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Abstract
Dyed and un-dyed polyurethane elastomers have been synthesized via the
prepolymer method and analyzed by using different analytical techniques such as Fourier
transform infrared (FTIR) spectroscopy, Proton nuclear magnetic resonance (1H-NMR)
and Carbon-13 nuclear magnetic resonance (13C-NMR) spectroscopy, scanning electron
microscopy (SEM), X-ray diffraction (XRD), differential scanning colorimetery (DSC)
and thermogravimetric and differential thermal analysis (TG/DTA), tensile testing,
contact angle measurement, water absorption percentage (%), density and hardness.
FTIR and NMR techniques were used to confirm the chemical structure of the
synthesized PUEs. While XRD was executed to determine the extent of crystallanity as a
function of chain extenders, diisocyanates and for the dye (Disperse Red 5/1,4butanediol) as chain extender. Which also have shown that the dye molecule becomes the
part of the polymeric chain of the PUEs.
Scanning electron microscopy was employed to analyze the surface morphology
of PUEs with variation of chain extenders, diisocyantes and dye content. SEM images of
PUEs have shown that hard segments are completely dispersed in the soft segment matrix.
Other methods like contact angle measurement and water absorption percentage (%) were
also used to determine the surface properties. The results have shown that the samples of
PUEs based on HTPB were hydrophobic and this nature was increased as the chain
extender length was increased. The same trend was observed in the variation of aromatic
to aliphatic diisocyanates as well as the content of DR5 dye was increased.
Thermal analysis was performed to analyze the thermal behavior of the PUEs by
using TG/DTA and DSC which show that all the PUEs were stable up to 215 oC and all
the samples were degraded to constant mass at 470oC. Mechanical properties of the PUEs
were studied by tensile testing, it is revealed that chain extender length and diisocyantes
affect the mechanical properties while dyed polyurethane had represented the inverse
mechanical behaviour with respect to un- dyed PUEs.
The present study gave us reliable results for dyed and un-dyed PUEs and it was
found that the dye had been incorporated in the polymeric chains and the effect was
significant on surface morphology, thermal and mechanical properties such as tensile
strength, modulus and elongation at break.
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CHAPTER 1

INTRODUCTION
Elastomers are an important class of polymeric materials. The most important
property of elastomeric materials is that it can be repeatedly stretched and returned to its
original shape (Szycher, 1999). Although the consumption of elastomers is lower than
other members of the polymer family, its development has played a vital role in the
history of polymer chemistry. Chemically, elastomers consist of relatively long polymeric
chains having a high degree of flexibility, mobility and represent unique mechanical and
elastic properties. Such properties and commercial uses from automobile tires to heart
valves, gaskets in automobiles such as jet, planes and space vehicles have enhanced the
importance of synthetic elastomers (Mark et al., 2005). Due to ease of tailoring and
extensive choice of basic monomers, polyurethane (PU) proves itself as a unique class of
condensation polymers which can be used to replace the conventional paint, cotton,
wood, metal, and rubber etc. Its traditional applications are defined and showed the great
up thrust into new fields in the aerospace, surface coatings, automotive industries, foams,
fibers, adhesives, varnishes, sealants and elastomers (Hepburn, 1992; Barikani and
Hepburn, 1986). These articles can be used by molding, injecting, extruding and
recycling (Zia et al., 2007).

Polyurethane elastomers (PUEs) are (AB)n linear block copolymers composed of
three basic components: a macrodiol (polyether, polyester or polybutadiene), a
polyisocyanate and a chain extender which is generally a low molecular weight diol,
diamine or amino alcohol, or water. The more or less incompatibility of polymer blocks
attributed to their micro-domains which are termed as hard and soft segments. The hard
segment (block A) is formed by the reaction of the isocyanate component with chain
extender. In general, the extent of crystallinity is a function of the hard segment and
responsible for the mechanical and thermal properties. The melting temperature of the
hard segment must be higher than the temperature of use. On the other hand, the soft
segment (block B) is produced from the macrodiol and is generally amorphous or only
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slightly crystalline; its glass transition temperature must be far below the utilization
temperature (Pudleiner et al., 1999; Barikani and Hepburn, 1987).

Several studies have also revealed that macrodiol (polyol), polyisocyantes and
chain extender (CE) properties, such as the chemical structure, chain length, molecular
volume and functionality can influence the hard segment packing i.e. the crystallinity in
the hard domains. The structure of the chain extender has a significant effect on
properties and morphology of polyurethanes (Petrovic et al., 1998, Fazal et al., 2010).
The physical properties of polymers are greatly affected by the crosslinking density and
the extent of secondary intermolecular forces between the polymeric chains. Even in the
absence of a crosslinking agent, some crosslinking (allophanates and biurets) occur
during the PU synthesis. The present studies mainly focus on the effect of different
diisocyanates, CEs and a colorant on the structural, thermal, mechanical and surface
properties of PUEs. The studies have been divided in to three parts i.e. aliphatic alkane
diols based PUEs, diisocyanate based PUEs and colorant based PUEs.

Polyurethanes have attracted much attention due to the ease of processing and
especially the unlimited architectural versatility for optimizing their properties by
compounding with additives. Additives are the chemicals which are added to modify and
control the chemical reaction during polymerization as well as the properties of the final
polymer (Randall and Lee, 2002). Optional ingredients that may be employed include
conventional additives such as blowing agents, flame retardants, emulsifiers, fillers and
mold release agents, one of which is a colorant (Nalepa and Simon, 1990).

Dyes and pigments are collectively termed as colorants which are natural and
synthetic by origin. Synthetic colours play a prominent role in various fields such as in
paper, leather, hair, food, drugs, cosmetics, greases, waxes, textile materials and plastics
(Ohura et al., 1999). A colorant is generally classified as a dye if it is soluble in the
medium used, where as pigments are generally insoluble. These colorants have been
employed to polymeric material to give a better look and therefore are sold as colored
articles. The polyurethane does not have the colour on their own, but are intentially
2

coloured for aesthetic appearance. Several dyes and pigments are used to impart colour to
polymeric products (Szycher, 1999: Bahadur and Shastry, 2007).

Colorants are generally divided on the basis of physical and chemical properties
into three main categories as opacifying colorants e.g. titanium dioxide and carbon black.
Inorganic colorants e.g. titanates, chromates and molybdates are bleed resistant and
organic colorants are generally very clean, bright, intense and transparent. Their range of
hues encompasses the entire visible spectrum. Their important categories are bisazo, vat,
pthalocyanine and disperse dyes (Szchyzer, 1999).

A lot of work has already been done in this area in which the polyurethanes are
themselves colored. In recent years, much attention for the insertion of colorants into the
polymeric backbone for modification of properties of polymers for a large range of
special applications. The advantage of using polycondensable dyes over conventional
dyes is that the dye becomes the part of the polymeric chain through chemical bonding.
The dye, therefore, cannot be extracted from the polymer. In some cases, the light
fastness of the dye may be increased when incorporated into the polymeric chain. It is
also noted that the quantity of the dye was found reasonably low to colour the polymer.
The colorants which contain bifunctional active hydrogen groups have led to a
renaissance in sepeciality PUEs (Buruiana et al., 2005; Patel et al., 2005; Patrick and
Whiting 2002a).

In the present work, a bifunctional dye C.I. No. Disperse Red- 5 which has been
used as a chain extender along with a low molecular weight diol to synthesize the
coloured PUEs. It is important to outline the properties prior to synthesize of the
polyurethane in order to obtain articles for specific needs, e.g. thermal, mechanical and
surface properties. The micro and macro phase separation have a key role in the synthesis
and improvement in the thermal and mechanical properties of PUEs as well as have
influence on the surface morphology (Nakamae et al., 1996; Regen et al., 1983).
A lot of experimental results have also been reported to modify and improve the
interfacial as well as surface properties of polyurethane (Silver et al., 1993; Nakamae et
3

al., 1999; Zia et al., 2008; Fazal et al., 2010). The effect of increase in number of
methylene units in the alkane diol as chain extender has chemically pronounced effect on
the final PU. Such chemical modifications depend upon the content, chemical
composition of monomers and the methods employed that can affect not only the thermomechanical but also the surface properties.

Polyurethanes exhibit good mechanical properties but show limited usefulness in
outdoor applications due to the photo-oxidative degradation. These polymeric materials
are very prone to thermal degradation too. Many studies have been carried out to
investigate the process that is responsible for the deterioration of the physical properties
of materials. The aspects pertaining to the use of mixture of Disperse red 5 (colorant)
along with a low molecular weight diol as chain extender to investigate the thermal,
mechanical and surface properties of coloured PUEs. 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 thermal and mechanical properties of polyurethane elastomers
(PUEs) extended with a series of alkane diols (having 2-6 methylene units).
3. To compare the effect of aliphatic, cycloaliphatic and aromatic diisocyanate
structures on the morphology, thermal and mechanical properties of PUEs.
4. To study the structural, surface, thermal and mechanical characteristics of
colorant based PUEs.
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CHAPTER 2

REVIEW OF LITERATURE
It will be tried to review the basics of polyurethane chemistry and its thermal,
mechanical behavior and surface morphology in the light of previous literature. As we
know, the science of macromolecules is divided into natural and synthetic materials, each
having great importance. The natural macromolecules such as cellulose, wool, silk and
rubber are truly vital for mankind, and with the explosion of population the synthetic
materials has become indispensable. Synthetic macromolecules are the polymeric
materials used as plastics, fibers and elastomers which are essential for clothing, shelter,
transportation and communication as well as the conveniences of modern living
(Billmeyer, 2003).
2.1

What are Polyurethanes?
Polyurethanes are the synthetic macromolecules which find various applications

in every field of life, both domestic and industrial. Polyurethanes are widely used in
many areas such as automotive (door panels, truck beds, mirror surrounds, seating,
steering wheels and dashboards), furniture (flexible foam), construction (rigid foam and
advanced wood composites), thermal insulation (rigid polyurethane foams), footwear
(shoe soles, synthetic leather, seals) and as elastomers (Randall and Lee, 2002; Szycher,
1999).
Polyurethanes are organic polymers that contain the urethane group in the
structure. They are typically made by the reaction of a polyol with a diisocyanate.
Depending on initial reaction, the final product may require the addition of additives such
as chain extenders, catalysts, and blowing agents. By careful stochiometric calculations,
polyurethane elastomers can be synthesized in one step or two steps metodology.
2.2

History of Polyurethanes
The invention and development of polyurethanes was reported by Otto Bayer and

coworkers in 1937 at I.G. Farben industries, Germany. This breakthrough was Germans'
competitive response to Carothers' work on polyamides, or nylons, at E. I. du Pont. The
successful development of polyamides at E. I. du Pont stimulated Bayer to develop
similar materials that were not synthesized by Du Pont's patents. The initial work was to
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react an aliphatic diisocyanate with a diamine to form polyureas that were infusible, but
very hydrophilic. Rinke and coworkers were honored for their first U. S. patent on
polyurethanes in 1938 when they developed successfully a new material with interesting
properties for production of plastics and fibers by reacting an aliphatic diisocyanate with
glycol. Both Du Pont and ICI soon recognized the desirable elastic properties of
polyurethanes and independently by T. Hoshino and Y. Iwakura of the Tokyo Institute of
Technology in Japan. The industrial scale production of polyurethane started in 1940 and
subsequent market growth rate of these materials was seriously impacted in this decade.
The polyurethane elastomers made at that time were not thermoplastic elastomers truly,
because their melting points were higher than the decomposition temperature of the
urethane linkages. Considerable developments in polyurethane elastomers were perceived
when polyisocyanate, e.g. toluene diisocyanate (TDI), became commercially available
(Szycher, 1999). Other commercial polyisocyanates including tolylene diisocyanate
(TDI), methylene diphenyl diisocyanate (MDI), hexamethylene diisocyanate (HDI),
isophorone diisocyanate (IPDI), 4,4-diisocyanate dicyclohexlymethane (TMXDI) and
tolidine diisocyanate (TODI) etc. are available for the manufacturing of novel
polyurethane (Ashida, 2007; Lonescu, 2005; Randall and Lee, 2002; Szycher, 1999).

