogenated 

directly by a radical, generated by the irradiation (Chapiro, 1995). The presence of 

oxygen causes the peroxide radical formation. Then the molecular reorganization controls 

a carbonyl and alcohol function with a scission in the polymer. The new carbonyl 

functions can be observed by the C=O broad peak in the range of 1705 to1625 cm-1. This 

type of chemical reaction has already been described for polyethylene oxidation under 

gamma rays (Chapiro, 1995). 

The absorption peaks due to the urethane groups appear at 1702-1728 cm-1, 1529 cm-1, 

and 3330 cm-1. Absorption at lower frequency of 1702 cm-1 can be assigned to the 

hydrogen bonded urethane carbonyl groups and absorption at 1728 cm-1 to the non 

bonded urethane carbonyl groups. The intensities due to urethane bands (C=O, C-N) 

decreased as result of irradiation. A significant decrease in NH (3330 cm-1) peak intensity 

was observed when the polymer was irradiated. The UV degradation process is believed 

to generate quinone-imide structures (William et al. 1998; Shintani and Nakamura, 1991) 

in aromatic PUEs having proquinoid structure that can follow by active hydrogen moiety 

in addition to the quinine-imide that would crosslink PUEs chains. 

OC NH
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This decrease in NH peak intensity attributed to the quinoid group formation, which leads 

to a disaromatization of the hard segment and a non-saturation of the polymer. 
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Concerning the C-H bond, a decrease in peak intensity of the CH2 function was observed 

when the polymer was irradiated.  

The intensities of the peaks in the range of 1085-1115 cm-1 also decreased after 

irradiation. This indicates the degradation of the ester segment and their oxidation to 

hydroxyl groups. These changes in FTIR spectra with UV irradiation may be an 

indication of degradative processes in PUEs. The degradation processes of the ester 

group are more prominent in PUEs. Structural changes associated with the degradative 

process influence the flexibility of the amorphous soft segment and their interaction with 

hard segment. As for the C=O bond, no peak intensity variation occurred. A large 

decrease in the band at 1180 cm-1 attributed to the decarboxylation of the polyester 

segment. The decrease in the band at 1077 cm-1 indicates a possible break in the C-O 

bond of the urethane group. For the C-N bond (1531, 1310, 1230 cm-1) its generation is 

not characterized because the C-N bond signal is always associated with the NH signal. 

The decrease of the intensity and broadening of the bands with the duration of irradiation 

could be due to the presence of some radical induced photo-oxidative processes (Wilhelm 

et al. 1998), which are responsible for the gradual yellowing and even the total 

destruction of the initial structures. The broadening of the whole carbonyl band indicates 

that new oxidized groups are formed resulting the photochemical reactions. 

The main decrease of the band intensities can be associated with the loss of the urethane 

structure during UV irradiation. It is well known that in the PU structures oxygen attacks 

at CH2 groups in the aliphatic diol part, with hydro-peroxide formation (Ulmeanu et al. 

2000). The hydro-peroxides decompose relatively fast and form carbonyl, as was 

evidenced by IR.  
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It is said that the early stage degradation occurred mainly in the hard segments where 

urethane groups first undergo depolymerization, resulting individual monomers (Fig. 

4.12), and then their further reaction produce carbon dioxide (Sebenik and Krajnc, 2004). 

Consequently, it may be proposed that the first step of the degradation consists of the 

reverse of the reaction of polyaddition which lead to the formation of alcohol and 

isocyanate groups (Figure 4.12) in agreement with the literature (Camino et al. 2000; 

Grassie and Zulfiqar, 1978; Pielichowski and Njuguna, 2005). On the other hand, a band 

around 1536 cm-1 assigned to N-H bond still exists. As a consequence, it may be 

suggested that the generation of isocyanate from the depolymerization which are very 

reactive and dimerizes with evolution of carbondiimide and CO2 (Figure 4.13). 

Carbondiimide should further react with alcohol to give substituted urea. In the last step 

of degradation, when the material degrade slowly, the urea bonds decompose (the band 

around 1680 cm-1 disappears) leading to the formation of a charred carbonaceous 

structure (Staggs, 2001). All these reactions are summarized in Figure 4.13.  

Effect of chain extender length 

The comparison of the segmented formulations clearly indicated that the higher the chain 

extender length in the PU backbone, the more likely they are prone to be degraded. It can 

be seen that by increasing the CE length, decrease in NH peak intensity occurred (Fig. 

4.11a-f). It means that the number of methylene units in the aliphatic diols used as chain 

extender has considerable effect on the structure of irradiated PU samples. This decrease 
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in NH peak intensity is probably due to the significantly lower MDI mass fraction and, 

therefore, a lower inter-urethane H-bond concentration. It is considered that increase in 

chain extender length leads to dilute the urethane linkages which results lower in inter-

urethane H-bond concentration. During polymerization reaction the MDI ratio used to 

establish a prepolymer remains the same for the whole study whether we have extended 

the prepolymer with 1,2-EDO, 1,3-PDO, or 1,10-DDO. As the chain extender length is 

increased the MDI mass fraction leads to decrease, resulting lowering in inter-urethane 

H-bond concentration. It is known that better phase separation resulted from H-bonding, 

and if H-bonding is within hard segment then final PU has better thermal stability than 

PU having H-bonding between the hard segment and the soft segment. Therefore NH 

peak located at about 3330 cm-1 becoming smaller (Fig. 4.11a-d) and disappearing (Fig. 

4.11e, f) indicate that final PU sample extended with 1,6-HDO (Hx200) and 1,10-DDO 

(Dc200) have been fully degraded at 200 h irradiation. Comparing PU sample extended 

with 1,6-HDO and 1,10-DDO, it can be noticed that the degradation rate of Dc200 

sample is higher than Hx200. It is clear from the Fig. 4.11(f) that Dc200 sample has been 

degraded more likely even at 50 h irradiation. It can be concluded that CE length has 

considerable effect on the thermal degradation of PU and by increasing CE length 

thermal degradation is going to shift at lower temperature, as it is obvious from the Fig. 

4.11(e-f).   

4.2.2 Mechanical Properties Studies upon UV-irradiation 

Measured mechanical parameters and sample code designation are summarized in Table 

4.6. It can be seen that the sample Et0 (PU extended with 1,2-EDO at 0h irradiation time) 

showed a significantly higher tensile strength and breaking strain among all the other 



                                                                                                                              Results and Discussion 
 

 

151

samples. This behavior can be attributed to increased intermolecular forces associated 

with the Et0 sample. It may also due to higher hard segment contents for the same 

NCO/OH ratio and highest hydrogen bonding density (Zia et al., 2008c). In comparison 

with Et0 and Dc0, it was found that Et0 has showed higher tensile strength than Dc0. It 

can be concluded that the strength of PU decreases by increasing the CE length in PU 

backbone. This lowering in tensile properties is a result of lowering in cohesive forces of 

PU structure. Comparison of the whole mechanical properties data of samples showed 

that samples containing lower number of methylene units, had high strengths than those 

containing higher one (Zia et al., 2008c).  

Mechanical parameters after irradiation time of 50, 100 and 200 h are also summarized in 

Table 4.6 and Fig. 4.14. It is clearly visible from the results that there is graduall decrease 

in tensile strength (Fig. 4.14) and elongation at break (Table 4.6) with increase in 

irradiation time. This decrease in tensile properties attributed to the decrease in hydrogen 

bonding. By increasing irradiation time the intensities due to urethane bands decreased as 

a result of irradiation. This decrease in intensities results to decrease in hydrogen bonding 

and hence mechanical properties. Results revealed that the samples Pn200, Hx100, 

Hx200, Dc100 and Dc200 have become so brittle under the effect of UV irradiation that 

it was not possible to measure the mechanical properties of these samples. The main 

decrease of the mechanical properties can be associated with the loss of the urethane 

structure during UV irradiation. It is well known that in the PU structures oxygen attack 

CH2 groups in the aliphatic diol part, with hydro-peroxides formation (Ulmeanu et al., 

2000). The hydro-peroxides decompose relatively fast and form carbonyl, as was 

evidenced by IR.  
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The hardness data of samples are also collected in Table 4.6. Results revealed that the 

hardness of the PU samples were affected by UV irradiation time and the number of 

methylene units in the CE length. Hardness of PU samples decreased with increasing 

irradiation time. This decrease in hardness of UV irradiated samples may be an indication 

of degradative processes in PUEs. 

4.2.3 Thermal Characterization Studies upon UV-irradiation 

In general there are three main pathways for the initial degradation of the urethane 

linkage (Figure 4.12) which are: dissociation to isocyanate and alcohol; dissociation to 

primary amine, olefin, and carbon dioxide; as well as the formation of secondary amine 

with elimination of carbon dioxide (Allen and Edge 1992). In order to study the effect of 

chain extender length and irradiation time on thermal stability of the synthesized PUEs, 

thermogravimetric analysis (TGA) and dynamic mechanical thermal analysis (DMTA) 

has been provided in this research work and outcome of the results have been presented 

and discussed. 

4.2.3.1 TG  Analysis 

Thermogravimetric Analysis (TGA) technique was used to evaluate thermal stability of 

prepared polymers. Results are reported in Table 4.7. The TG curves of the samples as a 

function of chain extender length are shown in Fig. 4.15(a, b) (PU extended with (a) 1,2-

ethane diol; (b) 1,10-drecane diol) where the TG curve of non irradiated sample (A) and 

irradiated sample for 50 h (B), 100 h (C) and 200 h (D) are presented. It has been 

previously well documented that a PU sample extended with 1,2-EDO (two methylene 

units) is more thermally stable than all the other samples having higher methylene units 

(Zia et al., 2008c). This behavior was interpreted in terms of decreasing MDI mass 
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fraction and lower inter-urethane H-bonds concentration as the CE length increased. It 

was concluded that the number of methylene units in the aliphatic diols used as chain 

extender has considerable effect on the thermal stability of the prepared PU samples.  

For the prepared final polyurethane, the decomposition temperature, for 10% weight loss, 

as a valuable criterion for thermal stability in order of increasing chain extender length 

upon UV-irradiation was in the range of: 325, 312, 310, 307, 305, 290°C (0 h irradiation 

time); 320, 304, 303, 301, 298, 280°C (50 h irradiation); 305, 281, 281, 280, 274, 255°C 

(100 h irradiation) and 270, 258, 251, 245, 238, 230°C (200 h irradiation time). 

Temperature of maximum decomposition rate in order of increasing chain extender 

length was in the range of: 604, 594, 595, 595, 603, 582°C (0 h irradiation time); 595, 

585, 579, 568, 556, 542°C (50 h irradiation); 585, 577, 564, 552, 543, 532°C (100 h 

irradiation) and 550, 530, 518, 506, 495, 406°C (200 h irradiation times). It can be seen 

from Table 4.7 that there is a continuous decrease in thermal stability with increase in 

irradiation time and CE length. It was also observed that PU samples that undergo 

irradiation treatment tend to become yellowish. The intensity of the yellow color 

increased with increase in the chain extender length and irradiation time. It has been 

previously reported that at early stage PUs degrade with the formation of nitrogenous free 

residue and a nitrogen-containing yellow smoke (Caseavel et al., 2003; Rosu et al., 

2002). With increased in irradiation time, the residue further decomposes to smaller 

compounds, and the yellow smoke yields nitrogen-containing products like HCN and 

acetonitrile. Extensive research on the thermal degradation of MDI-based PU found that 

HCN and all other nitriles generated during high-temperature decomposition originate in 

the thermal fusion of the aromatic ring, the nitrile carbon being the 2, 4, or 6, carbon of 
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MDI (Chamber et al., 1981). It is also said that aromatic PUEs UV degradation process 

involves photo-Fries rearrangement (Schollenberger and Stewart, 1976) of the type seen 

in the following equation to explain discoloring and crosslinking of PUEs chain.  

NH COOR
hv

NH2
NH2

COOR

COOR

+

Urethane o-Aminobenzoate p-Aminobenzoate

then 2NH2 N N + H2O

Amino group Azo group  

TGA studies of the PU films showed that the degradation of PU films at different 

irradiation time starts in the range of 230-325˚C and ended in the range of 406-600˚C. It 

is clear from the results that increase in irradiation time and CE length results to decrease 

in thermal stability of the final PU. This lower thermal stability is probably due to the 

significantly lower MDI mass fraction and lower inter-urethane H-bond concentration. It 

can be concluded that UV irradiation time and CE length have considerable effect on the 

thermal degradation of PU and by increasing any one or both, the thermal degradation is 

going to shift at lower temperature, as it is obvious from the Table 4.7 and Fig.4.15.   

4.2.3.2  DMTA Studies 

The viscoelastic properties of prepared PU samples were studied by Dynamic Mechanical 

Thermal Analysis (DMTA). DMTA allows different types of transitions and relaxations 

to be detected and related to the structure and morphology of the samples. The storage 

modulus (E′) as functions of temperature is shown in Fig. 4.16. Determination of storage 

modulus of the prepared samples helps to decide whether the sample has achieved 

stiffness or elasticity.  It is obvious from the Fig. 4.16 that increases in irradiation time 
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and CE length results to change the thermal transition behavior of the final PU. 

Comparison of the curves of all the six samples before UV-irradiation shows that PU 

extended with lower number of methylene units has obvious higher plateau modulus than 

the samples extended with higher number of methylene units. UV-irradiation shifts the 

higher plateau modulus to lower plateau. This shift affects the thermal properties of the 

PU extended with higher number of methylene units. It is clear from the Fig. 4.16 that PU 

extended with 1,2-EDO (Et) showed much higher plateau modulus and wide plateau 

temperature range than all the other samples. This suggests that molecular rigidity of this 

sample is stronger than all the other samples which can play a significant role in 

determining the physical properties. The plateau modulus is continuously decreasing as 

irradiation time and number of methylene units in the chain extender increased. This 

behavior implies that, the intensities due to urethane bands and resolution of the peak 

from carbonyl groups decreased as a result of irradiation. This indicates the degradation 

of the ester segment and their oxidation to hydroxyl groups. These changes in E′ with low 

plateau temperature range are an indication of degradative processes in PUEs. Moreover 

the MDI ratio used to establish a prepolymer remains the same for the whole study 

whether we have extended the prepolymer with 1.2-EDO (Et), 1,3-PDO (Pr), or 1,10-

DDO (Dc). As we increase the chain extender length the MDI mass fraction leads to 

decrease, resulting lowering in inter-urethane H-bond concentration. This decrease in H-

bond concentration results to decrease in storage modulus. In comparison with Dc, Et has 

showed much higher plateau modulus with wide plateau temperature range than Dc. This 

suggests that the strength and heat resistance of PU decreases by increasing irradiation 

time and number of methylene units in PU backbone. It is possible to use the sample Et in 
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wide range of temperature without sacrificing the properties. It was concluded that by 

increasing the irradiation time and CE length in the polyurethane formulation, the 

stiffness of the samples decreases and this behavior was strongly supported by DMTA 

study. It is considered that molecular orientation is affected by heat treatment and stress 

in polymer processes. These structural changes have profound effects on the dynamic 

mechanical properties. Comparing the whole thermal properties it is clear from the results 

that higher the irradiation time and chain extender length in the PU backbone, the more 

likely they are to degrade. 