2.3

Polyurethane Types
Polyurethanes can be developed in diverse chemistries by using various

processing techniques. The classes of polyurethanes are as under.
1. Fibers. 2. Films. 3. Castables. 4. Thermoplastics. 5. Foams. 6. Millables
2.3.1

Fibers
The polyurethanes were synthesized to substitute the synthetic fiber of that time

like nylon. Otto Bayer was the pioneer in synthesizing the polymer fiber to compete with
nylon, which proved to be the major breakthrough in polymer chemistry. Later on the
most common fibers based on polyurethanes are Perlon and Spandex etc (Clemitson,
2008).
2.3.2 Films
Films can be prepared from polyurethanes in three main ways by two-part
sprayable, single component and latex, which are described briefly.
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(1) Two-part sprayable methodology for polyurethanes is utilized for producing
chemical-resistant paints and coatings. Such polyurethanes can be employed
along with some solvent to spray easily.
(2) Solid polymer can be synthesized by single component system, which takes place
by the reaction of moisture in air with the prepolymer. These systems are used to
make waterproof barriers and single pack polyurethane paints.
(3) Fully cured polyurethane is made into latex and on removal of solvent from the
suspension medium forms film. This system is used to make thin-walled objects
such as moisture barriers and adhesives. The environmental pressure for low
volatile organic carbons (VOCs) has led to a great interest in this field.
2.3.3 Castables
The commercial existence of castable polyurethanes was referred to since 1952.
When first polyethers were introduced by DuPont in 1956 and subsequently development
of cheaper polyethers opened the gate for such polyurethanes and latter on their
properties were optimized by specialized polyisocyanate systems. There are lots of uses
of castable polyurethanes, from domestic roller blades to armamentarium. (Szycher,
1999)
2.3.4

Thermoplastics
Thermoplastic polyurethanes are designed for processing the standard plastic

machinery such as extruders and injection molding machines. These polymers have been
utilized in biomedical appliances such as prosthesis, rubber tubing and sutures. They also
can be used in the microcellular shape also which ultimately reduces the apparent density
of the articles. Some important applications of thermoplastic polyurethanes are tubing,
grips, automotive parts, shoe soles, heels, etc. (Clemitson, 2008).
2.3.5

Foams
Polyurethane foam was early used in jets during World War II. Foams turn out to

be popular with the development of inexpensive polyether polyols. A lot of research has
been carried out to develop the foamed polyurethanes. These are three-dimensional
complex systems with smooth cell arrangements. These cells might be open or closed,
depending on the end use. Polyurethane foams can be prepared into a number of distinct
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fashions like rigid, flexible and integral skinned and are briefly described here (Lonescu,
2005; Clemitson, 2008).
(1) Rigid foams are used for both thermal and aural insulation. They can be processed by
hand or machine or, can be applied by spraying. They also can be used for resilience or as
an insulator in walls and ceilings as well as to provide the structure for surf boards. Their
applications are diverse and are only limited by the imagination of the designer.
(2) Many domestic applications such as mattresses, cushions, and carpet padding are
examples of flexible polyurethanes. This type of foam is usually processed in massive
quantity and is required in a large area for the finished product because of its very low
density.
(3) Integral skin polyurethane foams are designed to contain an external non-foamed
sheet that have foamed portion internally. This provides a firm feel without the dirt
trapping of cut cells. Typical examples of this style are steering wheels and motor car
dashboards (Clemitson, 2008).
2.3.6

Millable
Millable polyurethanes are prepared in the presence of curing agents like peroxide

or sulfur by using standard rubber-processing machinery. The sulfur-cured varieties
contain some additional chemicals which facilitate the sulfur curing. These polyurethanes
also have the properties of castable polyurethanes, but need to be processed on standard
rubber machinery (Clemitson, 2008).

2.4

Polyurethane Elastomers
Polyurethane elastomers are a significant member of the polyurethane family

(Noshay and Grath, 1977). Although the consumption of polyurethane elastomers is
lower than the other polyurethane forms, they are used for different and unique
applications that are inappropriate with respect to other polymers. Their advantageous
properties including high hardness, modulus, abrasion and chemical resistance, good
mechanical behavior and have blood and tissue compatibility. Generally, polyurethanes
are block polymers and chemically based on soft and hard segments. The soft segment is
typically based on a polyol such as a polyester, polyether or polybutadiene which are also
called macrodiols having an average molecular weight of 200 to 8000 g/mole (Randall
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and Lee, 2002) The hard segment usually contains the association of a diisocyanate
(aromatic or aliphatic) and a low molecular weight (LMW) diol or diamine, which is
termed the chain extender. The sequence of the soft segment and hard segment forms an
(AB)n type block copolymer (Pudleiner et al., 1999). By varying the structure, molecular
weight of the monomers and their ratio vary the physical properties. The materials can be
stiff and fragile, squashy and tacky, or in between.
Polyurethane elastomers are usually based on a two phases which are also known
as microdomains. The hard and rigid segment is a glassy or semicystalline domain while
polyol based soft segments form amorphous latex in which the hard segments are
dispersed. The hard domain in the soft segments can act as physical crosslinks and
provide the reinforcement to the polymer, while the soft segments behave as a soft matrix
and make the polymer elastic. The physical and mechanical properties of PUEs depend
on the microphase separation. The degree of phase separation basically depends on the
monomer chemistry as well as on the hydrogen bonding between the urethane linkages,
processing methodology, and reaction conditions (Oertel 1993; Petrovic and Ferguson,
1991; Woods, 1990; Lelah et al., 1986; Noshay and McGrath 1977). This phase
segregation behavior of polyurethanes is well established and is studied by using a
diverse methods of characterization such as electron microscopy, small angle X-ray
scattering, wide angle X-ray scattering, dynamic mechanical analysis, and differential
scanning calorimetry (Larraz et al. 2009; Lai et al., 2009; Zia, et al., 2009; Zia et al.,
2008; Qin et al., 2007; Adsuar, 2000; Zhang et al. (1996).

2.5

Chemistry of Polyurethane Elastomers
The chemistry involved in the synthesis of polyurethane elastomers is based upon

the reactivity of isocyanate groups of polyisocyanates. The high reactivity of isocyanate
toward nucleophilic reagents is due to the pronounced electrophilic character of the
carbon atom in the cumulative double bonds between nitrogen, carbon and oxygen atoms
(N=C=O), especially in aromatic systems. The resonating structures in the presence of
aromatic system further increase the reactivity of NCO group. While the negative charge
shows the delocalization either on the oxygen or nitrogen atom or on the R group, if R is
an aromatic group. This delocalization explains why an aromatic isocyanate is more
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reactive than an aliphatic isocyanate. Furthermore, the groups present on the aromatic
ring other than NCO also have influence on the electrophilic character of the NCO group:
an electron withdrawing group at the para or ortho position enhances the reactivity, while
an electron donating group reduces reactivity. The most vital reaction of isocyanate is the
formation of a carbamic acid derivative through nucleophilic reaction which is strongly
influenced by the catalyst such as acid compounds like mineral acid, acid halide, etc.
decelerate the reaction. On the other hand, basic compounds like tertiary amines and
metallic salts of Sn, Zn and Fe accelerate the reaction (Randall and Lee, 2002; Szycher,
1999).
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2.5.1 Chemical reactions and polyurethane synthesis
The reactions which are responsible for polyurethane synthesis can be categorized
as primary and secondary reactions. These reactions are briefly described below and are
highlighted using bold letters. All the reactions are also shown schematically in Fig.2.2.
2.5.1.1 Primary reactions
Following are the important reactions which are involved during polyurethane
synthesis.
(a) Those nucleophiles, which have hydroxyl (OH) group, are compatible with NCO
group to form carbamic acid ester or urethane linkage. The reactivity of the hydroxyl
group decreases in the order of primary hydroxyl> secondary hydroxyl> phenol, which is
less stable. The addition reaction is a reversible reaction and the isocyanate group can be
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recovered at elevated temperatures (Clemitson, 2008; Ashida, 2007; Lonescu, 2005;
Randall and Lee, 2002; Szycher, 1999).
(b) If the nucleophilic reactant has an amino (NH2) group, the reaction between the NH2
group of nucleophile and the NCO group of electrophile (isocyanate) will generate the
urea linkage vigorously.
(c) In this reaction another candidate for polyurethane synthesis is water. It is a particular
case of an OH/NCO reaction in which primarily unstable carbamic acid is formed and
will decompose in to corresponding amine and carbon dioxide. The generated amine will
react instantaneously with the remaining isocyanate group of the system and synthesize
ultimately the urea linkage. This mode of reaction is very essential for developing the
polyurethane foam and carbon dioxide of the system acts as a blowing agent. Isocyanates
cannot be stored in a humid environment. Moreover, reaction system is kept essentially
water free to synthesize high molecular weight linear polyurethane elastomer.
2.5.1.2 Secondary reactions
(a) During the processing of polyurethane, inherited hydrogens of the urethane
and urea linkages are still active and have capability of a nucleophilic attack at the
isocyanate centre under the specific environment with the formation of an allophanate
and a biuret. Allophanates and biurets are developed favorably at 120-150°C and 100150°C, respectively. As these new linkages are less thermally stable, these will dissociate
into parent compounds above 150°C (Clemitson, 2008; Ashida, 2007; Lonescu, 2005;
Randall and Lee, 2002; Szycher, 1999; Oertel, 1993; Pigott, 1970; Buist, et al.,1968;).
The formation of allophanates and biurets can result in the polyurethane
crosslinking. In addition to these secondary reactions, isocyanate can also react with
itself, especially in the presence of a basic catalyst. Isocyanate can dimerize and trimerize
to give uretdione and isocyanurate, respectively. The stable or irreversible
isocyanurates can be formed by heating aliphatic or aromatic isocyanate. Another
important reaction between an isocyanate and itself is the formation of carbodiimides
which can further react reversibly with an isocyanate group yielding a uretoneimine
(Clemitson, 2008; Ashida, 2007; Randall and Lee, 2002; Szycher, 1999; Barakani and
Hepburn, 1986).
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To ensure the synthesis of polyurethane a slight excess isocyanate concentration
is recommended which promotes the crosslinking at elevated temperatures due to the
dissociation of allophanate and biuret bonds as these are less thermally stable. In addition
to these secondary reactions, dimerization and trimerization of isocyanates can occur
especially in the presence of a basic catalyst to give uretdione and isocyanurate,
respectively (Randall and Lee; 2002; Szycher, 1999; Hepburn, 1992).
Dimerization is limited to aromatic isocyanates and depends upon the
stereochemistry and the position of the substituted groups at the aromatic ring e.g. TDI
does not dimerize due to isomerism, while MDI dimerizes slowly at room temperature.
Moreover, dimerization readily undergoes a reversible reaction above 150°C. However,
the isocyanurates, which can be formed by heating both aliphatic and aromatic
isocyanate, are very stable and the reaction cannot be easily reversed (Clemitson, 2008;
Ashida, 2007; Randall and Lee; 2002; Szycher, 1999; Woods, 1990).
Carbodiimides are also formed by the condensation reaction of isocyanates at
high temperature or in the presence of catalyst at room temperature. These carbodiimides
formed can further react reversibly with an isocyanate group to form an uretoneimine.
(Ashida, 2007; Lonescu, 2005; Randall and Lee, 2002; Szycher, 1999)