4.2.4 Surface Characteristics upon UV-irradiation 

4.2.4.1 Contact angle measurement 

The sample code designation and the results of contact angle (q) with two liquids (water 

and diiodomethane), having different polarity are listed in Table 4.8. Non-modified PU (0 

irradiation time) is characterized by the q values ranging from 66.6-81.6° and 36.0-52.0° 

for water and diiodomethane, respectively (Zia et al. 2008b). UV treatment slightly 

decreases the contact angle value for the samples UVPU1, UVPU2 and UVPU3 and it 

strongly decreases the contact angle and complete wettability was observed after 200 h 

(UVPU4, UVPU5 and UVPU6) and even after 100 h in some cases (UVPU5, UVPU6). 

These variations in contact angles can be ascribed to modification of surface chemistry 

and the surface roughness of the PU samples. UV-irradiation significantly changes q 

values for polar liquid (water) but only slightly influences the q value for non-polar 

diiodomethane in PU samples extended with higher number of methylene units in 

comparison of PU extended with lower number of methylene units. The wettability 

increase is faster in the PU samples extended with higher number of methylene units than 
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PU samples extended with lower one. Results revealed that in the samples UVPU4, 

UVPU5 and UVPU6, the q changes for water were high and non-measurable after 200 h 

(in some cases even after 100 h) UV exposure (after which the drop spreads over the 

surface). It is connected with the significant increase of the surface free energy and its 

polar components, which increases after this time (100 h, 200 h). The dispersive 

components value (gd) slowly decreases. All parameters obtained (percentage changes of 

(gs, gd and gp as well as gp/gd ratio) indicate that the highest changes of surface properties 

take place after 100 h. The contact angle measurements have shown that the wettability 

of PU samples extended with higher number of methylene units was changed by UV-

irradiation at a higher rate than the wettability of PU extended with lower number of 

methylene units (UVPU1, UVPU2 and UVPU3). It means that photooxidation in samples 

UVPU1, UVPU2 and UVPU3 is some what retarded, probably because of strong 

interactions associated with the polymer. Moreover, the decrease in water wettability of 

solid surfaces is attributed to the thermodynamic driving force to minimize the surface 

free energy. It is believed that chemical functional groups responsible for the enhanced 

wettability gradually migrate away from the surface exposed to dry air to the interior of 

polymeric material. The migration of the functional groups to minimize the solid surface 

energy is facilitated by the local segmental motion of polymers.  

4.2.4.2 Water adhesion to PU surface   

The data of contact angle measurements allow to calculate the work of liquid adhesion 

(WA) to polymer surface (Janczuk, 1989), which is defined as the work done on the 

system, when two condensed phases, forming an interface of unit area, are separated 

reversibly to form of both unit areas (Garbassi et al., 1198; Zenkiewicz 2000). From a 
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practical point of view, it is interesting to know the adhesion of water to PU, which can 

be expressed as following:  

 WA =gs + gw + gsw          (4.10) 

or     WA =gw ( cosq w + 1)        (4.11) 

Where gs is the surface free energy of solid (polymer), gw the surface tension of water and 

gsw is the interphase (polymer water) free energy. 

In case of polymers, the important components of surface free energy are: dispersive 

(Wd
A), for which mainly the van der Waals forces are responsible, and non-

dispersive/polar (Wp
A) adhesion, due to different interactions such as dipole-dipole, 

acceptor-donor and hydrogen bonds. Both components are the sum of total adhesion 

(WA): 
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d

A WWW gggg 22 +=+=      (4.12) 

Knowing the g values for water from literature (gw = 72.8 mJ/m2, (gd
w = 21.8 mJ/m2 

(Janczuk, 1989), the dispersive and polar components (Wd
A and Wp

A) of water adhesion 

and total water adhesion (WA) to PU surface was calculated from Eq. (4.12). The results 

are presented in Table 4.8. As can be seen, the work of the water adhesion to PU surface 

increases with the irradiation time. These changes are caused mainly by the increase of 

polar components, contrary to dispersive one, which somewhat decreases during 

exposure. Before irradiation, Wd
A was higher than Wp

A components in all films but after 

irradiation, the opposite situation was found: Wp
A >Wd

A. It is caused by formation of 

different polar groups on PU film resulting of photooxidation, which increases surface 

hydrophilicity and increase the share of polar interactions between polymer and water.  
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The mechanism of photooxidative degradation of PU has already been elaborated in 

literature (Allen and Edge, 1992). Depolymerization, random chain scission and 

carbomethoxy side group abstraction are the main reactions after photon absorption. In 

air atmosphere, formed free radicals react with oxygen giving hydroperoxides, which are 

photo-unstable and undergo further processes with formation of various oxidized 

products (containing different type of hydroxyl and carbonyl groups including ketones, 

aldehydes, esters, carboxylic). Moreover, the degraded chains become shorter and more 

mobile, which facilitate their rearrangements and local conformational changes. Creation 

of oxidized groups in PU during UV-irradiation, which was proved in this study, can lead 

to make structural changes in deeper layers too. It is a well known phenomenon that 

photooxidative degradation is free radical chain process and after initiation on surface, 

the propagation occurs even without light. The efficiency of degradation inside the film 

depends on the diffusion and migration of radicals, oxygen and other reactive species. 

These processes are facilitated by the surface defects, small cracks, voids and micropores, 

which ultimately leads to enhance the water adhesion to PU surface.  

4.2.4.3 Surface Free Energy 

The surface free energy of the solid polymers (gs) can be obtained from the contact angle 

measurements. Owens-Wendt (Owens and Wendt, 1969) and Wu methods (Abbasian et 

al., 2004) were used to calculate the surface free energies. The results revealed that 

surface free energies of the PU extended with higher number of methylene units much 

increased with increase in UV exposure time, whereas very small change of energy was 

found in case of PU extended with lower number of methylene units. Such results may 

suggest some surface photo-resistance of the PU samples (UVPU1) extended with lower 
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number of methylene units (1, 2-EDO) in comparison to the PU samples (UVPU6) 

extended with higher numbers (1, 10-DDO). The calculations of dispersive (gd
s) and polar 

(gp
s) components of surface free energy have given more detailed information on the 

surface properties of the samples studied (Table 4.9). It is clear from the results that the 

dispersive components decreased and simultaneously the polar components of surface 

energy increased with the irradiation time of all the studied samples. The increase of gp
s is 

considerable in PU extended with higher number of methylene units but negligible in PU 

extended with lower ones. This phenomenon is due to the fact that decrease in contact 

angle values leads to increase in surface energy. The contact angle of a liquid with a solid 

surface is related to the solid surface energy γS, liquid surface tension γL, and solid-liquid 

interfacial tension γSL by the well known Young’s equation (Butt et al., 2003). 

L

SLS

g
gg

q
-

=cos         (4.7) 

This shows that higher the solid surface energy γS, or the lower the liquid surface tension 

γL, the lower the contact angle becomes. In other words, one can make a solid surface 

more wettable either by lowering the surface tension of the liquid or by increasing the 

surface energy of the solid (Noda and Rubingh, 1992). It is well known that increase in 

chain extender length results in decrease of free volume and chain mobility in the PU 

membrane, which would increase the surface free energy. The increase of polarity of 

samples indicates that efficient photooxidation takes place on their surface. Free radicals 

formed during UV-irradiation may react with atmospheric oxygen leading to the 

formation of different oxygen containing groups, namely of carbonyl, hydroxyl and 

hydroperoxide type, strongly altering gp
s value. The low change of this parameter 
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observed for the PU samples extended with lower number of methylene units prove that 

photooxidation is some what inhibited in the polymers.  

4.2.4.4 Evaluation of Water Absorption (%) and Swelling Behavior 

Water absorption as a function of time and type of samples are collected in Table 4.10. 

There was a considerable difference in the amount of absorbed water as a function of 

soaking time. The irradiation time and chain extender length were the main factor that 

can control the amount of absorbed water. The results presented clearly showed that 

water absorption of samples increased with increasing irradiation time and –CH2– units in 

to the final PU samples. In addition to this swelling behavior was also in accord with 

water absorption. The swelling ability of final PU steadily increases as the irradiation 

time and chain extender length increases. It was found that UVPU1 has better solvent 

resistance as compared to UVPU6, and this resistance continuously decreasing as the 

number of methylene units in PU increase. This effect can be elucidated by the degree of 

physical crosslinking and hydrogen bonding in polyurethane. Photooxidation of PU 

surface leads to fast increase of surface free energy and its polar component. 

Simultaneously, the water absorption and swelling behavior increases significantly during 

UV-irradiation. The observed changes during modification by UV can also be caused by 

influence of deeper polymer layers on surface macromolecules. PU contain 

electronegative oxygen atoms, thus bond C-O is polarized, resulting of which, the 

specific interactions at the interphase occur. Chain orientation and functional group 

rotation, which occurs during the film formation (i.e. in solution, where macromolecules 

are still mobile), can change polymer susceptibility to photooxidative degradation. 

Adsorbed chains have restricted mobility but entangled internal particles, loops, free ends 
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are more mobile and can interact with neighboring macromolecules. Moreover, low 

molecular weight degradation products, which usually accumulate at the surface, act as 

plasticizer and increase the molecular mobility and, hence cause the water absorption and 

swelling behavior more rapidly. The results regarding surface characteristics of UV-

irradiated PUEs have been published in Zia et al. (2008d). 

 

4.3 Part-II: Chitin Based Polyurethane 

Chitin has been used to facilitate wound healing in the ancient years. Polyurethane on the 

other hand has excellent properties in many of its applications. Considering versatile 

properties of these two polymers, this project was designed with the aim to prepare new 

biodegradable chitin-based polyurethane elastomers with improved thermal stability. 

Considering wound healing properties of chitin, its application in the field of biomedical 

science is another feature.  

4.3.1 Viscosity Average Molecular Weight (`Mv) of Chitin 

The relative viscosity was measured to determine the viscosity average molecular weight 

(Mv) of chitin. The intrinsic viscosity of chitin was obtained with the Huggins equation 

(Huggins, 1942): 

ηsp= [η]c + kH + [η]2c2    4.13 

and Kraemer equation (Kraemer, 1938): 

ln (η / ηs) = [η]c - kK + [η]2c2   4.14 

Where ηsp: specific viscosity, ηs: viscosity of solvent, kH: the Huggins constant, 

kK: Kraemer constant, c: solute concentration. Using these relationship the Mv value of 

chitin were found to be about; Mv= 6.067×105 g mol-1. 
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4.3.2 Chitin/1,4-Butane diol Based Polyurethane Synthesis Study  

Synthesis of chitin based polyurethane was considered following the synthetic route as 

outlined in Scheme 4.2 & Scheme 4.3. The reaction of one equivalent of polyol with 

three equivalents of MDI leads to NCO-terminated polyurethane prepolymers (NTP), 

which was subsequently extended with two equivalents of chain extender with different 

proportions of chitin/BDO. The final polyurethanes were characterized by conventional 

spectroscopic methods.  

4.3.3  Molecular Characterization 

4.3.3.1  FT-IR studies 

FTIR spectra of original chitin, polyurethane extended with 100% BDO (CPU1), mixture 

of chitin/BDO (CPU3) and 100% chitin (CPU5) are shown in Fig.4.17 (a-d). The 

observed peaks in FT-IR spectra of original chitin (Fig.4.17a) were assigned as: 3443 cm-

1 (OH stretching vibration); 3289 cm-1 (NH symmetric stretching vibration) ; 3105 cm-1 

(NH asymmetrical stretching vibration);  2931cm-1 (CH symmetric stretching of CH2); 

2889 cm-1 (CH asymmetric stretching of CH2 groups). The spectral region of 686-1661 

cm-1 is the information-rich region. The peaks observed in this spectral region were 

assigned as: 1661, 1626 cm-1 (C = O bond); 1563 cm-1 (NH deformations); 1427 cm-1  

(CH2 bending); 1377 cm-1 (CH bending); 1307 cm-1  (CH2 wagging);  1261 cm-1  (NH 

bending); 1204 cm-1 (OH in-plane bending);  1158 cm-1 (asymmetric in-plane ring 

deformation); 1046 cm-1 (C-O stretching); 1026 cm-1 (C-C stretching). The two 

absorption bands at 950 and 896 cm-1 are due to C-O ring vibration and ring bending. The 

broad intense band at 1000-1220 cm-1 was attributed to the ring and bridge C-O-C 

vibrations of chitin-ether-type absorption. On the other hand, a weak shoulder at 710 cm-1 
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and well-resolved band at 686 cm-1 are assigned to the out-of-plane bending of NH 

(amide).  

To provide clear information about the vibrational mode changes due to involvement of 

chitin in to the polyurethane backbone the FTIR spectra of chitin were compared with 

polyurethane having different proportions of chitin. FTIR spectra of polyurethane 

extended with 100%BDO (CPU1) is shown in the Fig.4.17b. FTIR spectra of MPU1 

showed characteristic bands of urethane groups at 3330 cm−1 (N–H stretching). The 

peaks located at 2947, and 2810 cm-1are assignable to CH symmetric and asymmetric 

stretching vibrations of CH2 groups. The peaks observed at 1728, 1642 and 1599, 1529 

cm-1 are due to C = O bond and NH deformations, respectively. The absorption bands at 

1464, 1407, and 1311 cm-1 were attributed to CH2 bending vibration, CH bending 

vibration, and CH2 wagging, respectively. Peaks correspond to the absorption of –NH, –

CO, –CHN were observed at 3330, 1728 and 1464 cm-1 respectively, which indicate the 

new synthesized product having –NHCOO groups.  