Fig. 2.2

Schematic illustration of over all primary and secondary reactions that may

occur during polyurethane synthesis.
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2.6

Basic Chemical Components for Polyurethane Reaction

2.6.1

Isocyanates
The isocyanates are the unique and basic monomers in segmented polyurethane

elastomers which can be either aromatic or aliphatic. Previous studies had shown that
aromatic isocyanates are more reactive than aliphatic isocyanates. These are specific
towards special properties which can be produced in the final product. The aromatic
isocynates are less stable than aliphatic isocyanates in the light. So, aliphatic isocynates
are utilized to develop the polyurethane coatings. Moreover, the reactivity of an
isocyanate group also depends on the stereochemistry; structure, substituents, and steric
effect of the isocynates which is evenly different for the same class. For example, in 2,4TDI, the NCO group at para position is 25 times more reactive than the NCO group at
the ortho position (Randall and Lee, 2002; Szycher, 1999; Oertel, 1993). Reactivity of the
second NCO group can change as a result of the initial reaction. The most important
aromatic isocyanates which are used in polyurethane industry are TDI and MDI.
Isocyanates can be synthesized in a variety of ways, but is primarily produced by the
phosgenation of the corresponding diamine (Szycher, 1999; Weissermel et al., 1978;
Chadwick et al., 1967). In comparison to these aromatic isocyantes, the two major
aliphatic diisocyanates are hexamethylene diisocyanate (HDI) and isophorone
diisocyanate (IPDI) are also produced. Other commercial isocyanates are also important
such as 4,4’- diisocyanato dicyclohexylmethane (H12-MDI), 1,5- naphthalene
diisocyanate (NDI), tetramethylxylene diisocynate (TMXDI), p- phenylene diisocyante
(PPDI), 1,4- cyclohexane diisocyanate (CDI), tolidine diisocynate(TODI) and (TMDI)
(Randall and Lee, 2002; Szycher, 1999). For convenience, only synthetic routes of some
isocynates such as TDI, IPDI and HDI are schematically shown in Scheme 2.1.
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Scheme 2.1 Showing different steps involved in the synthesis of isocynates (a) Tolylene
diisocynate (b) Isophorone diisocyanate and (c) Hexamethylene diisocyanate (Randall
and Lee, 2002).

2.6.2

Polyols
Major part of the PU is composed of polyols which determine the properties of

the final PU polymer. There are many types of polyols which have made PU the most
versatile family of polymeric materials. Chemically these polyols are the compound
which have hydroxyl group which react with diisocyanate to produce PU polymer.
Typically, polyols are produced with 2 and 8 reactive groups having average moleculer
mass ranges 200-8000 g mol-1 (Randall and Lee 2002).
Selection of polyols is based on the end use/ application and especially it should
be cost effective. The types of polyols used are hyroxy terminated polyester polyols,
hyroxy terminated polyether polyols and misleaneous polyols including hydroxy
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terminated polybutadienes. Some other types of polyol are also available under the
heading of modified polyols such as PHD and PIPA polyols (Randall and Lee 2002).
As described earlier, polyurethanes consist of hard and soft segments. These soft
segments are developed with the help of polyols. The chemical nature of polyols has
determined the physical behavior of polyurethanes. Polyester-based urethanes have good
material properties, as they have ester bond in the soft segment which is susceptible to
hydrolysis. In the case of polyether based polyurethane which are relatively resistant to
hydrolytic attack (Szycher, 1999). When the application requires good environmental
stability, a polydiene-based soft segment is a good candidate. Hydrogenated
polybutadiene and polyisobutylene based polyurethanes often show excellent resistance
to photo and thermal degradations, and hydrolysis (Lonescu, 2005; Randall and Lee,
2002; Szycher, 1999; Speckhard et al., 1983; Brunette et al., 1981). However, the
physical properties of these polyurethanes are poor as compared to those of polyester and
polyether-based polyurethanes. A brief schematic illustration of synthesis of
polycaprolactone and hydroxy terminated polybutadiene is given in Scheme 2.2.

Scheme 2.2

(a) General chemical route for polycaprolactone synthesis (Szycher; 1999)

(b) General chemical route for hydroxy terminated polybutadiene synthesis (Haider et al.,
2001)
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2.6.3

Chain extenders
Chain extenders are low molecular weight monomers employed to bond the

prepolymer species during the synthesis of polyurethane. Any chemical compound which
is difunctional can be considered as a chain extender, while polyfunctional compounds
are considered as cross-linkers. These chain extenders and cross-linkers are commonly
termed as chain extenders, bearing active hydrogen groups. Polyurethane chain extenders
are categorized into two classes: aromatic/aliphatic diols and diamines. In general, when
polyurethane chains are extended with an aliphatic diol or diamine a softer material than
do their aromatic chain extended counterparts results because these are introduced in the
hard segments which ultimately controls the mechanical, thermal and hydrolytic stability
of finished products (Randall and Lee, 2002; Szycher, 1999).There are some examples of
the chain extenders given below.

(HO CH2CH2 OH)

Ethylene glycol

1,4-Butandiol

1,6-Hexanediol

(HO CH2CH2CH2CH2 OH)

(HO CH2CH2CH2CH2CH2CH2 OH)

Ethylene diamine

(2HNCH2CH2 NH2)

2.6.4 Catalysts
A catalyst is a compound that changes the rate of a reaction, but emerges from the
reaction apparently unchanged and this phenomenon is known as catalysis. The catalyst
can be considered as the controlling agent of the reaction (Szycher, 1999).
Generally, tertiary amines, organometallic salts of Sn, Pb and Hg and carboxylic acid
salts are used as catalyst in the synthesis of polyurethanes. The type and reactivity of
these catalysts are described briefly.
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(a) Amines catalyses the NCO and OH reactions. Amines like tertiary amines are the
most reactive ones and show more vigorous reaction with water than polyols. Amines are
favorably used as blowing catalyst for polyurethane foams.
(b) Organometallic salts of Sn, Pb and Hg etc. act as catalysts, which are polyurethane
specific e.g. organometallic salts of Hg and Pb play a vital role in the synthesis of
elastomers and rigid spray foams, respectively. However, both mercury and lead catalysts
have unfavorable hazard properties, so alternatives are always being sought.
Organometallic salts of Sn are the most widely used catalyst and are more capability for
the hydroxal groups of polyols than water.
(c) Potassium and sodium carboxylic acid salts and quaternary ammonium carboxylic
acid salts are used mainly in isocyanurate (Randall and Lee, 2000; Szycher, 1999).
Organotins like dibutyltin dilaurate (DBTDL) has been used for catalyzing the
synthesis of polyurethane elasomers (Szycher, 1999). In this dissertation, the proposed
mechanism of Sn (IV) is described because DBTDL catalyst was used during the
synthesis of polyurethane elastomers.

Mechanism for Tin (IV) catalysts
Dialkyltin dicarbonates through alcoholysis converted in to tin alkoxide, which
under go intra rearrangement and react subsequently with isocyanate and resulted as Nstannylurethane complex. This complex again undergoes alcoholysis and converted in to
urethane and tin alkoxide. The various steps of the reaction mechanism have been shown
monomerically for convenience in Fig. 2.3, but in there is still not a generally accepted
mechanism (Szycher, 1999; Randall and Lee; 2002).

2.7.

Synthesis of Polyurethane
When an alcohol and an isocyanate group chemically react a urethane linkage is

developed. Thus, polyurethanes result from the reaction between an alcohol having at
least two hydroxyl groups and an isocyanate containing at least two isocyanate groups.
As the basic components are polyol, diisocyanate, while low molecular weight diol or
diamine act as chain extenders play a very vital role in polyurethanes. The methods for
preparing segmented polyurethane elastomers (SPUEs) can be divided on the basis of
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Fig.2.3

Proposed reaction mechanism (Randall and Lee; 2002)

preparation medium either bulk, solution or water and the sequence of the reactants
addition i.e. one-step process or two-step process. Catalysts are also added only to
accelerate the polyaddition reaction (Ashida, 2007; Lonescu, 2005; Randall and Lee,
2002; Szycher, 1999; Oertel, 1993). All the methodologies are applicable, but have
advantages over each other. Here only one-step and two-step process are described
briefly.

2.7.1

One shot process
One-step polymerization is established by simultaneous addition of a polyol, a

diisocyanate, and a chain extender stoichiometerically. Polymerization methodology
either bulk or solution determine the use of solvent. Solvent is recommended for solution
polymerization. Common solvents used in urethane synthesis are dipolar aprotic solvents
including N, N'-dimethylacetamide (DMAc), dimethylsulfoxide (DMSO) and dimethyl
formamide (DMF). The reaction mixture is heated above 80-100°C to prepare the
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polyurethane elastomers. In some cases, catalysts are also recommended especially when
aliphatic isocynates are used (Randall and Lee, 2002; Szycher, 1999; Oertel, 1993;
Hepburn, 1992; Barikani and Hepburn, 1986).