FTIR spectra of CPU3 (Fig. 4.17c) showed characteristic bands of urethane groups at 

3335 cm−1 (N–H stretching); 2947, and 2810 cm-1 (CH symmetric and asymmetric 

stretching vibrations of CH2 groups). The spectral regions of 737-1727 cm-1 provided rich 

information and peaks observed in this region were assigned as: 1727, 1644 cm-1(C = O 

bond); 1596, 1533 cm-1 (NH deformations); 1461 cm-1  (CH2 bending vibration); 1413 

cm-1  (CH bending vibration), and 1308 cm-1 (CH2 wagging). Peaks located at 3335, 1727 

and 1461 cm-1 provide evidence about the new synthesized product include –NHCOO 

groups. FTIR spectra of CPU5 (Fig.4.17d) showed a strong absorption peak of NH 

stretching vibration at 3339 cm−1. The CH symmetric and asymmetric stretching 
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vibrations of CH2 groups were observed at 2935, and 2865 cm-1, respectively. The other 

peaks were assigned as: 1726, 1645 cm-1 (C = O bond); 1597, 1534 cm-1 (NH 

deformations); 1460 cm-1 (CH2 bending vibration); 1412 cm-1 (CH bending vibration); 

1306 cm-1 (CH2 wagging). The band at 1000-1221 cm-1 was attributed to the ring and 

bridge C-O-C vibrations. By extending prepolymer with different proportions of 

chitin/BDO, the FT-IR spectra showed a very strong, new peak at about 1728 cm-1  

(CPU1-1728 cm-1; CPU3-1727 cm-1 and CPU5-1725 cm-1 ) which was assigned to C-O-C 

stretching of soft segment of PCL. Another new peak was also observed at about 1460 

cm-1 which was assignable to urethane –NH group. It was observed that the intensity of 

hydrogen-bonded-NH increased as the chitin content increased, suggesting that the 

hydrogen bonds of chitin were broken and new hydrogen bonds between chitin and 

polyurethane prepolymer were formed. Moreover, the hydrogen-bonded NH stretching 

absorption band around 3330 cm-1 for the CPU1 shifted to higher wave numbers with 

increasing chitin content, indicating an enhancement of free NH group in the chitin based 

PU(CPU3, CPU5), which led to a reduction in interchain interaction between chitin and 

PU in CPU5. It was also observed that with increasing chitin content, the peak of 

urethane carbonyl groups at around 1728 cm-1  (CPU1-1728 cm-1; CPU-1727 cm-1 and 

CPU5-1725 cm-1) decreased and shifted to lower wavenumber while the band around 

1642-1649 cm-1 for hydrogen bonded carbonyl of chitin increased and shifted to higher 

wave number. This implies that stronger interchain interactions between chitin and PU 

prepolymer, in chitin based PU than that in BDO based PU. From Fig.4.17 (a-d) it can be 

noticed that broad bands appeared at 3443 cm-1 and 2950 cm-1 in original chitin has been 

disappeared in the final polyurethane extended with chitin. This provides the evidence 
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that all of the chitin has been consumed and there is no free chitin in the final 

polyurethane sample.  

The structural transition due to the changes of hydrogen bonding can be confirmed by 

FT-IR spectroscopic technique. As shown in Fig. 4.17a, the absorption band of C=O 

stretching at 1626 cm-1, attributed to hydrogen bonding between the acetamide carbonyl 

group and C6-OH group, disappeared after reaction with NCO terminated prepolymer. 

This may explain the reaction of NCO terminated prepolymer has taken place at C6-

position (C6-OH) of chitin. Moreover, the relative intensity of the C-O stretching band at 

1067 cm-1 and the absorption band at 1030 cm-1 (related to primary alcohol), has been 

decreased in CPU3 and CPU5 by the involvement of chitin in to the final synthesized 

product. This also explains the reaction of NCO terminated prepolymer has taken place at 

C6-position (C6-OH) of chitin. 

4.3.3.2  NMR studies 

 NMR spectra of polyurethane extended with 100% BDO (CPU1), mixture of chitin/BDO 

(CPU3) and 100% chitin (CPU5) are shown in Figure 4.18 - 4.20. 1HNMR (400 MHz, 

DMSO-d6) and 13CNMR (400 MHz, DMSO-d6) spectra of final synthesized polyurethane 

samples (MPU1-5) were in accordance with proposed structures. 

4.3.3.2.1 CPU1: 1HNMR spectra (Fig. 4.18a): 8.46 ppm (s, NH); 7.3-7.2 (m, 4H); 

7.08-7.02 (m, 4H); 4.05-3.93 (broad, 4H); 3.77-3.73 (s, 2H); 3.36 (m, 2H); 2.47 (DMSO); 

2.21 (m, 2H); 1.48-1.35 (m, 2H); 1.34-1.24 (m, 2H).  

13CNMR spectra (Fig. 4.18b): 173.2, 173.1, 154.8 ppm (CO); 137.6, 135.9, (ArC); 129.2, 

118.7 (ArCH); 64.4, 63.9, 61.0, 40.7, 40.6, 40.4, 40.1, 39.9, 39.7, 39.5, 39.3, 34.9, 33.8, 

28.9, 25.5, 25.4, 24.6, 25.5 (CH2). 
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4.3.3.2.2 CPU3:1HNMR spectra (Fig. 4.19a): 8.43 ppm (s, NH); 7.3-7.2 (m, 4H); 

7.17-7.05 (m, 4H); 4.41 (s, 4H); 4.08-3.94 (broad, 3H); 3.92-3.73 (s, 3H); 3.38-3.25 

(broad, 4H); 2.47 (DMSO); 2.25-2.21 (m, 6H); 1.51-1.49 (m, 3H); 1.27-1.24 (m, 2H).  

13CNMR spectra (Fig. 4.19b): 174.1, 173.2, 154.0, 152.9 ppm (CO); 138.1, 137.6 (ArC); 

129.3, 118.7 (ArCH); 103.8 (C1-chitin); 78.3, 78.1(C4-chitin);  68.8 (C3 and C5-chitin); 

64.4, 63.9, (C6-chitin); 55.5 (C2-chitin); 78.1, 64.3, 40.9, 40.6, 40.4, 40.2, 40.0, 39.8, 

39.6, 39.3, 34.9, 33.8, 28.7, 28.3, 25.3, 24.5, 21.7 (CH2).  

4.3.3.2.3 CPU5: 1HNMR spectra (Fig. 4.20a): 8.44 (s, NH); 7.3-7.2 (m, 4H); 7.06-

7.0 (m, 4H); 4.48 (s, 4H); 3.93-3.75 (broad, 3H); 3.64-3.52 (s, 3H); 3.34 (broad, 4H); 

2.51- 2.50 (s, 4H); 2.47 (DMSO); 2.34-2.22 (m, 6H); 1.48 (m, 3H); 1.24 (m, 2H).  

13CNMR spectra (Fig. 4.20b): 173.1, 173.0, 154.0, 152.9 ppm (CO); 138.1, 137.6, 135.8, 

135.3 (ArC); 129.3, 118.7 (ArCH); 104.1 (C1-chitin); 77.5 (C4-chitin); 69.6 (C3 and C5-

chitin); 63.3, 63.2, (C6-chitin); 56.6, 56.2 (C2-chitin); 75.5, 63.3, 40.8, 40.6, 40.4, 40.2, 

39.9, 39.7, 39.5, 39.3, 34.9, 33.8, 28.7, 28.3, 25.3, 24.5, 21.7 (CH2).  

1HNMR spectra obtained for CPU3 and CPU5 exhibited new peaks at 4.41 ppm 

(CPU3), 4.48 ppm (CPU5) which was assigned to the proton of C1, C3 and C6 position 

of chitin. 13CNMR spectra obtained for the chitin based PU samples (CPU3-5), exhibited 

peaks at 23.0 ppm and 174 ppm, which were attributed, respectively to the –CH3 (methyl) 

and C=O (carbonyl) group of chitin (Cardenas et al., 2004). Moreover peaks located at 

about 56.2, 63.3, 69.6, 68.8, 77.5 and 104 ppm were attributed to C2, C6, C3, C5, C4 and 

C1 position of chitin respectively (Nishio et al., 1999; Kim et al., 2002), which provides 

evidence of involvement of chitin in final polyurethane structure (CPU3-5). There is no 

such peak in CPU1. In all the 13CNMR spectra of final PU samples, it was observed that 
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the peak at 40 ppm presents a progressive intensity increase. This result can be attributed 

to the overlapping of –CH2- signals with those due to aromatic chemical structure. 

As stated earlier that in chitin there are two –OH groups located at C3-OH and 

C6-OH position of chitin and one acetamide group at C2-position. There is no significant 

indication for the reaction of amine group located at C2-position with that of NCO 

terminated prepolymer. It is worth to mention that the peak related to –NH located at C2-

position is absent at the 2.8 ppm chemical shift (Fig. 4.20a) after exchanging this proton 

with deuterium when the sample was treated with D2O. Therefore, it can be said that the 

reaction takes place mostly at hydroxyl groups in the chitin. It may be assumed that the 

reaction occurs at C6-OH rather than C3-OH because of the high reactivity, the lack of 

intermolecular hydrogen bonds with neighbouring units, and the lack of steric hindrance 

against neighbouring acetamide group (Anthonsen, & Sandford, 1989). This behaviour 

has also been predicted in FT-IR studies. The above discussed detailed molecular 

characterizations are presented in Zia et al., (2008a).  

4.3.4 X-ray diffraction studies 

Chitin has a highly ordered crystalline structure. X-ray diffraction analysis was carried 

out in order to find the changes of the crystalline structure upon the substitution reaction 

with NCO terminated prepolymer. In segmented PUs, phase separation of soft segments 

(SS) and hard segments (HS) can take place depending upon their relative contents, 

structural regularity and thermodynamics incompatibility. 

The X-ray diffraction studies showed that crystallinity much depends on the 

concentration of chitin in the polyurethane backbone, crystallinity increased as the 

concentration of chitin in to the final PU increased (Fig. 4.21). We can observe that the 
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presence of chitin favor the formation of more ordered structure. The increase in chitin 

contents results to increase in the intensity of the peak localized at 2q = 21.5° confirming 

that soft segment tend to crystallize generating better defined peak. Previous studies 

(Kovacevic et al., 1990 Kovacevic et al., 1993) stated that the crystallinity of PU 

elastomers is provided by the soft segments. As the hard segments have a higher polarity 

than soft segments, they interact with each other faster than the soft segments, and thus, 

the part of the PUs structure due to the hard segments would be less crystalline than the 

one due to the soft segments, which are able to reorganize themselves until they reach a 

more stable disposition before interacting with each other, and hence, give a structure as 

crystalline as possible. Only when the hard segments are annealed they able to reorganize 

themselves before crystallizing and give crystallinity to the TPU structure. It is worth 

while to mentioning that hard segment, when present at higher concentration, present 

diffraction peak in a range of 2θ = 11.12˚. So that crystallinity in the under study project 

is due to soft segment and chitin itself.  We can conclude that PU extended with 100% 

chitin and with combination of chitin/1,4-BDO showed the higher peak intensities 

leading us to conclude that these samples present the higher chain orientation degree. 

These results confirm the hypothesis that the presence of chitin increase in phase 

segregation and as consequence the soft segment mobility. This increase in mobility 

would be responsible for an increase in the chain orientation degree. It can be seen that 

the sample CPU1 has shown a lower diffraction peak height and broader upper half peak 

height area which indicates that this sample has smaller crystal particles resulting 

decrease in crystallinity. It is well known that greater the H-bonding higher will be the 

crystallinity. To support this it is stated that chitin itself is a crystalline polymer and 
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higher intensity of crystallinity in the final PU is due to chitin itself. On the other hand 

chitin; a crystalline polymer of N-acetyl-D glucosamine monomers, is capable of forming 

three dimensional ordered structures, because of the ability of the acetamide group to 

form hydrogen bonding. Moreover, the linked glucosamine rings on chitin had better 

miscibility with linked double rings in the hard segment of PU and can establish the 

formation of H-bonds between soft segment and NH group in the hard segment. 

Therefore intensity of crystallinity for 100% chitin-PU (CPU5) is more obvious than that 

of 100% BDO-PU (CPU1). It was also observed that the intensity of peaks of polymers 

based on different chitin/BDO proportion (CPU2 to CPU4) are shifted to higher degree 

(towards right), indicating a slightly smaller inter domain spacing. This effect may be due 

to the denser packing of hard domains within the matrix. This behavior has been 

attributed to the chain-folding of the HS lamellar morphology. 

4.3.5 Optical Microscopic Studies 

Crystallinity of some polymers was clearly observed by optical microscopic 

studies (Fig. 4.22). X-ray diffraction experiments results correlates with optical 

microscopy findings. A crystalline polymer is distinguished from an amorphous polymer 

by the presence of sharp X-ray lines superimposed on an amorphous halo. Under an 

optical microscope, the presence of polycrystalline aggregates show as spherulites (Fig. 

4.22). Spherulites are made up of small crystallites and grow from a nucleus at their 

centre. They consist of narrow chain folded lamellae growing radially. Since the fibrous 

crystals are radial, the chains folded with the lamellae are circumferentially oriented.  

From the evaluation of the X-ray and optical microscopic studies, we can state that by the 
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involvement of chitin in the PU formulation, the crystallinity of the final polyurethane 

was observed improved. 

4.3.6 Thermal Properties Studies 

4.3.6.1  TGA Studies 

Thermal stability of prepared polymers and original chitin were evaluated by TGA 

technique. Results are presented in Table 4.11. For the prepared final polyurethane the 

decomposition temperature for 10% weight loss, as a valuable criterion for thermal 

stability was in the range of 305–369 °C. Temperature of maximum decomposition rate 

was in the range of 596–603 °C. It is quite clear that samples extended with 100% chitin 

(CPU5) are thermally more stable than samples extended with 100% BDO (CPU1). This 

is due to the higher thermal stability of chitin polymeric structure in comparison to 1,4-

BDO molecular structure because the molecular chain of chitin is composed of N-acetyl-

D-glucosamine monomers (Scheme 4.4).  