2.7.2 Two step process
However, two-step synthesis is a more common route for manufacturing the
polyurethane. This technique is also termed as the prepolymer method. In the first step, a
polyol is reacted with excess of diisocyanate to form a NCO terminated oligomer of high
molecular mass known as prepolymer, depending upon the polyol’s molecular weight and
the ratio between these two reactants. The prepolymer that is formed is usually a sticky
liquid, which is easily stored. In the second step, prepolymer is converted in to the final
polyurethane by reacting with a diol or diamine acting as chain extender and usually
referred to as the chain extension step (Ashida, 2007; Hepburn, 1992; Barikani and
Hepburn, 1986; Lelah et al., 1986).
As the soft segment influences the elasticity and low temperature performance
limit and also contributes towards hardness, tear strength and modulus. On the other
hand, hard segment particularly affect modulus, hardness and tear strength and also
determine the upper use limit of temperature. So, a polyurethane structure made by the
two-step method is more systematic than one-step method. This structural regularity
determines the better mechanical properties to the polyurethane (Hepburn, 1992).

2.8

Structure Property Relationship of Polyurethane Elastomers
The basic structure of segmented polyurethane is based on the chemical nature,

molar mass and distribution of hard and soft segments, their size and degree of
crosslinking. These structures determine the secondary structure, such as configuration of
the polymeric chain, crystallinity, and ultimately the morphology of the polyurethanes.
Both primary and secondary structures contribute to the final properties of the
polyurethanes (Oertel, 1993). Several studies have been published dealing with structureproperty relationships (Larraz et al. 2009; Lai et al., 2009; Zia et al., 2008; Adsuar, 2000;
Zahang et al.,1996).
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2.8.1

Surface Morphology
It is evident that the morphology of a multiphase system plays an important role

in determining the final properties of the polymers. Morphology of the polymers can be
controlled and modified by varying the chemical nature of the monomers and processing
methodology. Hence, detailed information of morphology is necessary to understand the
structure-property relationships. The morphology of segmented polyurethanes is very
complex due to the phase separation of the micro domains known as soft segments and
hard segments. The other physical phenomena such as crystallization and hydrogen
bonding also influence the morphology in both segments. However, this area has
attracted many researchers who have tried to expose the influence of such physical
phenomena by using various sophisticated techniques, (Noshay and McGrath, 1977).
Moreover, thermodynamics related to polar hard segment and less polar soft segment in
the polyurethane also explains the separation of hard and soft segment phases. The degree
of phase separation depends on the molar mass of the monomers and the inter-segmental
interactions in between the hard segments and hard segment to soft segment. For
example, high degree of phase separation is found in polybutadiene based polyurethanes
than in polyether and polyester based polyurethanes, respectively.
Furthermore, phase segregation is also dependent on the symmetry of the
diisocyanate and the chain extender (diol or diamine). A urea based hard segment formed
by low molecular weight diamine chain extender has greater extent of phase separation
than urethane based hard segments due to higher polarity of the urea linkage. Typical
hard segments have a segmental length of about 25-100 Å (Oertel, 1993).
A complete morphological nature of a polymer is determined by considering the
phase volume, size, shape, orientation and interconnectivity as a function of segment
content and polymer history (Petrovic and Ferguson, 1991). The first evidence of two
phase morphology was reported by Bonart and Clough by using small angle x-ray
scattering (SAXS) (Bonart, 1968; Clough et al.,1968). These structural phases can be
directly investigated by electron microscopy, polarized light microscopy and
quantitatively by small angle X-ray scattering. However, alone SAXS could not be able
to explain the disordered two-phase morphology of polyurethane. These methods can be
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complemented by differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA).
Later on, the two-phase morphology of polybutadiene (PBD), tolylene
diisocyanate (TDI) and 1,4-butane diol (BDO) based polyurethane elastomers with
varying hard segment concentration (HSC) was elucidated by using TEM and SAXS .
They reported the presence of rod-like structure of hard segments of polyurethane when
hard segment was in the range of 42-67% by mass. However, on diluting the hard
segment from 31% by mass, the hard segment domains were observed in the form of
short cylinders or spheroids which were dispersed in the matrix of soft segments (Serrano
et al.,1987; Chen-Tsai et al.,1986).
Crystallization of hard and soft segments has a great impact on the behavior of
polyurethanes. The crystalline nature of the hard segments depends on their
stereochemistry as well as on the crystallization environment (Petrovic and Ferguson,
1991). For example, effect of the chain extender length on the structure of MDI/diol hard
segments showed that 1,4-butane diol and longer diol chain extenders produced structures
and their properties were varied whether the diol was based on an even or odd number of
methylene groups. If a polyurethane prepolymer chain extended with "even" diols have
lowest energy and provide conformational freedom that allows hydrogen bonding, and
ultimately high order of crystallinity. This explains why hard segments of polyurethane
elastomers based on even number of methylene groups of diols generally shows better
properties. Hard segments based on such chain extenders can crystallize easily and good
phase separation (Oertel, 1993).
To analyze the surface, a variety of physical techniques is available such as XRD,
SEM, SAX and contact angle measurement (Oertel, 1993; Batner, 1988; Lelah, 1986;
Takahara et al., 1985). Scientists are still involved to study the surface morphology as
they modify the polymer.
Zhang et al. (1996) prepared the polycarbonates based PU prosthesis and treated
chemically to determine the surface damage. Alkaline and acidic solutions were
employed to the surface of PU. The corrosion of the surface due to high strength of the
solution was evaluated by FTIR spectroscopy, SEM and DSC. These methods indicated
the chemical damage in high alkaline solution.
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Adsuar, (2000) prepared the nine thermoplastic polyurethanes (TPUs) and studied
the crystallinity, morphology and adhesion properties by using NMR, DSC, WAXD,
while adhesion properties was monitored by T-peel test. It was found that crystallinity
depends upon the hard segment content. He also reported that crystalinity was absent
when hard segment was up to 40% by mass.
Kloss et al. (2002) studied the morphological changes by using DSC, DMTA,
WAXS and SEM and found that crystallinity of caprolactone based PUEs is increased as
the length of the soft segment increased. Further study revealed that the phase separation
of soft segments was affected due to chemical cross linking between the soft segment and
hard segment of the PUEs. More over SEM images indicated PCL crystallites size was in
the range 1-2 um, while the Urethane content was in the range of 17-26% by mass.
Qin et al. (2007) synthesized the sulphone containing aromatic diamine and
incorporated to the PU backbone as chain extender. It morphology was monitored by
using DSC, attenuated total reflection and DMTA analysis. It was found that the
crystallinity of PUEs was destroyed due to the involvement of aryl sulphone to enhance
the hydrogen bonding of polymeric material. The WAXD had no evidence for proper
crystallinity.
Pilcha-Pitera et al. (2008) reported the quantitative and qualitative study of the
supermolecular structure of segmented PUEs. The WAXD and SEM analyses had shown
the poor phase order and low crytallinity which was also supported by the DSC Study.
Larraz et al. (2009) prepared the polycaprolactone based HDI based PUEs
without catalyst by bulk polymerization. These samples were characterized by using
ATR-IR, AFM, DMA, and DSC. and revealed the growing of the crystalline regions.
Lai et al. (2009) studied the hybrid coating based on the HTPB, IPID and trans
polyhedral oligomeric silsesqui oxanes (POSS). These samples were characterized by
FTIR spectroscopy, XRD, while SEM and AFM images obviously shows the
homogeneous dispersion of POSS in the PU matrix and crystalline behavior increases as
POSS content increases.
2.8.2. Hydrogen bonding (Physical crosslinking)
The hydrogen bond is the strongest secondary chemical bond having a bonding
energy of 20-50 kJ/mol approximately (Yokoyama, 1978). Polyurethanes are extensively
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hydrogen bonded in the decreasing order of polyester > polyether > polybutadiene. The
hydrogen bonding interaction in polyurethanes and polyurethaneureas explained by
(Sung et al.,1980; Srichatrapimuk et al.,1978; Seymour et al., 1973; Seymour, 1973).
Hydrogen bonding in polyurethanes can be readily detected and studied by IR
spectroscopy. The hydrogen bonded and free N-H, urethane carbonyl C=O, urea carbonyl
C=O are the peaks of interest (Yilgor et al., 2006; Ning et al., 1996; Coleman, 1986;
Seymour et al., 1970). However, hydrogen bonding in polyurethanes plays a vital role in
phase separation. If extent of hydrogen bonding between the two phases is high, higher
will be degree of phase mixing. On the other hand, if hydrogen bonds are only restricted
to hard segments, they may enhance crystallization and thus, phase separation. The extent
of hydrogen bonding can be affected by structure, composition of the polyurethane as
well as temperature. A polyether urethane has about 40% hydrogen bonded carbonyl
groups than polyester urethane based on equal hard segment content. Increasing the hard
segment content will increase the hydrogen bonding. About 90% of the NH groups of the
hard segments of typical polyurethane are hydrogen bonded at room temperature, (Yilgor
et al., 2006; Seymour et al., 1973). However, hydrogen bonding will start to vanish as the
temperature increases, and related to the glass transition (Tg) of the hard segments.
Moreover, 35-40% of hydrogen bonding till persists at 200°C (Srichatrapimuk et al.,
1978).
The influence of hydrogen bonding on the mechanical behavior of polyurethanes
is frequent and difficult to isolate from the structure of the polyurethane. Some studies
have reported that hydrogen bonding can not restrict the molecular mobility. Instead it is
found that segmental mobility weaken the hydrogen bonds, which is related to the glass
transition temperature of the polyurethane (Brunette et al.,1982; Ishihara et al.,1974;
Seymour et al.,1973).
Sarkar and Adhikari, (2001) synthesized the lignin – HTPB based copolymer and
characterized by IR and XRD and determined the crystalline behavior by WAXD
indicated the small amount of crystalline phase due to HS. This decrease in crystalline
behavior was attributed to the Hydrogen bonding between the urethane bonds.
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Kloss et al. (2002) reported the decrease in crystallinity of soft segment as the
concentration of PU increases, which enhances the inter-chain interaction through
hydrogen bonding.
Aneja and Wilkes (2003) reported that crystallinity due to hard segment is highly
dependent on the structure and symmetry of diisocaynate groups. In another study that
hard segment containing a kinked diisocayante structure or a mixture of isomers i.e.
HMDI is less able to form ordered crystalline structure.(Derek et al., 2005)
Rath et al. (2008) reported the effect of catalyst on the phase morphology of
moisture cured polyurethane (MCPU) urea coating which was evaluated by XRD,
SAXAS and DSC. It was found that surface properties changes by the choice of catalyst.
The surface study revealed that surface properties influenced by increasing the efficiency
of the catalyst. XRD studies revealed that crystallinity was absent which was attributed to
the chemical crosslinking of the MCPU.
Larraz et al. (2009) prepared the polycaprolactone-based HDI based PUEs
without catalyst by bulk polymerization. These samples were characterized by using
ATR-IR, AFM, DMA, and DSC. It was found that its properties were affected due to
physical and chemical interactions are also related to the increasing hard segment content
ultimately increased the phase separation. This change was attributed to hydrogen
bonding and AFM images revealed the growth of the crystalline regions.
Therefore, hydrogen bonding does not necessarily enhance mechanical properties,
although there is sufficient published data that quantitatively define the effect of
hydrogen bonding on mechanical properties. A clear effect of hydrogen bonding could be
observed only if mechanical tests are carried out on polyurethanes of analogous structure
with and without hydrogen bonding. However, the extent of inter segmental as well as
interphase hydrogen bonding play an important role to modify the physical and
mechanical properties.
2.9.