 

Scheme 4.4 Structure of chitin designated with N-acetyl-D-glucosamine unit 

 

The linked glucosamine rings on chitin had better miscibility with linked double rings in 

the hard segment of PU and can establish the formation of H-bonds between soft segment 

and NH group in the hard segment (Moussian et al., 2005). Therefore intensity of 

crystallinity and shift of thermogravimetric values for 100% chitin-PU (CPU5) is more 

obvious than that of 100% 1,4-BDO-PU (CPU1). This behaviour may also imply that 
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chitin; a crystalline polymer of N-acetyl-D glucosamine monomers do not melt but 

degrade at elevated temperature (Chen et al., 2004) and can play a role in enhancement of 

thermal properties. The investigation of Table 4.11 data showed that for samples CPU2–

CPU4, the thermal stability increased with increasing the chitin contents of mixture. TGA 

of the original chitin is also reported (Table 4.11) and it is much lower than the final PU 

product and but its stability is maximum (642˚C) at maximum weight loss among all 

other PU samples with different levels of chitin. TGA thermograms are also shown in 

Fig. 4.23.  

4.3.6.2  DSC Studies 

DSC measurements were used to characterize the effect of chitin concentration on the 

structure of the PU samples. As an instance, the DSC thermograms of the PU extended 

with different ratio of chitin/BDO are shown in Fig. 4.24. From the Fig. (4.24) it is clear 

that all the PU samples have degraded partially at temperature above 300˚C and this 

degradation temperature has been confirmed by TGA data (Table 4.11). It was observed 

that the sample CPU1 has shown melting behaviour and all the remaining samples 

(CPU2-5) have not shown. This behaviour implies that by adding chitin in the 

formulation results to increase in physically effective crosslink density. It is well known 

that crosslinked materials do not show any melting behaviour. As the cross-link density 

of CPU5 is highest, it exercises a higher tolerance against thermal degradation. Reegen 

and Frisch (1966) established the fact that polyurethane with high cross-linking density 

has good thermal stability. The peak observed at about temperature 356˚C is going to 

disappear as the chitin contents increased in the PU backbone. It can be concluded that 
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chitin has considerable effect on the thermal degradation of PU and by increasing chitin 

contents thermal degradation is going to decrease, as it is obvious from the Fig. 4.24. 

4.3.6.3  DMTA Studies   

The viscoelastic properties of prepared samples were studied by means of dynamic 

mechanical thermal analysis. DMTA allows different types of transitions and relaxations 

to be detected and related to the structure and morphology of the samples. The storage 

modulus (E′), and loss tangent (tan δ) as a function of temperature are shown in Fig. 4.25 

and Fig. 4.26. The data of thermal transition is also collected in Table 4.11. It is obvious 

from the Fig. 4.25, that increase in chitin contents changes the thermal transition 

behaviour of the final PU. From DMTA curves, samples CPU3-CPU5 showed just one 

thermal transition. This behavior implies that increase in chitin contents in the PU 

backbone results to increase in hydrogen bonding which acts as physical crosslinking; 

therefore these samples only show one thermal transition i.e. glass transition. From these 

results it is reasonable to suppose that the chitin contents in the blends of the chain 

extender materials was much concerned to the mixture composition. It was also found 

that PU extended with 100 % chitin has obvious higher plateau modulus and wide plateau 

temperature range than all the other samples. This suggests that molecular rigidity of 

CPU5 is higher than all the other samples and which can play a significant role in 

determining the physical properties. In comparison with CPU1, CPU5 has showed much 

higher plateau modulus with wide plateau temperature range than CPU1. This suggests 

that the strength and heat resistance of CPU5 increases by incorporating the chitin in PU 

backbone. It is possible to use this material in wide range of temperature without 

sacrificing the properties. This behavior implies that the modulus in the plateau region is 
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proportional to either the crosslink density or the chain length between crosslink’s 

(Menard, 1999). Below the glass transition temperature, all the samples had almost same 

storage modulus. Once the glass transition temperature was reached, the modulus began 

to decrease rapidly. The modulus for sample CPU1 with no crosslinking and low 

crystallinity decreased at a faster rate than the sample CPU5 with higher crosslink density 

and crystallinity. At high temperatures, the modulus continued to diverge for samples 

CPU2-CPU5 as those shown in Fig. 4.25. It was concluded that by increasing the chitin 

contents in the polyurethane formulation, the stiffness of the samples increases and this 

behavior was strongly supported by DMTA study. 

Investigation of loss tangent curves (Fig. 4.26) showed that in tan δ peaks (damping 

peaks) for all the samples, the glass transition occurred within broader temperature range. 

By increasing chitin components in the formulation slightly increase in broader 

temperature range was found in samples CPU4-5.  This broadening was attributed to an 

increase in the distribution of molecular weights between crosslink’s or an increase in the 

heterogeneity of the network structure. It was also found that increase in mass ratio of 

chitin, the damping peak associated with glass transition temperature slightly shift to 

lower temperature (Fig. 4.26; Table 4.11). Moreover the amplitude of tan δ peak becomes 

larger as contribution of chitin contents increased. This phenomenon attributed to the 

increase in crystallinity of the samples in accordance with chitin contents increase. It is 

known that chitin is highly crystalline polymer and capable of forming three dimensional 

relatively ordered structure, because of the ability of the acetamide group to form 

hydrogen bonding. Increase in chitin content results to increase in crystallinity and 

crystalline material exercises a higher tolerance against thermal degradation. This 
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phenomenon may also attribute to decrease of degree of freedom for segmental mobility 

of the polymer as the chitin contents increases as a result of increase in physically 

effective crosslink density. It was also observed from the Fig. 4.25 and Fig. 4.26 that the 

sample CPU1 has shown melting characteristics while all the other samples did not show 

any melting evident. This phenomenon was attributed to the linearity of the CPU1 and 

crosslink density of all the other samples.  

4.3.7 Mechanical Properties Studies 

Fig. 4.27 shows typical stress–strain curves for the all samples. Measured mechanical 

parameters are summarized in Table 4.11. The CPU5 (100% chitin-PU) showed a 

significantly higher tensile strength and breaking strain among all the other samples. This 

behavior can be attributed to increased intermolecular forces associated with the chitin-

polyurethane samples. All the samples display a smooth transition in stress–strain 

behavior from the elastic to plastic deformation regions as the chitin contents increased. 

Comparison of the whole mechanical properties data of samples CPU3-CPU5 showed 

that samples containing higher amount of chitin, had ultimate strengths and extensibilities 

than those containing lower one. In comparison with CPU1 and CPU5, it was found that 

CPU5 has showed higher tensile strength and breaking strain than CPU1. This suggests 

that the strength of CPU5 increases by incorporating the chitin in PU backbone. 

Modification of polyurethane backbone with chitin has lead to improvement in the tensile 

properties. This promotion in tensile properties is a result of enhancement in cohesive 

forces of chitin structure. 

The hardness data of samples are also collected in Table 4.11. Hardness of CPU3–CPU5 

samples increased with increasing chitin content of mixtures. In comparison with CPU1 
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and CPU5, the later has showed more hardness than the former. It was concluded that 

polymer hardness increases as the chitin contents increases. The thermal and mechanical 

properties of the discussed chitin based polyurethane have been presented in Zia et al. 

(2008e).  

4.3.8 Surface morphological studies 

4.3.8.1 Contact Angle Measurement 

The surface hydrophilicity/hydrophobicity of biomaterials is very important for 

biomedical application. Chitin-polyurethane surface hydrophilicity, as characterized by 

static water contact angle, is reported in Table 4.12. In present study for validation of 

results, the contact angle was measured using two different test liquids (water and 

diiodomethane). The values of contact angle using both the test liquid increases as the 

concentration of chitin in the PU backbone vary from 0 % to 100 % as a chain extender. 

As it can be seen, there is a remarkable difference between precursor PU (CPU1) and PU 

extended with 100 % chitin (CPU5). This means hydrophilicity of the final PU film 

decreases by extending prepolymer with chitin. This phenomenon is due to the fact that 

chitin itself is crystalline polysaccharide and its affinity with water is negligible, means 

very hydrophobic in nature. Therefore by increasing the percentage of chitin in the PU 

backbone, the hydrophobicity of the final PU increases.  

4.3.8.2 Evaluation of Water Absorption (%) 

Also as these polymers are designed to perform and degrade in biological environments, 

so bulk water absorption ability plays an important role on degradation rate of them. 

Water absorption as a function of time and type of samples are presented in Table 4.12. 

There was no considerable difference in the amount of absorbed water as a function of 
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time. The chitin content was the main factor that can control the amount of absorbed 

water. The results presented clearly showed that water absorption of samples decreased 

with increasing chitin content of samples. From the evaluation of the results of water 

absorption and contact angle measurement, we are able to state that we have achieved a 

hydrophobic material which may applicable as non absorbable sutures.    

4.3.8.3  Equilibrium Degree of Swelling 

Physical properties of PU such as density and equilibrium degree of swelling were 

determined and results are presented in Table 4.12. The swelling ability of final PU 

steadily decreases as the chitin ratio in the chain extender increases. This effect can be 

elucidated by the degree of physical crosslinking and hydrogen bonding in polyurethane. 

This behavior has been confirmed by the interpretation of the results from FTIR, NMR 

and X-ray studies of these polymeric materials. It is known that chitin is a crystalline 

polymer of N-acetyl-D glucosamine monomers. The linked glucosamine rings on chitin 

can play a role in establishing and increasing H-bonding between soft segment and NH 

group in the hard segment. It is suggested that the final polyurethane material is useful for 

biomedical application as non-absorbable sutures. 

4.3.8.4  Surface Free Energy Calculation 

Surface tension and their polar and dispersive components were calculated applying two 

different methods (Owens-Wendt Method & Wu Method) for accuracy of the results 

(Table 4.13). It was found that surface energy decreases as the chitin percentage in the 

final PU backbone increases. This behavior was evidenced from the results of both 

applied method. It is known that increase in contact angle values leads to decrease in 
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surface energy. In addition to this, with increasing chitin percentage, the polar 

components steadily decreases, where as the dispersive part is hardly changed.  

4.3.8.5  Evaluation of cytotoxicity and Bio-compatibility 

Cell culture tests were used to evaluate both cytotoxicity and cytocompatibility of the 

specimens. In the cell culture method, the performance of a cell is investigated by 

comparing it with a negative control. A negative control, tissue cell culture polystyrene in 

this experiment, is a sample thoroughly compatible with cells and is cultured with the 

main samples. A material is considered to be biocompatible, if it supports cell attachment 

and growth. The optical photomicrographs of L-929 fibroblast cell interaction with the 

negative control, CPU1, CPU2, CPU3, CPU4 and CPU5 are shown in Fig. 4.28. The 

evaluation of cell morphology shows that cells survived and grew on the bottom of all 

wells with spindle shaped morphology and none of the PU samples appeared to give off 

any toxic or inhibitory leachate, since cells grew to confluence in all wells. As it is clear 

from the Fig. 4.28 that cells are visible even on the surface of PU film which provides 

evidence that the synthesized material have surely non toxic characteristics. Cell 

attachment and spreading are examined after staining the fibroblast cells cultured on the 

surface of CPU1–CPU5 samples. As can be seen from Fig. 4.29, the attachment and 

growth of these cells on the PU film is clearly visible. In the samples most of the cells are 

in active adhesion and cells are in webbing and flattening state. Cell attachment on the 

surface of the sample SPU5 is higher than all the other samples. Most of the cells are in 

active adhesion and flattened on the surface with more spindles like morphology. 
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4.4 Effect of Diisocyanates and Chain Extender Structure: XRD Studies and 

Evaluation of Biocompatibility 

Different formulation of PU varying diisocyanates and chain extender structures are 

presented in Table 4.14. The chemical structures of the raw materials used in different 

formulations of PU; varyinf diisocyanate and chain extender structure, have been 

presented in Scheme 4.5 Schematic illustration of chemical route for the synthesis of 

polyurethane based on aliphatic and cyclo-aliphatic diisocyanates are shown in Scheme 

4.6 & 4.7 respectively. 

4.4.1 Molecular characterization 

FTIR spectra of MDI, PCL, NCO terminated polyurethane prepolymer, original chitin 

and polyurethane extended with chitin (DPU6) is shown in Fig.4.30 (a-e). FTIR spectrum 

of MDI (Fig.4.30a); PCL (Fig. 4.30b) and NCO terminated prepolymer (Fig.4.30c) have 

already been explained in section (4.1.1.1). The observed peaks in FT-IR spectra of 

original chitin (Fig.4.30d) have already been explained in previous section (4.3.3.1) and 

well documented (Zia et al., 2008c). To provide clear information about the vibrational 

mode changes due to involvement of chitin in to the polyurethane backbone, the FTIR 

spectra of chitin were compared with polyurethane extended with chitin (DPU6). Fig. 

4.30(e) indicates that peak intensity of the residual NCO units (2255 cm-1) eventually 

disappeared. FTIR spectra of DPU6 (Fig.4.30e) showed an absorption peak of NH 

stretching vibration at 3339 cm−1. The CH symmetric and asymmetric stretching 

vibrations of CH2 groups were observed at 2935, and 2865 cm-1, respectively. The other 

peaks were assigned as: 1726, 1645 cm-1 (C = O bond); 1597, 1534 cm-1 (NH 

deformations); 1460 cm-1 (CH2 bending); 1412 cm-1 (CH bending); 1306 cm-1 (CH2 
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wagging). The band at 1000-1221 cm-1 was attributed to the ring and bridge C-O-C 

vibrations. By extending prepolymer with chitin, the FT-IR spectra showed a very strong, 

new peak at about 1725 cm-1 which was assigned to C=O stretching of soft segment of 

PCL. Another new peak was also observed at about 1460 cm-1 which was assignable to 

urethane –NH group. It was observed that the intensity of hydrogen-bonded-NH 

increased as the chitin content increased, suggesting that the hydrogen bonds of chitin 

were broken and new hydrogen bonds between chitin and polyurethane prepolymer were 

formed. From Fig. 4.30(d) it can be noticed that a broad band appeared at 3443 cm-1 and 

2950 cm-1 in original chitin has been disappeared in the final polyurethane extended with 

chitin (Fig.4.30e). This also provides the evidence about the involvement of chitin in the 

final PU sample.  

1HNMR (400 MHz, DMSO-d6) and 13CNMR (400 MHz, DMSO-d6) spectra of final 

synthesized polyurethane samples were in accordance with proposed structures. 1HNMR 

spectra obtained for DPU6 exhibited new peaks at 4.51 ppm which was assigned to the 

proton of C1, C3 and C6 position of chitin. 13CNMR spectra obtained for the chitin based 

PU samples (DPU6), exhibited peaks at 23.3 ppm and 174 ppm, which were attributed, 

respectively to the –CH3 (methyl) and C=O (carbonyl) group of chitin (Cardenas et al., 

2004). Moreover peaks located at about 56.2, 63.3, 69.6, 68.8, 77.5 and 104 ppm were 

attributed to C2, C6, C3, C5, C4 and C1 position of chitin respectively Nishio et al., 

1999; Kim et al., 2002), which provides evidence of involvement of chitin in final PU 

structure (DPU6).  
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4.4.2  X-ray diffraction studies 

4.4.2.1  Crystalline structure of chitin 

The crystalline structure of chitin has been reported (Gardner and Blackwell, 1975) that 

the unit cell is monoclinic, with dimension a=4.85 Å, b=9.26 Å, c=10.38 Å (fiber axis), 

and g=97.5°. The space group is P212121 and the unit cell contains two sugar residues 

related by the two fold screw axis. The structure contains extended polymer chains 

indicating an anti-parallel arrangement of the chitin chain with strong intermolecular 

hydrogen bonding (Wada and Saito, 2001). Five crystalline reflections were observed in 

the 2 q range of 5°-30° (Fig.4.31). The observed patterns of the crystalline peaks in the 2 

q range were indexed as 9.39°, 19.72°, 20.73°, 23.41°, and 26.39° for the lower angle for 

chitin. The outcomes of the results are in accord with the previous findings (Wada and 

Saito, 2001; Feng et al., 2004; Li et al., 1997). As shown in Fig.4.31 exhibited a broad 

signal centered at 2q=19.72°, which is attributed to the GlcN sequences. Similarly, the 

intensity of the broad signal centered at 2q=9.39° due to GlcNAc sequences (Jayakumar 

and Tamura, 2007). 

4.4.2.2  X-ray diffraction studies of PU 

X-ray diffraction analysis was carried out in order to find the changes of the crystalline 

structure upon the substitution reaction with NCO terminated prepolymer. In segmented 

PUs, phase separation of soft segments (SS) and hard segment (HS) can take place 

depending on their relative contents, structural regularity and thermodynamics 

incompatibility. The X-ray diffraction studies showed that crystallinity much depends on 

the structure of diisocyanates and chain extender in the polyurethane backbone. It is 

obvious from Fig. 4.32 that crystallinity decreased from aliphatic to aromatic characters 
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of the diisocyanates used in the final PU. In comparison with DPU1-DPU3 and DPU4-

DPU6, we can observe that the presence of chitin also favor the formation of more 

ordered structure. We can conclude that PU having aliphatic diisocyanates structure and 

extended with chitin (DPU4) showed the higher peak intensities leading us to conclude 

that this sample present the higher chain orientation degree. The obtained diffraction 

patterns indicate very high crystallinity of all the HMDI-chitin based PU. Fig. 4.32 

presents, as an intense, X-ray diffraction pattern of the PU samples. In the present study 

the effect of chain rigidity on the SS and HS segregation was also studied. In case of 

aliphatic diiosocyanate the chain flexibility showed maximum degree of freedom for HS 

to get organized crystalline form. This degree of freedom decrease to cyclo-aliphatic 

based PU and the main effect was observed in aromatic PU.  It can be seen that the 

sample DPU3 has shown a lower diffraction peak height and broader upper half peak 

height area which indicates that this sample has smaller crystal particles resulting 

decrease in crystallinity. The sharpness in crystalline peaks increased by varying the 

aromatic to aliphatic character of diisocyanate using chitin as chain extender in to the 

final PU (Fig. 4.32). There is increase in intensity of the peak localized at 2θ = 21.5˚ 

confirming that soft segment tend to crystallize generating better defined peak by 

incorporating the aliphatic/cylco-aliphatic diisocyanates structure in to the final PU.  

4.4.3  Thermal properties studies 

DSC analysis data of chitin and all the PU samples is presented in Table 4.15. The 

values of enthalpy change associated with the peaks, ΔH (Jg-1 dry weight) are much 

consistent with the crystalline pattern of the PU samples. It is obvious from the X-ray 

diffraction studies that PU samples extended with chitin showed better crystalline pattern 
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as compared to the PU extended with BDO. All the samples showed same trend in DSC 

analysis. Higher ΔH value was shown by the samples having higher degree of 

crystallinity. Generally chitin is biopolymer and high thermal energy is required for 

dissociation of its structure. The amount of peak enthalpy correlated with the 

compactness of supra-molecular chitin structure (Prashanth et al., 2002). In other words, 

higher the peak enthalpy, the greater the crystallinity would be. ΔH for the samples 

extended with BDO showed lower values than the samples extended with chitin. DPU4 

showed better crystalline pattern as evidenced by higher ΔH value. The higher ΔH value 

in samples DPU4 (46.35(Jg-1)); DPU5 (44.96(Jg-1)); and DPU6 (41.57(Jg-1)) revealed that 

their crystallinity was greater than the crystallinity of the DPU1 (39.73(Jg-1); DPU2 

(34.42(Jg-1); DPU3 (31.32(Jg-1). 

The data of altitude of tan δ peak (damping peak) are presented in Table 4.15. 

Investigation of loss tangent curves showed that the height of tan δ peak becomes smaller 

and tan δ peak shifted to higher temperature as the crystallinity of the PU samples 

increased (Fig. 4.33 a, b). The shift of the tan δ peak upward results to shift the Tg of the 

PU samples to higher temperature (Fig. 4.33 a). It is well known that the glass transition 

temperature is affected by a number of chemical and molecular structures. Flexibility of 

the molecular chain, bulkiness of the side groups attached to the backbone, and molecular 

polarity affects the Tg. With increasing crystallinity, the Tg of the PU samples tends to 

shift upward to higher temperature as a result of molecular mobility restriction. Fig.4.33 

(b) presents the tan d peaks altitude comparison placing all the specimens at the same 

position. It is clear from Fig. 4.33 (b) that height of tan δ peak decreases with increasing 

the crystalline component in the sample. It has also been previously reported that the 
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intensity of damping peak decreases with increasing degree of crystallinity. The intensity 

of the damping peak (tanδ) often is given by the equation (Myrayama, 1978): 

aCCC WW ))(tan1()(tantan ddd -+=      4.8 

where WC is the degree of crystallinity, and the subscripts a and c refers to the 

contributions of the amorphous and pure crystalline phases, respectively. Since the loss 

tangent (tanδ), in general, is mostly due to the amorphous phase, the tan δ equation for 

the maximum in the tan δ peak simplifies to  

aCW ))(tan1(tan dd -@         4.9 

This equation (4.9) shows the intensity of damping peak decreases with increasing degree 

of crystallinity and the same trend has been observed in the present study. 

4.4.4  Mechanical properties studies 

The measured mechanical parameters are summarized in Table 4.15. The final PU having 

aromatic character (DPU3, DPU6) have better mechanical properties as compared to 

aliphatic (DPU1, DPU4) and cyclo-aliphatic (DPU2, DPU5) based PU. This is attributed 

to the ordered arrangement of the final PU containing aromatic structure as compared to 

the aliphatic/cyclo-aliphatic based PU. Moreover, in comparison with DPU3 (NCO 

terminated prepolymer extended with BDO) and DPU6 (NCO terminated prepolymer 

extended with chitin), it was found that DPU6 showed a significantly higher tensile 

strength and toughness. This behavior can be attributed to increased intermolecular forces 

associated with the chitin-PU as compare to BDO-PU samples. All the samples display a 

smooth transition in stress–strain behavior from the elastic to plastic deformation regions 

depending on the nature of diisocyanates and chain extenders. Comparison of the whole 

mechanical properties data of samples DPU1-DPU6 showed that samples containing 
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aromatic character extended with chitin had ultimate strengths and extensibilities than 

those containing aliphatic/cyclo-aliphatic diisocyanates extended with BDO. By 

comparing DPU1 and DPU6, it was found that DPU6 has shown higher tensile strength 

and breaking strain than DPU1. This suggests that the strength of DPU6 increases by 

incorporating the chitin in PU backbone. Modification of polyurethane backbone with 

aromatic diisocyanate and chitin has lead to improvement in the tensile properties. This 

promotion in tensile properties is a result of enhancement in cohesive forces of aromatic 

diisocyanates and chitin structures. 

The hardness data of samples are also summarized in Table 4.15. Hardness of DPU1–

DPU3 and DPU4-DPU6 samples increased varying aliphatic to aromatic diisocyanate 

structures. Moreover the nature of chain extender also affects the hardness. In comparison 

of DPU1 with DPU6, the later has showed more hardness than the former due to 

incorporation of chitin as chain extender. XRD pattern with thermal and mechanical 

properties data of the PU varying diisocyanate and chain extender structures are 

presented in Zia et al. (2008f). 

4.4.5  Evaluation of cyto-toxicity and Bio-compatibility 

Cell culture tests were used to evaluate both cyto-toxicity and cyto-compatibility of the 

specimens. In the cell culture method, the performance of a cell is investigated by 

comparing it with a control. A control (polystyrene tissue cell culture) is a sample 

thoroughly compatible with cells and is cultured with the main samples. A material is 

considered to be biocompatible, if it supports cell attachment and growth. Optical 

photomicrographs of L-929 fibroblast cell interaction with the control, DPU1, DPU2, 

DPU3, DPU4, DPU5 and DPU6 are shown in Fig.4.34.  
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The evaluation of cell morphology shows that cells survived and grew on the bottom of 

the wells of samples DPU3 and DPU6 with different rates, attributed to nature of 

diisocyanates and chain extender in their formulation with spindle shaped morphology 

and none of these two samples appeared to give off any toxic or inhibitory leachate, since 

cells grew to confluence in their wells. It is clear from the Fig. 4.34 that cells are visible 

even on the surface of PU film which provides evidence that the synthesized material 

have surely non toxic characteristics. In comparison with DPU3 and DPU6 the latter 

showed better results than the former. This behavior employs that both DPU3 and DPU6 

both have aromatic character, the later is extended with chitin which showed some 

pronounced bio-compatible behavior than the former. While the other four samples 

designated as DPU1, DPU2, DPU4 and DPU5 having aliphatic and cyclo-aliphatic 

structure in their formulation showed some toxic and incompatible behavior. It is worth 

mentioning that very small amount of catalyst was added during polymerization reaction 

of these samples, which showed incompatible behavior. It is evident from Fig.4.34 that 

the cells are small in number and the entire cells are in round shape in these four samples. 

Cell attachment and spreading are examined after staining the fibroblast cells cultured on 

the surface of DPU1–DPU6 samples. The photographs of Fig. 4.35 shows the attachment 

and growth of these cells on the PU film containing aromatic character and chitin is much 

higher than the aliphatic/cyclo-aliphatic/BDO based PU. In these samples, most of the 

cells are in active adhesion and cells are in webbing and flattening state. Cell attachment 

on the sample DPU6 is higher than all other samples and most of the cells are in active 

adhesion and flattened on the surface with more spindle like morphology.  
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4.5 Shape Memory Polyurethane (SMPU) 

Shape memory polyurethane (SMPU) was prepared from PCL4000, MDI, BDO, DMPA, 

TEA and chitin (Scheme 4.8). PCL4000 acts as the soft segment and others act as the 

hard segment. DMPA was used for preparing the SMPU, since DMPA can give higher 

recovery strain and lower residual strain (Kim et al., 1998). At the same time chitin was 

used as crosslinking agent for enhancing the thermal and mechanical properties of 

SMPU.  

4.5.1 FT-IR analysis 

FTIR spectra of original chitin and polyurethane extended with 100% BDO (SMPU1) 

and having different contents of chitin in their formulation (SMPU4, SMPU5 and 

SMPU6) are shown in Fig. 4.36 (a-e). FT-IR spectra of original chitin (Fig. 4.36a) and 

PU (SMPU1) extended with 100% BDO (Fig. 4.36b) have already been explained in 

previous sections 4.3.3.1 and 4.1.1.1 respectively. FTIR spectra of SMPU6 (Fig. 4.36e) 

showed an absorption peak of NH stretching vibration at 3339 cm−1. The CH symmetric 

and asymmetric stretching vibrations of CH2 groups were observed at 2935, and 2865 cm-

1, respectively. The other peaks were assigned as: 1726, 1645 cm-1 (C = O bond); 1597, 

1534 cm-1 (NH deformations); 1460 cm-1 (CH2 bending vibration); 1412 cm-1 (CH 

bending vibration); 1306 cm-1 (CH2 wagging). By extending prepolymer with different 

proportions of chitin/BDO, the FT-IR spectra showed a very strong, new peaks at about 

1728 cm-1  which were assigned to C=O stretching of soft segment of PCL. Another new 

peak was also observed at about 1460 cm-1 which was assignable to urethane –NH group. 

It was observed that the intensity of hydrogen-bonded-NH increased as the chitin content 

increased, suggesting that the hydrogen bonds of chitin were broken and new hydrogen 
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bonds between chitin and NCO terminated prepolymer were formed. Moreover, with 

increasing chitin content, the peak of urethane carbonyl groups at around 1728 cm-1 

decreased and shifted to lower wave number while the band around 1642-1649 cm-1 for 

hydrogen bonded carbonyl of chitin increased and shifted to higher wave number. This 

implies that stronger inter chain interactions arises between chitin and NCO terminated 

prepolymer in chitin based PU in comparasion with BDO based PU. The FT-IR spectrum 

of the SMPUs showed the growth in the transmittance peaks of the crosslinked SMPUs at 

1720–1730 and 1596 cm-1. Usually, the hydrogen bonding among hard segments plus 

dipole–dipole interaction between carbonyl groups will primarily affect C=O stretching 

vibration. The carbonyl stretch peak at 1720–1730 cm-1 suggests that more extensive 

interactions are made not only with the increase of hard segment content but also with the 

increase in crosslinking, moreover, the later is also responsible for the increase of the 

hydrogen bonds in this series. Based on these results of FT-IR spectrum, it was thought 

that chitin had already effectively crosslinked with polyurethane, which greatly affected 

on the properties of the SMPU. 