Thermal Degradation of Polyurethane
The environment affects all polymers by several means e.g. polyurethanes are

susceptible to thermal, photo, chemical, and hydrolytic degradation. In this section only
thermal degradation of polyurethanes will be reiewed.
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Nolting was the first to study the thermal degradation of a urethane linkage
containing compound in the nineteenth century. In his experiment, carbon dioxide,
aniline, methylamine, and dimethylaniline were detected from the pyrolysis of methyl
carbanilate at 260C in the presence of calcium oxide (Nolting. 1888).
The thermal degradation mechanism of polyurethane is very complicated. It has been
suggested that polyurethanes decompose by a combination of three independent
pathways: (1) dissociation to the original polyol and isocyanate; (2) formation of a
primary amine, an alkene, and a carbon dioxide in a concerted reaction involving a six
membered cyclic transition state; (3) formation of a secondary amine and carbon dioxide
through a four-membered ring transition state, as shown in Scheme 2.3 (Sebenik and
Krajnc 2004; Grassie and Zulifqar, 1978;Thorn, 1976; Dyer and Reed.1961;).

Scheme 2.3 Chemical pathway of thermal degradation of Polyurethanes

The primary polyurethanes on thermal degradation can give secondary products, such as
carbodiimides, and this is shown in Figure 2.4 (Zia. et al., 2008; Joel and Hauser, 1994;
Grassie et al, .1980; Grassie and Zulifqar, 1978).
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Figure 2.4

2.10.

Mechanistic illustration of thermal degradation of polyurethanes

Polyurethane based on Aliphatic Diols
As described earlier, the physical, thermal and morphological properties of the PU

depend mainly on the molecular structures of monomers such as polyols, diisocynates
and chain extenders (CE). A number of studies are reported which disclose the
improvement and modification in the physical and thermal properties of PU by
incorporating the CE. Studies had showed the significant effect on these properties (Zia,
et al., 2008a ; Wang and Lyman, 1993; Barikani and Hepburn 1986; Woo et al., 1985; ;
Abouzahr and Wilkes, 1984; Cooper and Tobolsky, 1966). For the very first time, Slezak
et al. (1961) prepared three novel polyacetylenic-α, ω-diols. These diols were
incorporated substituting the polypropylene glycol with five different diisocyanates
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which gave a series of polyurethanes. These polyacetylenic-α,ω-diols had produced
polyurethane elastomers of higher density with greater heat of combustion.
Previous literature has also indicated that the chain length, molecular volume and
functionality of CE molecule can influence the hard segment arrangement and ultimately
crystalline pattern in the hard domains. Many factors strongly determine the significance
of CE chemistry, one of them is the chain length in the CE backbone. It is also important
to consider that strong hydrogen bonding between the hard segments of adjacent chains is
responsible for efficient packing in hard domains and this can also be affected by CE
conformation (Petrovic et al., 1998; Liaw, 1997; Blackwell and Lee, 1984; Smith, 1974;
Wilkes and Yusek, 1973).
In earlier research, Minoura et al. (1978 a & b) reported a few combinations of
low molecular weight (LMW) diol, diisocyanate and their influence on the properties of
elastomers. An odd–even dependence was found in the mechanical behavior of the
elastomers as a function of number of methylene units. This effect was very pronounced
in the 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 and confirmed by X-ray
diffraction. Later, Blackwell et al. (1982) studied PU that was based on MDI/diol/PTMA
by X-ray diffraction and conformational analyses to examine the variation in structure
due to the different chain lengths for the LMW aliphatic diols. This study revealed that
1,4-butandiol to 1,8- octandiol based PU structures depend on even or odd number of
CH2 groups. Both the odd and even diol based polymers are in staggered fashion bearing
triclinic unit cells, but the even diol polymers have better crystalline arrays. On the other
hand, PU based on ethylene glycol and propandiol did not follow the above behavior and
adopt tight and non-staggered structures. The results suggest overall better properties of
the elastomers based on butandiol and the higher even diols. The hard segments of these
polymers can crystallize easily in the lowest energy with extended conformation and
hence more phase separation.
Ramesh et al. (1991) studied the mechanical properties of PUs prepared using different
diamines and diols as the CE and concluded that the PU samples extended with diamines
showed enhanced physical properties with respect to diols since the increased
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intermolecular hydrogen bonding improved the aggregating strength. Xiao et al. (1995)
compared three CEs of variable chain lengths and found that the longer the length of the
CE was better would be the mechanical properties of the resulting PU materials.
Zawadzki and Akcelrud, (1997) observed that the values for the mechanical 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). These findings disagreed with
previous results, which showed a zigzag pattern or an increase in properties with diol
chain length (Minoura et al., 1978a & b; Sigmann and Cohen, 1987; Xiao et al., 1995).
Later on, Rogulska et al. (2007) studied the effect of aliphatic-aromatic α,-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.
Recently, Zia. et al (2008a&c) reported the thermal and mechanical properties of
caprolactone, MDI and LMW diol based Pus by using the FTIR, NMR, XRD and Contact
angle measurement. It is observed that α,-alkane diols represented the decreasing trend
of the properties as CE length increases. The above mentioned survey clearly explained
the influence of CE on the thermal and mechanical properties of the resulting PU. In this
dissertation a systematical explanation based on the study of the effect of alkane diols
(having methylene units of length 2–6), used as CEs, on the properties of PUs based on
HTPB and TDI was studied to review the dependence of different mechanical and
thermal and surface properties on the number of methylene units belonging to the CE
backbone.

2.11

Polyurethanes based on Aromatic, Cycloaliphatic and Aliphatic Diisocyanates
The structure of the diisocyanat has a profound effect on high temperature

properties. Hepburn summarizes the geometry and its influence on the mechanical and
thermal properties (Ref). Factors such as high symmetry and rigidity in the p-phenylene
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diisocyanate lead to high modulus and excellent tensile strength. Moreover, bulkiness,
methyl groups on the phenyl ring of the diisocyanate, may effect the mechanical
properties and crystallizability seriously. Nevertheless, the symmetry of MDI is near to
ideal monomer which improves the semicrystalline hard block and mechanical behavior.
Aliphatic, e.g. hexamethylene diisocyanate (HDI), or cycloaliphatic diisocyanates,
e.g. H12MDI, IPDI can offer better light stability over the aromatic isocyanate. They also
show increased phase separation behavior over the corresponding aromatic diisocyanates
and also have developed the superior mechanical properties as well as transparent
polyurethane elastomers (PUEs). H12 MDI and IPDI are now well established as being
preferred for the production of transparent weatherable polyurethane elastomers
(Hepburn, 1992).
In another study, Song et al. (1996) synthesized the PU based on aliphatic
polyester and three aromatic diisocynates MDI, XDI and TDI and discussed the effect of
isocyanate geometry on the crystallinity and physical properties. It was found that the
DSC and SAXS results revealed that these PUEs show crystalline behavior due to hard
segments in the decreasing order of MDI>XDI>TDI. The results revealed that if higher
order of hard segment (HS) higher will be the crystalinity and higher will be the thermal
stability of the soft segment. The crystalline behavior of HS leads to the higher
degradation temperature.
(Desai et al., 2000) prepared TDI and MDI based PUEs using PPG and HTPB
polyols in the presence of catalyst. Mechanical and morphological studies were
conducted by using DSC. The results revealed that TDI based PUEs were of high tensile
strength and low elongation at break with respect to MDI. This behavior was attributed to
the stiffer, rigid and electron delocalization on the phenyl ring of the benzene which is
absent in the MDI.
(Haider et al., 2001) disclosed the preparation of hydrophobic polyurethane
elastomers based on THPB polyol which was hydrophobic in nature which is due to nonpolar backbone. Due to decreased interactions with respect to polyester and polyether
based PU. While HTPB based PUEs are opaque and exerts poor mechanical properties
which limits the end use.
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Barikani and Muhammadi (2007) reported on starch-based PUs by using
caprolactone and HDI. During polymerization of HDI do not describe the use of catalyst.
Buruiana et al., 2007. reported the PUEs based on TDI and MDI and do not
reported their comparison.
(Zia et al., 2009) synthesized the MDI and H12 MDI, caprolactone based
polyurethane elastomers and analysed by using FTIR spectroscopy, NMR spectroscopy
and XRD and DMTA. It was found that the crystallinity decreased from aromatic to
aliphatic diisocyanates which ultimately decrease the thermal and mechanical properties.
In the light of this literature, aromatic, cycloaliphatic, aliphatic and substituted
aliphatic diisocyanates are employed to hydroxy terminated polybutadiene with a
molecular weight of 3000 g.mol-1 to study their effect on the PU properties
systematically.