4.5.2  Thermal analysis 

The DSC data of all the samples are listed in Table 4.16. The results of the DSC showed 

that the soft segment content has a positive effect on the thermal properties: the higher 

the soft segment content, the higher should be the melting temperature and melting 

enthalpy, which suggests that more ordered polymer packaging can be obtained with a 

higher percentage of soft segment. From these samples, it was found that SMPU2 has an 

abnormally higher melting temperature and melting enthalpy, which suggests that DMPA 

has an effect on the thermal property, since the microphase separation increases with the 
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DMPA in SMPUs (Kim et al., 1998). The sample with a high content of chitin implied 

that its crosslinked density was high in molecular structure. If we compare the thermal 

properties of SMPU1, SMPU4, SMPU5, and SMPU6 it can be found that chitin also 

affects the thermal property of SMPUs. The increase in chitin contents results to decrease 

in the melting temperature of the soft segment and the melting enthalpy, which is 

probably because crosslinking increases the miscibility of the soft segment and the hard 

segment as the crystallization of the soft segment decreases: the more chitin is used, the 

less crystallization enthalpy is needed. 

The storage modulus of prepared SMPUs is shown in Fig. 4.37. A gradual decrease in E 

in the temperature range between the glass transition temperature of the soft segment and 

the melting temperature of the soft segment, and a sudden drop in E at Tm can be 

observed. Generally, the crosslinked SMPUs have a higher storage modulus even above 

the Tm region. The thermal properties of SMPU1, SMPU4, SMPU5, and SMPU6, clearly 

show that a higher storage modulus can be obtained with an increase in crosslinking, 

when they are above Tm and under these conditions; SMPU6 has the highest storage 

modulus. This is due to the higher thermal stability of chitin polymeric structure in 

comparison to BDO molecular structure because the molecular chain of chitin is 

composed of N-acetyl-D glucosamine monomers (Scheme 4.4; Page 140) (Moussian et 

al., 2005). The linked glucosamine rings on chitin had better miscibility with linked 

double rings in the hard segment of PU and can establish the formation of H-bonds 

between soft segment and NH group in the hard segment. Therefore shift of 

thermogravimetric values for SMPU6 is more obvious than that of SMPU1. This 

behaviour may also imply that chitin; a crystalline polymer of N-acetyl-D glucosamine 
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monomers do not melt but degrade at elevated temperature (Chen et al., 2004) and can 

play a role in enhancement of thermal properties. Moreover, Lundberg and Cox 

(Lundberg, & Cox, 1969) established the fact that polyurethane with high cross-linking 

density has good thermal stability. 

4.5.3  Mechanical analysis 

The data on the tensile analysis of SMPUs with various soft segment contents or 

crosslinking are listed in Table 4.17. The elongation at break (%) in different 

temperatures first decreases with a significant decrease in the soft segment, then increase 

with the crosslinking (Table 4.17). At room temperature, the elongation of each of 

samples SMPU1, SMPU2, and SMPU6 is more than 665%, while above Tm only 

SMPU6 showed an elongation of 532%, 400% and 250% at Tm +5°C, Tm +10°C, Tm 

+15°C respectively, which means that only SMPU6 can meet the fundamental demand of 

the shape memory effect under these conditions. The maximum stress also showed a 

similar trend compared with the strain at room temperature in Table 4.17. For example, 

both SMPU1 (39.90 MPa) and SMPU6 (53.20 MPa) showed a higher maximum stress, 

while above Tm, the maximum stress of the sample increases with both a decrease in the 

soft segment and an increase of the crosslinking. SMPU1 showed poor maximum stress; 

in contrast, SMPU6 has a maximum stress among these products. The following two 

reasons may be explain the results: first, with the increase in the hard segment content, 

SMPUs can endure higher level of stress of above Tm with more physical crosslinking 

points; second, as chemical crosslinking increases, the mechanical properties of the hard 

segment also increases, especially when they are in a rubbery state. Comparing samples 

of SMPU3, SMPU4, SMPU5, and SMPU6, which have similar components but which 
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differ in their degree of crosslinking, it can be found SMPU6 has a best mechanical 

property, while SMPU3 also has the better mechanical properties than SMPU4 and 

SMPU5. From these results, it was suggested that the degree of crosslinking is also very 

important to the mechanical properties of SMPUs and that only suitable crosslinking in 

SMPUs can lead to better mechanical properties. This result is also in accordance with 

the thermal properties mentioned above.   

Then, based on the thermal and mechanical properties, it was thought good SMPUs 

should have a higher storage modulus when they are above Tm in order to allow these 

samples to have enough elasticity to recover to their original shape when they are heated 

to Tm.  

4.5.4  Shape Memory Effect 

Based on the above results of these SMPUs, only SMPU6 has suitable mechanical 

properties both at room temperature and above Tm. Because of this, SMPU6 was chosen 

to undergo to a further analysis of the shape memory effect. The results of the cyclic 

tensile tests to characterize the shape memory effect of SMPU6 are shown in Table 4.18. 

Thermo-mechanical cycle (Fig. 4.38) tests were performed to investigate the shape 

memory effect of the final polyurethane material. The sample was first elongated at 55 °C 

(Th = Tm +15°C) to 100% or 200% (εm) at a constant elongation rate of 10 mm min-1. 

While maintaining the strain at εm, the sample was cooled to 25°C (T1 = Tm -15°C) and 

unloaded. Upon removing the constraint at 25°C, a small recovery of the strain to εu 

occurred. The sample was subsequently heated to 55 °C in 10 min, and kept at that 

temperature for the next 10 min, allowing the strain to recover. This completes one 

thermomechanical cycle (N= 1), leaving a strain εp, where the next cycle (N= 2) starts. It 
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has been found that SMPU6 gives a higher shape recovery and higher shape retention as 

compared with that reported in literature (Kim et al., 1998). Even after several cycles, 

SMPU6 still has a shape recovery of around 87% and shape retention of around 89%, 

while in literature, only about a 75% shape recovery can be obtained (Kim et al., 1998). 

Comparing cyclic tensile behavior of SMPU6 at strain of 100% and 200%, some 

difference can be observed. At 100% strain, SMPU6 has a shape recovery of around 87% 

and shape retention of around 89%; while at 200%, SMPU6 has a shape recovery of 

around 89% and shape retention of around 91%. The reason may be explained as follows: 

because there are chemical crosslinking bonds in SMPU6, a suitable elongation is 

beneficial to its recovery. The above discussed results regarding chitin based shape 

memory polyurethane have been published in Zia et al. (2008g). 
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Summary 
_________________________________________________ 
 

Polyurethane elastomers were synthesized by step growth polymerization techniques 

using poly (ε-caprolactone) (PCL) and 4, 4́-diphenylmethane diisocyanate (MDI), 

extended with α, ω alkane diols. The conventional spectroscopic characterization of the 

samples with FTIR was in accordance with proposed polyurethane structure. The effect 

of CE length on crystallinity, hydrophobicity, thermal and mechanical properties were 

studied and discussed. Crystalline behavior of the polyurethane film was studied and 

discussed by using X-ray diffraction technique. For all the samples, the crystallinity and 

hydrophilicity were found to increase with increasing of the chain extender length. 

Optimum crystallinity and hydrophilicity were obtained from elastomer extended with 

DDO in comparison to elastomers extended with EDO. It was concluded that by 

increasing the chain extender length in to the PU formulation, the crystallinity of the 

samples increases. The interactions of the final PU films with water and diidomethane on 

the surface were clearly related to the number of –CH2– units. Contact angle 

measurement, water absorption and swelling behavior of the synthesized polyurethane 

were affected by number of methylene units in the chain extender resulted in the PU. TG 

and DSC analysis showed that CE length has considerable effect on the thermal 

properties of the prepared samples. DMTA and damping peaks was also affected by the 

number of methylene in the CE length. Tensile strength and elongation-at-break decrease 
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with increase of CE length while hardness increase. Glass transition temperature (Tg) 

moved toward the lower temperature with increasing CE length. The decrease in Tg and 

tensile properties was interpreted in terms of decreasing hard segments and increasing 

chain flexibility and phase separation. Finally, the decrease in thermal and mechanical 

properties was interpreted in terms of decreasing MDI mass fraction and lower inter-

urethane H-bonds concentration as the CE length increased. 

The synthesized samples were irradiated for 50, 100 and 200 h as such the spectral 

distribution of the light is good match for terrestrial solar radiation. The modifications in 

the chemical structures of the PU before and after irradiation were characterized using 

FTIR technique. The effect of irradiation time and CE length on structural, thermal and 

mechanical properties were studied and investigated. It was found that long term UV 

irradiation of PU led to a continuous decrease of the bands which were recorded for the 

non irradiated samples. The results also revealed that chain extender (CE) length has 

considerable effect on thermal degradation of PU and by increasing CE length the 

thermal degradation of PU samples are shifted to lower temperature. Finally, the decrease 

in thermal and mechanical properties was interpreted in terms of decreasing MDI mass 

fraction and lower inter-urethane H-bonds concentration as the CE length increased. It 

was found that the early stage degradation occurred mainly in the hard segments where 

urethane groups first undergo depolymerization, resulting individual monomers, and then 

their further reaction produce carbon dioxide. TG analysis showed that UV exposure time 

and CE length has considerable effect on the thermal properties of the prepared samples. 

DMTA was also affected by the irradiation time and number of methylene in the CE 

length. Tensile strength and elongation-at-break decreased with increase of UV exposure 
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time and number of methylene units in CE. The decrease in thermal and mechanical 

properties was interpreted in terms of decreasing hard segments and increasing chain 

flexibility and phase separation. The experimental results from TGA and DMTA 

measurements indicated that the morphological structure changed during UV irradiation 

as a consequence of hard segment and soft segment degradation which is also visible 

from FTIR spectra. Photooxidation of PU surface leads to fast increase of surface free 

energy and its polar component. Simultaneously, the work of water adhesion to polymer 

increases significantly during UV-irradiation. The higher changes of surface properties, 

observed by water absorption (%), equilibrium degree of swelling, as well as monitored 

by ATR-FT-IR and contact angle measurement, were found for the PU samples extended 

with higher number of methylene unit and irradiation time. Results suggest that 

macromolecular rearrangement during film formation (i.e. during solvent evaporation) 

and upon UV-irradiation (where main chain scission leads to higher mobility of degraded 

molecules) is process dependent on chain extender length and irradiation time. 

Investigation of structure-property relationship for prepared elastomers showed that the 

main determining factors for observed properties were hydrogen bonding, crystallinity, 

hydrophilicity, thermo-mechanical properties, chain extender length in PU backbone and 

UV-irradiation time. 

Chitin based biodegradable polyurethane network based on PCL and MDI, 

extended with different mass ratio of chitin and BDO were synthesized. The conventional 

spectroscopic characterization of the samples with FTIR, 1HNMR and 13CNMR were in 

accordance with proposed polyurethane structure. The structural transition due to the 

changes in hydrogen bonding was confirmed by using these techniques. Involvement of 
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chitin was evidenced by the appearance of new signals in both 1HNMR and 13CNMR 

spectra, and very strong peak at 1724 cm-1 in FT-IR spectra. It was concluded from NMR 

as well as FTIR analysis that the reaction of the urethane group occurred mainly at C6-

OH group of chitin in which strong intermolecular and intersheet hydrogen bonds are 

involved. The crystallinity and mechanical properties were found to increase with 

increasing of the chitin content. It was concluded that by increasing the chitin contents in 

the polyurethane formulation, the crystallinity of the samples increases. From the whole 

thermal analysis the thermal stability was found to increase with increasing of the chitin 

content. TGA data and DSC curves showed that thermal stability increased with 

increasing chitin contents of mixture. DMTA curves for CPU5 has showed much higher 

plateau modulus with wide plateau temperature range and it is possible to use this 

material in wide range of temperature with out sacrificing the properties. It was suggested 

that molecular rigidity, strength and heat resistance increases by incorporating chitin 

contents in the PU backbone which make this biopolymer a potential candidate for heat 

resistant elastomers for biomedical as well as industrial application. It was concluded that 

by increasing the chitin contents in the polyurethane formulation, the stiffness of the 

samples increases and this behavior was strongly supported by DMTA study. 

Investigation of loss tangent curves showed the glass transition occurred within broader 

temperature range, tan δ peak associated with glass transition temperature slightly shift to 

higher temperature and the amplitude of tan δ peak becomes larger as contribution of 

chitin contents increased. The degradation rate was increased with increase in the chitin 

content as chain extender in to the PU formulation. The interactions of chitin based 

polyurethane with water and diidomethane on the surface was clearly related to the mass 
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ratio of chitin content. The surface free energy, water absorption (%) and equilibrium 

degree of swelling was affected by chemical composition of the final PU. The wide range 

of material properties that were achieved through relatively minor modifications in 

chemistry makes these degradable polymers applicable for biomedical as well as 

industrial application. Results demonstrated that these polymers are good candidates as 

biodegradable materials for biomedical implants especially non absorbable sutures with 

on going investigations into their in vitro biocompatibility and non toxicity. Investigation 

of structure-property relationship for prepared elastomers showed that the main 

determining factors for observed properties were hydrogen bonding, crystallinity, 

thermo-mechanical properties, hydrophobicity and content of chitin in polyurethane 

backbone. Finally it was concluded that these polymers have good thermal, mechanical 

and surface properties for further processings and it can be reasonably claimed that they 

can be utilized in a number of potential applications, offering the unique properties of 

these two polymers i.e., polyurethane and chitin. 