2.12 Coloured Polyurethane Elastomers
Polyurethanes have attracted much attention due to the ease of processing and
especially the unlimited architectural versatility for optimizing their properties by
compounding with additives. One of the additives is the colorant required for decorative
appearance of end products. In the past, polyurethanes which are themselves coloured,
has not received any attention technically. In recent years, there have been increasing
interest in the insertion of photoactive chromospheres into the polymeric backbone for
modification of properties of polymers for a large range of special applications. Thus, it
was thought wise to explore the field of colored polyurethane (Buruiana et al., 2005;
Patel et al., 2005).
In the literature, much research has used polymerizable colorants to synthesisze
coloured polyurethanes. The previous studies also confirmed the synthesis of these
polymers by using FTIR, NMR and UV/Vis spectroscopic techniques. Thermal and
mechanical properties are also well documented to show the behavior of these polymers
when polymeric colorants are employed to prepare the coloured polyurethane.
Lee et al. (1996) synthesized the PU ionomers based on TDI, IPDI, and PV Fast
Maroon HFM pigment in the presence of other additives. These PUs were characterized
by using FTIR spectroscopy. It was found that mechanical properties were improved as
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the concentration of the pigment was increased. This change was attributed to the
enhanced crosslinking due to the increased content of the pigment. Similarly, siloxane
colour based PU was prepared by reacting TDI, polypropylene glycol, dimethyl dichloro
silane and different dyes; Taifix Red HE- 3BT, Taifix Yellow 3RS-T and Taifix Black BT in the presence of additives. After confirmation of their synthesis, these coloured
polymers were subjected to mechanical analyses. On the basis of these results, it was
concluded that tensile strength of coloured siloxane PU increased with the concentration
of the dye. This dramatic change was due to the enhancement of inter and intra molecular
hydrogen bonding which is related to the concentration of the dyes (Kuo et al., 1998).
While Patel et al., (1998) reported the coloured polymers based on an azo
anthraquinone dye and were confirmed using UV/Vis and IR spectroscopies. Thermal
analysis showed that these polymers were more stable than non-coloured samples.
Wang and Tzun (1999) used three disperse dyes C.I. Disperse Yellow 9, C.I.
Disperse Red 4 and C.I. Disperse Blue 19 bearing amino groups to prepare the coloured
PUs and studied the migration of the dye from these dyed PUs. It was found that the
thermal properties decreased as the concentration of the dye increased. On the other hand
mechanical behavior was also in accordance to earlier study. This change was concerned
with partial destruction of the hydrogen bonds and crystallinity of the hard segment.
Malakpour and Rostamizadeh (1999) reported the fluorescein-based PUEs and
characterized by IR spectroscopy and elemental analysis. These polymers were also
thermally stable. These polymers were photoactive and can be used as fluorescent
labeling materials.
Konstantinova et al. (2000) synthesized two polymerizable dyes which were
applied to methylmethacrylate (MMA) to prepare the coloured polymers. While
Konstantinova and Petrova (2002) reported two bifunctional reactive monochloro triazine
azo dyes. The dyes were copolymerized with acrylamide and acrylonitrile giving
polymers. Further studies showed that all these dyes become the part of he polymers
imparting intense colour and fluorescence and were also very stable to solvent extraction.
In another study, Mallakpour and Isfahani (2001) prepared the azo dye based PUs by
step- growth polymerization which was characterized by using 1HNMR, FTIR and
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UV/Vis spectroscopies and its thermal behavior was studied on the basis of TGA and
DTG techniques.
Patrick and Whiting (2002a) demonstrated the synthesis of some dyed PU foams
using dyes. It was concluded that dyes were chemically bonded to the PU linkage and did
not show dye migration in the solvents. They also reported some fluorescent
polymerisable

dyes

and

brighteners

derived

from

4-subsituted

N-alkyl-1,8-

naphthalimide. Each of the dyes was copolymerized with styrene giving coloured
fluorescent polymers that were also stable to solvent extraction (Patrick and Whiting;
2002b).
Wang and Gen (2002) successfully synthesized the anionic water-borne PUs and
grafted with the reactive dye to form a dyed PU via prepolymer methodology. With
respect to the heating properties, the dyed PU samples exhibited higher glass transition
temperature (Tg) of hard segments than un-dyed molecules without influencing the Tg and
Tm of the soft segments of these polymers. The mechanical properties such as modulus
and tensile strength of the dyed PU polymers decreased because of the bulkiness of their
dye molecules, but the elongation at breaking increased. Dyeing properties revealed that
more than 90% dye was chemically grafted to the polymer backbone. Moreover, when
curing was done with ethylene diamine (without hydroxyl groups) decreases in dye
migration and higher grade of colorfastness to light was observed.
Wang and Lin (2003a) modified the polyurethane using polyamide 6,6
prepolymer to improve the dyeability of the polyurethane copolymer with acid dye. The
polyurethane prepolymer was then extended with a mixture of 1,4-butanediol and
polyamide- 6,6 prepolymer (molar ratios of 1,4-butanediol to prepolymer being 100%,
75%, 50%, and 25%, respectively). Finally, the resulting copolymers were dyed with acid
dyes. The chemical, physical, and the dyeing properties of the poly (urethane–amide)
copolymers were determined by using IR spectroscopy, DSC, tensile testing and dye
uptake. From the DSC measurements, it is found that the poly(urethane–amide)
copolymers had a two-phase structures with good phase separation. Mechanical
properties such as modulus and the tensile strength of the polymers were lower when
dyed with dye molecule due to further separation of intermolecular distance of the dyed
polyurethanes. Dye uptake was related with increment of polyamide content.
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Wang and Lin (2003b) via prepolymer methodology also synthesized coloured
PU by using a reactive sulfone dye. Thermal properties of the dye grafted PU polymers
showed a decreasing trend of Tgs and Tgh compared to un-dyed PU. Mechanical
properties, the modulus and the strength of the dyed PU decreased but elongation at break
was increased. These polymers were alkali resistant while dye-uptake of dye was greater
than 90% with low dye migration and good colourfastness to light in the presence of
ethylene diamine (ED) instead of hexaethylene diamine (HEDA) as a chain extender.
Wang et al., (2003) synthesized the fluorescent dye based polyurethane ionomers
and reported that there is improvement of mechanical behavior as the concentration of
dye was increased. This improvement was due to the increased intermolecular interaction
ionomer molecules while fluorescence performance was poor as the concentration of the
dye increased.
Buruiana. et al., (2003) reported the incorporation of a new bifunctional triazene
as intermediate along with N-methylene diethanolamine in PUs based on poly(tetra
methylene oxide) diol and TDI. The photochemical behavior of these PU was also
studied and it was found that modified PU were photo stable than parent PU.
Moon. et al., 2003. reported the PU based on polybutylenes succinate/ poly
ethylene glycol, H12 MDI and mixture of CE such as BD/ED and represents the high
elongation at break with respect to other PU of this series. This strategy of mixing of diol
and diammine as CE may be applicable to other PU systems especially when tunable
elasticity is required.
Buruiana and Buruiana (2005) synthesized a novel diol having one-sided
azobenzene carboxyl group and incorporated in the polymeric chain of PU based on
poly(tetra methylene oxide) diol, TDI. The morphology and their behavior in the dilute
solutions was examined and investigated that there is improvement in phase separation of
hard segment (HS) and soft segments (SS). On the basis of this study, various dyed
aqueous dispersions can be established in the future.
Patel et al. (2005) reported the coloured PU based on azo disperse dyes containing
N, N-diethylol group and MDI. This polymerization reaction was confirmed by IR
spectroscopy. The thermograms of all the samples were identical in nature and stable up
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to 200oC which is specific to urethane. Thermal analysis had showed that PUs
decomposition was occurred in single step.
Chen. et al., (2005) successfully synthesized coloured PUEs by using fluorescent
dyes and suggested that mechanical properties were varied on grafting these dyes in the
polymeric chain of the PU. Basically, the substituents present on the dye molecules
caused hindrance and decreased the hydrogen bonding which ultimately changed the
mechanical behavior of the PUEs.
Bojinov et al. (2007) reported the synthesis of novel polymerizable light emitting
dyes for the polymerization on polymethylmethacrylate (PMMA) and examined their
photostability.
Buruiana et al. (2007) prepared two bistriazene monomers and further employed
as reaction partners for 2,4-toluene diisocyanate (2,4 and 2,6- TDI isomer mixture,
80:20%, v/v) and 4,4- methylene bis(phenylisocyanate) to achieve hard type bistriazene
polyurethanes. The synthesized monomers and polymers were characterized by analytical
and spectroscopic methods, while the surface morphology of polymers was visualized by
scanning electron microscopy (SEM) and atomic force microscopy (AFM).
Later on, Konstantinova and Lazarova (2007) synthesized four novel monomeric
dyes, to polymerize with MMA. The compounds were characterized by UV/Vis, IR and
1

H-NMR spectroscopy. All these analyses revealed that the dye was chemically bonded

to the polymer.
Mallakpour et al. (2007) reported the new self-colored segmented polymeric dyes
were successfully used via the reaction of an azo-based diacid, different diisosyanates
and polyethylene glycol (PEG) applying microwave irradiation. These coloured PUs
were characterized by FTIR, 1H-NMR and UV/Vis. spectroscopies and flourimetery.
Thermal properties of the polyamidetherurethanes (PAEUs) were evaluated by TGA and
DSC. In terms of dye migration, the PAEUs with a covalently bonded molecule of dye
represented the much lower thermal migration than simple mixing of the polymer and
dyes. These coloured PU copolymers were also resistant to solvent migration in different
solvents. The resulting copolymers showed good viscosities, solvent and thermal
migration resistance as well as thermal stability.
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CHAPTER 3

MATERIALS & METHODS
A joint research work was completed between the Department of Chemistry &
Biochemistry, University of Agriculture, Faisalabad, and Department of Industrial
Chemistry, G. C. University, Faisalabad. While research facilities were provided by
NESCOM, Islamabad, University of Peshawar, Peshawar and Quaid-i-Azam University,
Islamabad, Pakistan.
The study was divided in to three major parts.
Synthesis of polyurethane elastomers (PUEs)
(a):

Synthesis,

structural,

thermomechanical

&

surface

characterization

of

polyurethane elastomers extended with alkane diols (based on 2-6 methylene
units)
(b):

Synthesis,

structural,

thermomechanical

&

surface

characterization

of

polyurethane elastomers based on aromatic, cycloaliphatic and aliphatic
isocyanates.
(c):

Synthesis, structural, thermomechanical & surface characterization of colorant
based polyurethane elastomers.

3.1

Chemicals and Instruments Used in the Study
Chemicals and instruments used in the present research work are given as follows.

3.1.1

Chemicals
Tolylene diisocyanate (TDI), (a mixture of 80% w/w of the 2,4 isomer and 20%

w/w of 2,6 isomer); isophorone diisocyanate (IPDI); hexamethylene diisocyanate (HDI);
trimethyl-1,6-diisocyanato hexane (TMDI); 1,2-ethane diol (1,2-EDO) 99% pure; 1,3propane diol (1,3-PDO) 99% pure;

1,4-butane diol (1,4-BDO) 98% pure; 1,5-pentane

diol (1,5-ṔDO) 98% pure; 1,6-hexane diol (1,6-HDO) 97% pure; were purchased from
Sigma Chemical Co. (Saint Louis, USA). Dimethylsulphoxide (DMSO); dimethyl
formamide (DMF); n-methyl-2-pyrrolidone (NMP); N,N dimethylacetamide (DMAc);
from Merck Chemicals (Darmstadt, Germany). Polycaprolactone diol, CAPA 2205
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(Molecular weight 2000) were supplied by Prestrop UK Limited Warrington UK.
Hydroxy-terminated polybutadiene (HTPB, Molecular weight 3000); were supplied by
NESCOM Pakistan.

3.1.2

Methods for the determination of polymer constitution

1.

Fourier transform infrared (FTIR) spectrometer IR Prestige – 21 Schimadzu,
Japan

2.

Bruker Advance 300 MHz NMR spectrometer (Bruker Ettlingen, Germany)

3.

UV/vis. spectrophotometer. T60U Spectrophotometer, PG Instrument Limited,
England

4.

X-ray difractometer (XRD) Rigaku Japan XRD

5.

Scanning electron microscope (SEM) JSM-5910-JEOL, Japan

6.

Gold Sputter Coater- 11430

7.

Sputter Coater SPI- Module 11425

8.

Differential scanning caliorimetery (DSC) (Perkin Elmer Diamond seires DSC,
USA)

9.

Thermogravimetric and differential thermal analyzer (TG/ DTA) (Perkin Elmer
Diamond Series, USA)

10.

MTS tensile tester model 10/M (MTS System Corporation, Eden Prairie, USA)

11.

Zwick hardness tester (Zwick, Ulm, Germany)

12.

Kruss G10 contact angle measuring system (DSA) (Kruss GmbH, Germany)

3.2

Synthesis of Polymers

3.2.1

Analysis of reactants
Molecular weight of hydroxyl-terminated polybutadiene (HTPB) and (CAPA225)

was confirmed by applying the procedure reported in ASTM D-4274C. All the above
mentioned chemicals used for the research purposes were of analytical grade.
3.2.2

Synthesis of polyurethanes (PU)
A polyurethane elastomer was formulated by the condensation polymerization of

macrodiol, diisocyanate, and extended with chain extender via the prepolymer
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methodology following Barikani & Hepburn (1986, 1987). The reaction was carried out
in a four-necked reaction kettle equipped with a mechanical stirrer, a reflux condenser,
dropping funnel and a N2 inlet, outlet and heating oil bath. Polyol was placed (e.g.,
HTPB: 21.72g; 0.0072 mole) in the reaction kettle and heated to 60°C. Subsequently,
tolylene diisocyanate (e.g., TDI: 3.78g; 0.0217 moles) was added and the temperature
was raised to 100°C under a blanket of dry N2. A small portion of the reaction mixture
was used to ensure the completion of the prepolymer synthesis by FTIR spectroscopy.
NCO terminated PU prepolymer was obtained in 1 h at 100°C. Previously degassed chain
extender (e.g., 1, 2-EDO: 0.88g; 0.0142 moles) was added during vigorous stirring of
prepolymer to convert it into the final PU. When the reaction mixture was homogeneous
and reflects the complete dispersion of the chain extender, subsequently the liquid
polymer was cast into a Teflon plate to form a uniform sheet. The synthesized polymer
samples were first placed under vacuum for 15 minutes to ensure the removal of air
bubbles before casting and then cured for 24 hours in a 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. A schematic illustration for the synthesis of
polyurethanes is shown in Scheme 3.1.
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Scheme 3.1

General scheme for the synthesis of polyurethane (PU)
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3.3

Characterization
The synthesized polyurethane elastomers (PUEs) were subjected to characterize

by using the techniques listed in section (3.1.2). Brief description of these techniques and
methods are given below.
3.3.1

Spectral Analysis

3.3.1.1 Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared (FTIR) is an important and common technique to
determine the chemical structure, chain orientation and composition of different
compounds which may be organic, inorganic and polymeric in nature (Smith, 1996). The
Fourier transform infrared spectroscopy is a development of conventional infrared (IR)
spectroscopy using the potential of modern computer technology for the storage and
processing of large amount of data. In comparison with the conventional IR technique
FTIR spectroscopy have three advantages such as time saving, better signal to noise ratio
and high wavemunber precision. Moreover, FTIR is especially useful to investigate the
small samples. Further, FTIR spectra can be measured in all the three phases of matter
such as gaseous, liquids and solid, as well as in solution which depends upon the nature
and physical properties of the samples such as melting point and solubility. FTIR
spectroscopy is an important technique to examine the polymers. It allows the analysis of
structural features like functional groups (hydroxyl, carbonyl, amines, aromatics and
urethane etc.) and chain constitution (1,2- Vs 1,4- cis & trans isomerism in polymeric
dienes). FTIR spectra of thin films of polyurethane elastomers were obtained using a
Fourier transform infrared (FTIR) spectrometer IR Prestige–21 Schimadzu, Japan. The
spectrum covered the infrared region 4000-500 cm-1.
3.3.1.2 Nuclear magnetic resonance (NMR) spectroscopy
Nuclear magnetic resonance phenomenon was first reported in 1946, and it has
been applied in chemistry since about 1960. This technique is based on the nuclei of the
atoms having odd spin quantum numbers such as 1H, 13C, 31P, 15N, 19F etc. For example
nucleus of 1H atom behaves as tiny spinning bar magnet because it possesses both electric
and magnetic spin. Like any other spinning charge body, the nucleus of 1H atom
39

generates a magnetic field. In this technique, the proton of an organic molecule is
exposed to a powerful magnetic field. Absorption occurs and a signal is observed. Such a
spectrum is called nuclear magnetic resonance spectrum. The number of signal in a NMR
spectrum tells the number of different sets of equivalent proton in a molecule. Each
signal corresponds to set chemically equivalent proton. The position of the signals in
NMR spectrum helps us to know the nature of proton either it is aromatic, aliphatic,
acetylene, vinyl etc. The shifting of position of typical signals in NMR spectrum is called
chemical shift which depends upon some factors such as inductive effect, vander-waal,s
deshielding , anisotropic effect and hydrogen bonding. The effective magnetic field is
also influenced by the orientation of adjacent nuclei. This effect is known as spin-spin
coupling which results in splitting of the signal for each type of nucleus into two or more
lines. The number of splittings reveals that the number of chemically bonded nuclei in the
surroundings of that nucleus.
Tetramethylsilane (TMS) is used as a standard to obtain the 1H and

13

C NMR

spectrum which are usually measured in δ-scale having range 0-10 ppm and 0-200 ppm
for 1H NMR and

13

C NMR, respectively. The NMR spectra of soluble polymeric

materials can be obtained and interpreted in the same way as for LMW compounds.
Hence, it is a powerful instrument to analyze the chemical constituent of repeating units,
their end groups, the contents of the monomers, or the steric configuration of
macromolecules can be determined in a dilute solution. 1H NMR and

13

C NMR

spectroscopic are complement to each other and executed to scan the dilute solutions of
polymeric samples of composition 1-5% and 10%, respectively. Accordingly, long
acquisition time is required for readily resolved spectra particularly for 13C NMR. Solidstate NMR spectroscopy is used for those polymer samples which are highly cosslinked
and incompatible with any solvent and proven to be insoluble.
All the

1

H NMR and

13

C NMR spectra were recorded in deuterated

dimethylsulfoxide (DMSO)-d6 solution using a Bruker Advance 300 MHz Spectrometer
at the Department of Chemistry, Quaid-i-Azam University Islamabad Pakistan. The
polyurethane films were dissolved in deuterated DMSO while TMS was the standard.
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3.3.1.3 Ultraviolet and visible (UV/ vis) spectroscopy
UV/vis spectroscopy is an important optical method for polymers as well as other
compounds like pharmaceuticals and dyes etc. Unpolarized UV/vis. light having
wavelength ranging from 185-760 nm is used for spectroscopic investigations. The
absorption spectra are usually recorded using a double-beam spectrometer. The UV/vis.
measurements are carried out on highly dilute solutions. UV/vis spectroscopy is limited
to polymers with specific chromophores such as aromatic groups, conjugated multiple
bonds or azo sub-units. Last but not least, aging and destruction processes can be
monitored in polymers under application and structural and quantitative analyses of
unknown additives are possible in commercial polymers using UV/vis spectroscopy. All
the colouring agents used in the study were subjected to UV/ vis spectrometer to
determine their λ max.
3.3.1.4 X-ray diffractometry (XRD)
In X-ray scattering experiments, a sample is irradiated with X-rays, and the
resulting scattering pattern is recorded, i.e., the intensity of the scattered radiation as a
function of the scattering angle θ. Then the structure that caused the observed pattern is
calculated. Scattering of X-rays is caused by differences in electron density.
Small-angle X-ray scattering (SAXS) is typically used to explore the
microstructures ranging from tens to thousands of angstrom (Ǻ) e.g. to determine the
phase separation in block polymers. While wide-angle X-ray scattering is used to
determine the crystalline paterren of the solids at atomic level. A typical X-ray
diffractogram (XRD) as a result of crystalline behavior of polymer will be caused by
reflections from the various crystalline planes in the sample. These reflections are
observed at different angles according to:
Braggs law:
2d sinθ = nλ

(3.1)

Where d is the interval between crystalline planes, θ is the angle that X-ray beam makes
with the planes, λ is the wavelength of the X-ray beam and n is an integer.
As the crystalline phase of the polymers have random orientation and exhibit the
same scattering in all the directions. So a one dimensional slice is executed to determine
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the scattering pattern. It is a characteristic feature of XRD paterrens of semicrystlline
polymers that the reflexes appear on the top of an amorphous halo (Braun et al., 2005).
The X-ray diffractograms of the polymers of this study were obtained by a Rakagu Japan
XRD with radiation Cu-K (λ=1.5405 Ǻ, 35 kV and 20 mA) and step size 0.05˚ per 2
minutes at 25˚C. The relative intensity (I) was recorded in the dispersion range (2θ) of 270˚.