Chitin based polyurethane elastomers (PUEs) varying diisocyanate and chain extender 

structures, were synthesized by step growth polymerization techniques using poly (ε-

caprolactone) (PCL). The viscosity average molecular weight (Mv) of chitin was deduced 

from the intrinsic viscosity and found; Mv = 6.067×105. The conventional spectroscopic 

characterization of the samples with FTIR, 1HNMR and 13CNMR were in accordance 

with proposed PUEs structure. The crystalline behavior of the synthesized polymers were 

investigated and found that crystallinity decreased from aliphatic to aromatic characters 

of the diisocyanates used in the final PU. The presence of chitin also favors the formation 

of more ordered structure. For all the samples mechanical properties were found to 
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increase by incorporating chitin as chain extender varying aliphatic to aromatic character 

of diisocyanates. Results demonstrated that these polymers are good candidates for 

biomedical implants especially surgical threads with on going investigations into their in 

vitro biocompatibility and non toxicity. Investigations of structure-property relationship 

for prepared elastomers showed that the main determining factors which contribute 

towards observed properties were physical effective crosslink density, hydrogen boding, 

crystallinity, mechanical properties, and structure of diisocyanates and chain extenders in 

PU backbone.  

One series of chitin based shape memory polyurethanes was first prepared and their 

thermomechanical, mechanical and thermal properties were characterized. The shape 

memory property of sample SMPU6 was also investigated and discussed. The FT-IR 

result showed that crosslinking could effectively occur in chitin based SMPUs. The 

analysis of thermal properties showed that the content of the soft segment, chitin and 

DMPA affect the melting temperature and melting enthalpy of the soft segment. In 

addition, it showed that the crosslinking decreases the crystallization of the soft segment, 

which leads to a decrease in the melting temperature and melting enthalpy of the soft 

segment. As chemical crosslinking bonds existed in the hard segment, the crosslinked 

SMPUs has better mechanical properties, especially above the Tm of soft segment, while 

the content of the crosslinking also has a very significant effect on these properties. The 

analysis of the shape memory effect shows that SMPU6 has a good shape memory effect 

and that a suitable elongation is important to improve cyclic shape memory retention and 

shape memory recovery. 
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Table 4.1 Sample code designation and different formulation of PU with d-spacing and degree of crystallinity of PU 

samples extended with series of chain extender (calculated from X-ray diffraction peaks) 

 

a Chain extender       h 1,10-decane diol(DDO) 
b 1,2-ethane diol (EDO)      i da (A˚), db (A˚) are the d-spacing of peaks a and b in (A˚). 
c 1,3-propane diol (PDO)      j PCa (%),PCb (%) are the percentage of crystallinity of the peaks a and b 
d 1,4-butane diol (BDO)      k TC (%) is the total percentage of crystallinity 
e 1,5-pentane diol (P¢DO) 
f 1,6-hexane diol (HDO) 
g 1,8-octane diol(ODO) 
   

Sr# S. code CEa Mass ratio of CAPA225 : MDI : CE* 

(molar ratio  0.0156 : 0.047 : 0.0313) 

da 
A˚)i 

PCa 

(%)j 
db 

(A˚)i 
PCb 

(%)j 
TC 

(%)k 

01 PU1 1,2-EDOb 31.25g : 11.95g : 1.94g 4.38 6.3 13.52 20.4 26.7 

02 PU2 1,3-PDOc 31.25g : 11.95g : 2.38g 4.37 6.9 13.52 22.8 29.7 

03 PU3 1,4-BDOd 31.25g : 11.95g : 2.82g 4.35 7.0 13.01 25.0 32.0 

04 PU4 1,5-P¢DOe 31.25g : 11.95g : 3.25g 4.32 7.2 12.55 26.5 33.7 

05 PU5 1,6-HDOf 31.25g : 11.95g : 3.69g 4.30 7.8 12.37 27.5 35.3 

06 PU6 1,8-ODOg 31.25g : 11.95g : 4.14g 4.29 8.0 12.02 28.4 36.4 

07 PU7 1,10-DDOh 31.25g : 11.95g : 5.44g 4.28 8.1 11.80 29.7 37.8 
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Table 4.2 Contact angle (θ) value and total surface energy calculated data with Owens-Wendt and Wu Methods 
 

a Each value is expressed as mean ± standard error (SE)(n = 7) 
 
 

Contact angle (θ) Owens-Wendt Method 
 

Wu Method S.
no 

S. 
code 

Watera Diiodomet-
hanea 

Disperse 
portion 
(mN/m) 

Polar 
portion 
(mN/m) 

Total surface 
energya 
(mN/m) 

Disperse 
portion 
(mN/m) 

Polar 
portion 
(mN/m) 

Total surface 
energya 
(mN/m) 

1 PU1 81.6±0.2 52.0±0.3 33.37 4.25 37.62±0.09 37.34 9.31 46.65±0.07 

2 PU2 79.1±0.3 51.6±0.2 35.20 6.62 41.83±0.02 41.92 6.71 48.63±0.06 

3 PU3 73.1±0.2 43.8±0.2 39.14 8.73 47.86±0.08 38.40 11.78 50.19±0.09 

4 PU4 72.0±0.3 42.0±0.3 44.18 5.13 49.31±0.08 42.70 9.15 51.86±0.09 

5 PU5 70.6±0.3 41.4±0.3 47.13 2.96 50.10±0.09 43.86 9.01 53.01±0.07 

6 PU6 68.2±0.2 38.3±0.3 47.98 3.10 51.08±0.08 45.68 8.44 54.12±0.08 

7 PU7 66.6±0.3 36.0±0.3 49.97 2.14 52.11±0.09 47.20 8.47 55.66±0.08 
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Table 4.3 Hydrophilicity and swelling data of PU samples 

 
 

a Each value is expressed as mean ± standard error (SE)(n = 5) 
 

Water absorption (%) S. 
No. 

Sample 
code 

Density 
(g/cc) 

1st day 2nd day 3rd day 4th day 5th day 7th day 

Equilibrium 
degree of 
swellinga 

1 PU1 1.008±0.05 2.08 2.10 2.11 2.12 2.13 2.13 9.52±0.05 

2 PU2 1.018±0.08 2.28 2.31 2.32 2.32 2.33 2.33 10.10±0.09 

3 PU3 1.021±0.07 2.64 2.68 2.69 2.69 2.69 2.69 14.39±0.08 

4 PU4 1.022±0.06 2.98 3.00 3.02 3.02 3.03 3.04 15.10±0.04 

5 PU5 1.024±0.08 3.64 3.68 3.69 3.70 3.70 3.71 15.21±0.08 

6 PU6 1.024±0.07 3.71 3.75 3.76 3.78 3.78 3.79 17.29±0.08 

7 PU7 1.025±0.08 3.79 3.82 3.84 3.85 3.85 3.85 21.16±0.07 
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    Table 4.4 Thermal stability, dynamic mechanical analysis and mechanical properties data of the samples  

Sr# Sample 

code 

Tonset 

(˚C) 

T10
a   

(˚C) 

T20
a  

 (˚C) 

T50
a  

 (˚C) 

Tmax
b   

(˚C) 

Tg
c
   

(˚C) 

tan δd Tensile 

strength (MPa) 

Elongation at 

break (%) 

Hardness  

shore A  

01 PU1 28.09 325 340 374 604 -22.5 0.94 29.59 257.79 76.98 

02 PU2 31.68 312 335 370 594 -29.7 0.73 25.36 255.13 73.66 

03 PU3 29.52 310 322 349 595 -30.8 0.59 22.01 249.64 76.02 

04 PU4 29.81 307 324 368 595 -31.5 0.62 18.14 246.63 77.70 

05 PU5 30.06 305 320 351 603 -36.3 0.42 16.64 245.69 79.86 

06 PU6 29.63 298 318 346 592 -37.3 0.37 14.51 243.24 79.77 

07 PU7 28.27 290 315 340 582 -39.5 0.34 12.27 241.05 80.04 

       a temperature of 10%, 20% and 50% weight losses obtained from TGA 
       b maximum decomposition temperature obtained from TGA  

       c the maximum of tan δ peak was used for the determination of  Tg 
      d the altitude of tan δ peak 
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                     Table 4.5 Infrared characteristic frequencies of polyurethane for the blank and irradiated samples 

Wave number 
(cm-1) 

Main assignments Morphological region 

3500 v (O-H) stretching associated with N-H Soft segment 

3330 v (N-H) stretching with H bond Hard segment 

2947 v (CH) associated stretching of CH2 Soft segment 

2867 v (C-H) stretching of CH2 Soft segment 

1728 v (C=O) stretching of ester Soft segment 

1701 v (C=O) stretching of ester associated with urethane Hard segment 

1531 v (C-N) stretching with (N-H) bending Hard segment 

1180 v (C-O-C) stretching of ester  Soft segment 

1077 v (C-O-C) stretching of ester of urethane  Hard segment 
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Table4.6 Sample code designation and mechanical properties of irradiated PU samples 
Sr# S. code Chain extender Mass of CE* Irradiation time (h) Tensile strength (MPa) Elongation at break (%) Hardness  
01 Et0 1,2-EDOa 1.94g 00 29.59 257.79 76.98 
02 Et50 --- --- 50 26.58 250.28 75.50 
03 Et100 --- --- 100 24.81 238.93 73.45 
04 Et200 --- --- 200 22.85 224.38 71.43 
05 Pr0 1,3-PDOb 2.38g 00 25.36 255.13 73.66 
06 Pr50 --- --- 50 22.46 249.76 71.10 
07 Pr100 --- --- 100 20.37 239.94 68.15 
08 Pr200 --- --- 200 17.78 219.83 64.28 
09 Bt0 1,4-BDOc 2.82g 00 22.01 249.64 76.02 
10 Bt50 --- --- 50 20.35 241.35 71.00 
11 Bt100 --- --- 100 18.37 236.38 66.47 
12 Bt200 --- --- 200 16.48 211.36 63.68 
13 Pn0 1,5-P¢DOd 3.25g 00 18.14 246.63 77.70 
14 Pn50 --- --- 50 14.76 244.64 70.48 
15 Pn100 --- --- 100 10.49 242.39 62.47 
16 Pn200 --- --- 200 Ndg Ndg 52.87 
17 Hx0 1,6-HDOe 3.69g 00 16.64 245.69 79.86 
18 Hx50 --- --- 50 12.72 241.99 76.30 
19 Hx100 --- --- 100 Ndg Ndg 51.74 
20 Hx200 --- --- 200 Nd Nd 45.92 
21 Dc0 1,10-DDOf 5.44g 00 14.51 243.24 79.77 
22 Dc50 --- --- 50 9.85 238.67 71.45 
23 Dc100 --- --- 100 Ndg Ndg 45.16 
24 Dc200 --- --- 200 Ndg Ndg 40.10 

a 1,2-EDO : 1,2-ethane diol        e1,6-HDO : 1,6-hexane diol  
b 1,3-PDO : 1,3-propane diol        f 1,10-DDO : 1,10-decane diol  
c1,4-BDO : 1,4-butane diol        g Nd : Not detectable)  
d1,5-P¢DO : 1,5-pentane diol  
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      Table4.7  Thermal stability data of the samples 
Sr# Sample 

code 
Tonset

a
 (˚C) T10

b  (˚C) T20
b  (˚C) T50

b  (˚C) Tmax
c   (˚C) 

01 Et0 28.09 325 340 374 604 
02 Et50 29.32 322 335 367 595 
03 Et100 28.56 320 331 350 585 
04 Et200 29.01 262 283 318 550 
05 Pr0 31.68 312 334 370 594 
06 Pr50 31.05 309 330 366 588 
07 Pr100 31.50 303 312 351 583 
08 Pr200 31.25 258 282 312 530 
09 Bt0 29.52 310 322 349 595 
10 Bt50 29.35 305 319 338 579 
11 Bt100 28.95 299 311 341 568 
12 Bt200 29.09 251 275 308 518 
13 Pn0 29.81 307 324 368 595 
14 Pn50 29.72 301 318 362 567 
15 Pn100 29.65 294 309 353 559 
16 Pn200 29.92 245 269 304 506 
17 Hx0 30.06 305 320 351 603 
18 Hx50 30.01 298 312 344 551 
19 Hx100 29.95 284 306 338 543 
20 Hx200 30.13 238 264 300 495 
21 Dc0 28.27 290 307 340 582 
22 Dc50 28.50 278 298 333 542 
23 Dc100 28.23 260 292 317 532 
24 Dc200 28.13 220 233 295 406 

a Temperature from which TG analysis start  
b Temperature of 10%, 20% and 50% weight losses obtained from TGA 
c maximum decomposition temperature obtained from TGA  
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Table 4.8 Variation of contact angle with different liquids and the work of water adhesion before and after UV-irradiation  
Contact angle (θ) Sample 

no. 
Sample 

code 
Irradiation 

time (h) 
Prepolymer 

extended with Waterb  Diiodomethaneb 
Total work of 

adhesionb (WA) 
Dispersive 

adhesion (Wd
A) 

Polar adhesion 
(Wp

A) 
1 UVPU1 00a 1,2-EDO 81.6±0.18 52.0±0.30 98.9±1.14 54.6 44.3 
2 -- 50 -- 74.5±0.19 51.8±0.26 99.7±1.18 53.4 46.2 
3 -- 100 -- 65.9±0.26 51.5±0.41 109.6±2.22 50.6 59.0 
4 -- 200 -- 57.7±0.51 51.1±0.63 122.4±3.69 48.2 74.2 
5 UVPU2 00a 1,3-PDO 79.1±0.25 51.6±0.19 99.1±1.09 53.6 45.5 
6 -- 50 -- 70.8±0.29 51.3±0.27 115.7±1.68 51.9 63.8 
7 -- 100 -- 61.4±0.32 51.0±0.29 134.6±2.37 49.7 84.9 
8 -- 200 -- 50.9±0.72 50.8±0.54 142.2±3.81 46.5 95.7 
9 UVPU3 00a 1,4-BDO 73.1±0.14 43.8±0.23 100.2±1.02 53.1 47.1 
10 -- 50 -- 59.4±0.33 43.7±0.29 119.8±1.76 50.9 68.9 
11 -- 100 -- 47.6±0.25 43.4±0.42 138.5±3.01 47.1 91.4 
12 -- 200 -- 36.8±0.72 43.1±0.81 148.9±4.12 44.8 104.1 
13 UVPU4 00a 1,5-P’DO 72.0±0.26 42.0±0.27 101.4±1.00 52.2 49.2 
14 -- 50 -- 54.7±0.43 41.7±0.38 125.5±2.59 47.6 77.9 
15 -- 100 -- 25.4±0.92 41.4±0.84 144.5±5.06 43.8 100.7 
16 -- 200 -- Ndc Ndc Ndc Ndc Ndc 
17 UVPU5 00a 1,6-HDO 70.6±0.34 41.4±0.28 102.1±1.11 51.4 50.7 
18 -- 50 -- 13.9±1.05 41.0±0.97 132.8±6.77 42.9 89.9 
19 -- 100 -- Ndc Ndc Ndc Ndc Ndc 
20 -- 200 -- Ndc Ndc Ndc Ndc Ndc 
21 UVPU6 00a 1,10-DDO 66.6±0.32 36.0±0.31 102.9±1.21 50.3 52.6 
22 -- 50 -- 9.7±1.83 35.2±1.68 136.7±7.13 38.7 98.0 
23 -- 100 -- Ndc Ndc Ndc Ndc Ndc 
24 -- 200 -- Ndc Ndc Ndc Ndc Ndc 

a  Results from the study (Zia et al., 2008)       c Non-detectable surface 
b Each value is expressed as mean ± standard error (SE)(n = 10) 
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Table 4.9 Total surface energy calculated data with Owens-Wendt and Wu Methods 
Owens-Wendt Method Wu Method Sample 

code 
Exposure 
time (h) Disperse part 

(mN/m) 
Polar part 
(mN/m) 

Total surface 
energyb (mN/m) 

Disperse part 
(mN/m) 

Polar part 
(mN/m) 

Total surface 
energyb (mN/m) 

UVPU1 00a 33.37 4.25 37.62±0.09 37.34 9.31 46.65±0.07 
-- 50 32.99 5.43 38.42±0.11 36.96 10.57 47.53±0.17 
-- 100 32.01 6.97 38.98±0.49 36.45 11.37 47.82±0.58 
-- 200 31.67 8.02 39.69±1.03 35.49 12.95 48.44±1.07 

UVPU2 00a 35.20 6.62 41.83±0.02 41.92 6.71 48.63±0.06 
-- 50 34.58 8.19 42.77±0.72 40.83 8.85 49.68±0.86 
-- 100 33.37 10.30 43.67±0.99 40.02 10.45 50.47±1.03 
-- 200 32.28 13.56 45.84±1.12 38.26 13.93 52.19±1.18 

UVPU3 00a 39.14 8.73 47.86±0.08 38.40 11.78 50.19±0.09 
-- 50 38.55 9.94 48.49±0.92 37.24 14.62 51.86±0.99 
-- 100 37.16 12.07 49.23±1.08 35.06 18.23 53.29±1.01 
-- 200 -- -- Ndc -- -- Ndc 

UVPU4 00a 44.18 5.13 49.31±0.08 42.70 9.15 51.86±0.09 
-- 50 43.46 7.61 51.07±1.11 41.37 11.92 53.29±1.28 
-- 100 42.07 13.17 55.24±1.86 39.11 18.73 57.84±1.92 
-- 200 -- -- Ndc -- -- Ndc 

UVPU5 00a 47.13 2.96 50.10±0.89 43.86 9.01 53.01±0.07 
-- 50 44.09 11.38 55.47±2.64 40.21 18.95 59.16±2.86 
-- 100 -- -- Ndc -- -- Ndc 
-- 200 -- -- Ndc -- -- Ndc 

UVPU6 00a 49.97 2.14 52.11±0.09 47.20 8.47 55.66±0.08 
-- 50 42.74 18.48 61.22±2.92 38.86 26.37 65.23±2.98 
-- 100 -- -- Ndc -- -- Ndc 
-- 200 -- -- Ndc -- -- Ndc 

aResults from Zia et al., (2008b)         bEach value is expressed as mean ± standard error (SE)(n = 7)      cNon detectable surface 
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        Table4.10 Hydrophilicity and swelling data of UV-irradiated PU samples 
Water absorption (%) Sample 

code 
Irradiation 

time (h) 1st day 2nd day 3rd day 4th day 5th day 7th day 
Equilibrium degree of 

swellinga 

UVPU1 00 2.08 2.10 2.11 2.12 2.13 2.13 9.52±0.05 
-- 50 3.87 3.95 4.05 4.12 4.26 4.39 10.49±0.19 
-- 100 6.59 6.71 6.82 6.94 7.07 7.15 12.44±0.12 
-- 200 8.42 8.49 8.64 8.76 8.87 8.96 15.23±0.41 

UVPU2 00 2.28 2.31 2.32 2.32 2.33 2.33 10.10±0.09 
-- 50 4.12 4.23 4.35 4.51 4.68 4.83 11.96±0.22 
-- 100 6.92 7.04 7.15 7.29 7.42 7.57 13.57±0.49 
-- 200 10.23 10.39 10.56 10.69 10.83 10.97 16.98±0.69 

UVPU3 00 2.64 2.68 2.69 2.69 2.69 2.69 14.39±0.08 
-- 50 4.58 4.67 4.82 4.95 5.12 5.28 16.35±0.21 
-- 100 7.46 7.63 7.75 7.89 8.0 8.15 19.81±0.42 
-- 200 10.82 10.97 11.11 11.31 11.59 11.81 22.15±0.75 

UVPU4 00 2.98 3.00 3.02 3.02 3.03 3.04 15.10±0.04 
-- 50 4.82 4.95 5.10 5.23 5.39 5.54 18.45±0.09 
-- 100 8.94 9.14 9.30 9.47 9.52 9.72 21.59±0.99 
-- 200 Ndb Ndb Ndb Ndb Ndb Ndb Ndb 

UVPU5 00 3.64 3.68 3.69 3.70 3.70 3.71 15.21±0.08 
-- 50 7.53 7.67 7.85 7.98 8.12 8.34 20.92±1.21 
-- 100 Ndb Ndb Ndb Ndb Ndb Ndb Ndb 
-- 200 Ndb Ndb Ndb Ndb Ndb Ndb Ndb 

UVPU6 00 3.79 3.82 3.84 3.85 3.85 3.85 21.16±.0.07 
-- 50 10.29 10.41 10.59 10.77 10.94 11.11 25.23±1.34 
-- 100 Ndb Ndb Ndb Ndb Ndb Ndb Ndb 
-- 200 Ndb Ndb Ndb Ndb Ndb Ndb Ndb 

      a Each value is expressed as mean ± standard error (SE)(n = 5)     b Non-detectable surface 
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    Table 4.11 Thermal stability, dynamic mechanical analysis and mechanical properties data of the PU samples  

Sr# Sample 

code 

Tonset 

(˚C) 

T10
a  

(˚C) 

T20
a  

(˚C) 

T50
a  

(˚C) 

Tmax
b   

(˚C) 

Tg
c
  

(˚C) 

tan δd Tensile 
Strength 
(MPa) 

Elongation 
at break 

(%) 

Modulus 
(MPa) 

Hardness 
(shore A) 

01 Chitine 30.28 225 285 335 642 - - -- -- -- -- 

02 CPU1 29.52 305 320 350 603 -31.7 0.59 9.75 718.52 13.72 76.02 

03 CPU2 28.97 320 345 375 601 -31.2 0.48 7.674 531.67 11.37 69.40 

04 CPU3 30.0 330 370 410 601 -28.9 0.55 5.10 763.78 3.087 67.91 

05 CPU4 29.10 345 375 410 601 -26.3 0.72 10.59 726.58 10.60 80.54 

06 CPU5 33.44 369 400 440 596 -23.3 0.84 11.60 777.42 10.89 85.60 

     a Temperature of 10%, 20% and 50% weight losses obtained from TGA 
    b maximum decomposition temperature obtained from TGA  

    c the central point of maximum of tan δ peak was used for the determination of  Tg 
    d The altitude of tan δ peak 
    e original chitin sample 
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Table 4.12 Hydrophilicity and swelling data of samples 
 

Contact angle Water absorption % S. 
no. 

Sample 
code 

Water a  Diiodo-
methane a 

1st day 2nd day 3rd day 5th day 7th day 

Density a 
(g/cc) 

Equilibrium 
degree of 
swelling a 

1 CPU1 73.1±0.5 43.8±0.3 2.59 2.62 2.63 2.64 2.65 1.021±0.008 14.39±0.09 

2 CPU2 77.4±0.4 45.6±0.5 2.37 2.39 2.39 2.40 2.41 1.040±0.010 9.18±0.10 

3 CPU3 82.6±0.5 46.0±0.7 1.80 1.81 1.83 1.84 1.85 1.041±0.009 8.28 ± 0.12 

4 CPU4 90.5±0.6 51.6±0.2 1.08 1.11 1.13 1.15 1.16 1.042±0.011 8.00±0.08 

5 CPU5 93.4±0.7 52.0±0.6 0.80 0.80 0.84 0.87 0.87 1.049±0.012 7.82±0.14 

a Each value is expressed as mean ± standard error (SE)(n = 5) 
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Table 4.13 Sample code designations with different formulation of PUs and total surface energy calculated data with 

Owens-Wendt method and Wu method 

Owens-Wendt Method 
 

Wu Method S. no Sample 
code 

Composition 

(chitin/BDO) 

% by mass 

Molar ratio of 

CAPA225/MDI

/Chitin/1,4BDO 

Disperse 
portion 
(mN/m) 

Polar 
portion 
(mN/m) 

Total surface 
energyb 
(mN/m) 

Disperse 
portion 
(mN/m) 

Polar 
portion 
(mN/m) 

Total surface 
energyb 
(mN/m) 

1 aCPU1 0/100 1 : 3 : 0 : 2 39.14 8.73 47.86±0.09 38.40 11.78 50.19±0.07 

2 CPU2 25/75 1 : 3 : 0.5 : 1.5 37.66 6.57 44.23±0.07 39.88 9.46 49.34±0.06 

3 CPU3 50/50 1 : 3 : 1 : 1 39.30 4.34 43.64±0.10 42.42 2.86 45.28±0.08 

4 CPU4 75/25 1 : 3 : 1.5 : 0.5 42.08 0.30 42.38±0.08 38.48 3.81 42.29±0.10 

5 CPU5 100/0 1 : 3 : 2 : 0 36.67 3.20 39.88±0.08 40.27 0.81 41.08±0.09 

a CPU-Chitin based polyurethane 
b Each value is expressed as mean ± standard error (SE)(n = 5)  

           R
esults and D

iscussion   154 



 140 
 

 
 
 
 

 

Table 4.14 Sample code designation with different formulation of PU 

                           (varying diisocyanate and chain extender structure) 

S. No Sample code Polyol; 

(0.0156 mole) 

Diisocyanate; 

(0.047 mole) 

Chain extender; 

(0.0313 mole) 

01 DPU1 PCL; (31.25g) HMDI; (8.05g) BDO; (2.82g) 

02 DPU2 PCL; (31.25g) H12MDI; (12.50g) BDO; (2.82g) 

03 DPU3 PCL; (31.25g) MDI; (11.95g) BDO; (2.82g) 

04 DPU4 PCL; (31.25g) HMDI; (8.05g) Chitin; (4.25 g) 

05 DPU5 PCL; (31.25g) H12MDI; (12.50g) Chitin; (4.25 g) 

06 DPU6 PCL; (31.25g) MDI; (11.95g) Chitin; (4.25 g) 

 
 
 

           R
esults and D

iscussion   159 



 141 
 

  
 
 
 
  
 
 
               Table 4.15 Thermal and mechanical properties data of the samples 

 
Sample 

code 

ΔH 
 

(Jg-1)a 

Altitude of tan d 

peak 

Tensile strength 

(MPa) 

Elongation at 

break (%) 

Hardness 

(shore A) 

Chitin 47.13 --- --- --- --- 

DPU1 39.73 0.74 6.13 523.20 77.42 

DPU2 34.42 0.91 7.92 557.97 80.56 

DPU3 31.32 1.05 9.75 697.28 86.09 

DPU4 46.35 0.39 8.42 610.14 83.62 

DPU5 44.96 0.49 10.12 678.93 88.46 

DPU6 41.57 0.62 12.94 792.23 91.02 

       a Value of peak enthalpy (Jg-1) on dry weight basis 
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     Table 4.16  Sample code designation with formulation of shape memory polyurethane and DSC data of SMPU samples 
 

S. code bMDI    

(mol) 

cPCL4000 

(mol) 

dBDO 

(mol) 

eDMPA 

(mol) 

Chitin 

(mol) 

fΔHm 

(Jg-1) 

gTm 

(°C) 

Soft segment  

(%) 

aSMPU1 10 6 4 - - 59.3 53.5 89.35 

SMPU2 10 4 2 4 - 63.2 54.7 83.26 

SMPU3 10 3 5 2 - 47.7 49.6 78.85 

SMPU4 11 3 5 2 1 41.3 46.9 76.57 

SMPU5 12 3 5 2 2 34.9 43.6 74.42 

SMPU6 13 3 5 2 3 25.5 40.2 72.39 

       aSMPU1 = shape memory polyurethane 
       bMDI =4, 4′-Diphenylmethane diisocyanate 
       cPCL4000 = Polycaprolactone polyol, CAPA 240 
       dBDO =1, 4-butane diol 
      eDMPA = dimethylol propionic acid 
      fΔHm(Jg-1) =melting enthalpy  
      gTm  =melting temperature   
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                           Table 4.17  Tensile properties data of the shape memory polyurethane samples 
 

S. code aTm      +   15°C 

bsm (MPa)     
cem (%) 

   Tm      +     10°C 

sm (MPa)          em (%) 

   Tm      +   5°C 

sm (MPa)       em (%) 

Room temperature      

sm (MPa)      em (%) 

SMPU1 0.58 133 0.65 135 0.70 138 39.90 665 

SMPU2 0.81 107 0.93 113 1.05 120 31.92 798 

SMPU3 3.50 53 3.97 41 4.43 41 23.94 106 

SMPU4 0.65 33 0.69 42 0.74 53 27.93 33 

SMPU5 1.40 106 1.75 82 2.09 67 29.26 133 

SMPU6 6.29 279 9.01 400 12.23 532 53.20 788 

                                         aTm=melting temperature  
                                         bsm= maximum stress in MPa 
                                         cem= maximum strain in %  
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Table 4.18 Cyclic tensile behavior of shape memory polyurethane sample (SMPU6) 
 

Cyclic tensile behavior at 

maximum strain (εm) of 

Retention 

strain (εu) 

Recovery strain 

(εp)  

Shape retention 

(%) 

Shape recovery 

(%) 

100% 89 13 89 87 

200% 182 22 91 89 
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