3.3.2

Thermal Analysis

3.3.2.1 Differential scanning calorimetry (DSC)
The Differential scanning calorimetry (DSC) analyzes thermal transition
occurring in polymer samples when they are cooled down or heated up under inert
atmosphere. Melting and glass transition temperatures can be determined as well as the
various transitions in liquid crystalline mesophase. In a typical DSC experiment, two
pans are placed on a pair of identically positioned platform connected to a furnace by a
common heat flow path. One pan contains the sample such as polymer, the other one has
an standard such as alumina. Then the two pans are heated up at a specific rate. A plot is
created where the difference in heat flow between the samples and reference is plotted as
a function of temperature. When there is no phase transition in the polymer, the plot is
parallel to the X-axis, and the heat flow given in units of heat q, supplied per unit time, t
(Hunt, 1992). In the DSC thrmogram, the temperature at which the polymer become soft
and elastomeric in nature known as glass transition temperature (Tg) while below this
temperature, this polymer behaves like hard glass. This temperature is very important and
technically depends on some factors such as chemical nature of the polymer,
configuration of main chain and length of side chains, degree of crystallization and
degree of branching. Highest point is usually taken as the crystallization temperature (Tc).
When this crystalline phase of polymer is further heated in the DSC pan, melting
tempreture (Tm) can be reached. The sample absorbs heat during melting, and thus
endothermic peak appears in the DSC scan.
Amorphous polymer do not show crystallization and melting peaks but a glass
transition.The Tg, Tc and Tm are strongly dependent on the thermal history of the sample.
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Therefore, several DSC thermal cycles are carried out to scan the thermal transitions
usually in the second and not in the first heating run after a defined cooling cycle. DSC
measurements can be used, moreover, to determine how much polymer sample is
crystalline. In this study DSC analysis was performed to determine the thermal changes
of polyurethanes elastomers by using a Perkin Elmer DSC Diamond series, USA. The
samples were weighed carefully and thermally analyzed in hermetic conditions up to 50500C using liquid nitrogen at a heating rate of 10C/min.
3.3.2.2 Thermogravimetric and differential thermal analysis (TG/ DTA)
Thermogravimetry (TGA) is one of the thermo analytical techniques and has been
used extensively in the study of organic, inorganic as well as for polymeric materials. The
technique of thremogravimetric analysis (TGA) is concerned with an analysis of the
sample weight change curve. This technique involves change in weight of a system under
examination as the temperature is increased at a predetermined and preferably at a linear
rate. TGA has widely been used in recent years, because of the commercial availability of
automatic, continuously recording thermobalances. Their results are very reliable and
accurate. The first thermobalance was originated by P. Chevenard in 1944. A modern
thermobalance is consisted on a recording balance, a furnace, controller and computer
based recording device. Thermogravimetric analysis is usually of two types such as
dynamic TGA and static TGA which are performed over the range from 30° to a
maximum of 2000°C. The results of TGA is shown in the form of curves and the shape of
TGA curves mainly depends on some factors such as heating rate, geometry of the
sample holder, furnace atmosphere. Moreover, the sample characteristics such as amount,
particle size, nature and packing of the sample can affect the TG curves. The sample
mass can be in the range of 1-150 mg. For accurate results sample mass about 25 mg are
preferred, but sometimes 1 mg of powdered material give excellent results. It is a popular
technique used to study the thermal degradation kinetics of materials such as polymers
and elastomers, hence gives information about their thermal stability as well as shelf life.
Differential thermal analysis (DTA) is also known as thermography. This is the
technique in which the temperature difference between the sample and a thermally inert
reference material is continuously recorded as a function of furnace temperature or time.
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During DTA scan many thermal effects may be endothermic or exothermic in nature due
to physical phenomena such as fusion, boiling, sublimation, and vapourization. On the
other hand, some enthalpic effects are also caused by chemical reactions such as
dissociation, oxidation, dehydration and reduction etc. These enthalpic changes can be
detected by the endo and exothermal bands and peaks on the thermogram. Sampling and
the factors which affect the DTA scan are same as for the TGA approximately. It is also
interesting that TGA and DTA are complementary techniques, because the information
obtained by the application of one technique is often enhanced by the application of the
other method.
The simultaneous TG/DTA thermograms can be obtained as TGA and DTA
facilities are also assembled in a single instrument. In this study, thermal analysis was
recorded using a Thermogravimetric and Differential Thermal Analysis (TG/DTA)
Perkin Elmer Diamond Series, USA under a N2 atmosphere from room temperature up to
600°C with heating rate of 10°C/min.

3.3.3

Mechanical Analysis

3.3.3.1 Tensile testing
Mechanical behavior of a material is determined by tensile testing, which is a very
versatile method. Tensile testing is used to analyze the mechanical properties of
polyurethanes varying polyols, chain extenders, diisocyanates and colour. MTS tensile
tester model 10/M instrument was used to determine the mechanical properties such as
tensile strength, modulus and elongation at break, also stress–strain curves were drawn at
a strain rate of 50 mm/min. The sample films of 1 mm thickness were stamped out using
an ASTM D-638 die and measured at 25 °C (ASTM, 2004).
3.3.3.2 Hardness
Hardness is defined as the resistance that one body offers against penetration by
another. Hence, to determine the hardness of a material one measures the force that is
required to penetrate for certain depth. This force and depth of penetration is dependent
not only on temperature but also on many factors such as characteristics of the material,
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shape of the penetrating body (ball or needle) and the time factor. Still there is no any
universal hardness test which can be applied on all polymer types. There are two methods
are in practice such as the measurement of penetration of ball or needle on the removal of
the load or under full load. The latter method is the most suitable for the thermoplastics,
thermosets and elastomers. There are many methods to determine the hardness of
polymers so, multiple scales exist and which are not interconvertable. For example the
Shore hardness is measured with an apparatus known as a Durometer and known as
“Durometer hardness” accordingly. It is determined in numbers ranging from 0-100 on
the Shore A or Shore D scales for soft and hard polymeric materials, respectively. The
final value of the hardness depends on the depth of the indenter's penetration. If the
needle 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. In this study,
polyurethane samples hardnesses were measured by a Zwick instrument on the Shore A
scale. The elastomers under test should have a minimum thickness of 6.4 mm as
described in ASTM D2240 (ASTM 2004).
3.3.4

Surface Morphology

3.3.4.1 Contact angle measurement (Goniometry)
Contact angles were measured to determine the interfacial relation between the
two surfaces e.g. between a solid and a liquid. These measurements were achieved by
sessile-drop experiment using DSA G-10 goniometer (Kruss GmbH, Germany). This
instrument utilizes precise optics and computer control discs (CCD) cameras along with
image producing hardware and software to analyze and determine the contact angle. In
practice a droplet of liquid e.g. water was placed onto the surface of sample, then a CCD
camera scan the droplet and displays its profile on the computer monitor. All these
measurements were average of ten analyses (Abbasian et al., 2004).
3.3.4.2 Scanning electron microscopy (SEM)
In the electron microscopy (SEM), an image is formed by a very fine electron
beam which is scanned across the surface of a sample. At any given moment, the
specimen is bombarded with electrons over a very small area. These electrons may be
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elastically reflected (backscattered), they may be absorbed and give rise to secondary
electrons of very low energy, they may be absorbed and give rise to the emission of
visible light and they may give rise to electric currents within the specimen. All these
effects can be used to produce images.
The SEM does not contain objective, intermediate and projector lenses to magnify
the images as in the optical microscope. Instead magnification results from the ratio of
area scanned on the specimen to area of the television screen. Increasing the
magnification in an SEM is, therefore, achieved quite simply by scanning the electron
beam over a smaller area of specimen. SEM is the best known and most widely used of
the surface analytical techniques. High resolution images of surface topography with
excellent depth of field are produced using such a highly focused electron beam.
Samples suitable for SEM measurement include most solids which are stable
under vacuum (metals, ceramics, polymers, minerals). Samples must be less then 2 cm in
diameter. Non-conducting samples are usually coated with a thin layer of carbon or gold
in order to prevent electrostatic charges.
A Scanning electron microscope model JEOL- JSM- 5910 was used to observe
the surface of the final PU films. To study the surface by SEM prepared PUE samples
were attached to the stubs and sputtered by using the sputter SPI- Module 11425 and
sample surface was coated with a gold electrode Gold Sputter Coater- 11430. Then the
images were taken at high and low magnification.
3.3.4.3 Assessment of water absorption percentage (%)
Polyurethanes samples, hydrophobicity or hydrophilicity was determined by
measuring the quantity of water that each sample absorbed at 37 °C. The film of samples
having dimensions 10 × 10 × 1 mm were kept in 100 cm3 conical flasks, containing triply
distilled and degassed water and dipped for one week in an incubator at 37 °C. These
samples were removed from water daily after 24 hours, swabbed gently with paper towel,
and weighed instantly with a digital analytical balance. The change in sample mass due to
the water uptake was calculated according to the following formula:

(3.2)
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Where the masses of dry and wet polyurethane samples are designated as md and mw,
respectively (Zia, et al., 2008)
3.3.4.4 Density of the polyurethane samples
The densities of the polymers can be determined by the pyknometer technique or
by the flotation method. The flotation method is especially suitable for powdered
polymers. A liquid of higher density is added to a liquid of lower density until the sample
neither sinks nor rise to the surface. Density of the polyurethane samples (ρR) were
determined by using methodology reported in ASTM D-1817 (ASTM, 2004).

3.4

Synthesis of Polymers

3.4.1: Synthesis, structural, thermomechanical and surface characterization of
polyurethane elastomers extended with series of aliphatic alkane diols (based on 2-6
methylene units)
3.4.1.1 Chemicals
Tolylene diisocyanate (TDI), 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% pure; 1,3-propane diol (1,3-PDO), 99%
pure; 1,4-butane diol (1,4-BDO), 99% pure; 1,5-pentane diol (1,5-ṔDO), 98% pure were
obtained from Merck Chemicals (Darmstadt, Germany). 1,4-Butane diol (1,4-BDO), 99%
pure; 1,6-hexane diol (1,6-HDO), 97% pure; were obtained from Sigma Chemical Co.
(St. Louis MO, USA). Hydroxy-terminated polybutadiene (HTPB) by NESCOM.These
low molecular weight (LMW) diols and HTPB used in this study were evacuated at 80°C
for 24 hrs to dryness before use, to ensure usually to remove the air bubbles and water
vapor that may otherwise interfere with polymerization reaction.
3.4.1.2 Synthesis of polyurethane (PU)
In this study, a prepolymer was formulated by the step-growth polymerization of
HTPB and TDI following Barikani & Hepburn (1986, 1987) as described in section
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3.2.2, extended with series of LMW chain extenders such as 1,2-EDO, 1.3-PDO, 1,4BDO, 1,5-PDO and 1,6-HDO, respectively. A schematic outline of polyurethane
synthesis based on HTPB, TDI and 1,2-EDO is shown in Scheme 4.3. For every trial, the
prepolymer was extended with weighed amounts of LMW alkane diol chain extender (1,
2-EDO: 0.88g; 0.0142 moles) as calculated in Table 4.1. All conditions such as mole
ratio of the monomers, temperature, stirring and curing of the samples remain the same as
explained earlier in the synthesis of PU extended with 1,2-EDO. Five samples were
synthesized on the basis of different chain extenders abbreviated as 1,2-EDO, 1.3- PDO,
1,4-BDO, 1,5-PDO and 1,6- HDO which were designated as E1, E5, E6, E7 and E8,
respectively.
3.4.1.3 Measurements
The FTIR spectrum of the monomers and PU films was obtained with a Fourier
transform infrared (FTIR) spectrometer IR Prestige–21 Schimadzu, Japan over the range
of 500-4000 cm-1 at room temperature. The X-ray diffractograms of the polymers were
obtained by a Rikagu Japan XRD diffractometer with radiation Cu-K (λ=15.405nm, 40
kV and 30 mA) at 25˚C. The relative intensity was recorded in a dispersion range (2θ) of
2-70˚.
Differential scanning calorimetry (DSC) was performed using a Diamond DSC
Perkin Elmer, USA. Thermogravimetric and differenial thermal analysis (TG/DTA) was
recorded using thermogravimetric and differential thermal Analyzer (TG/ DTA) Perkin
Elmer Diamond Series, USA under inert atmosphere (N2 gas) from room temperature up
to 600 °C with a heating rate of 10 °C/min. Mechanical properties such as tensile
strength, modulus, and elongation at break were determined from stress–strain curves
with a MTS tensile tester model 10/M at a strain rate of 50 mm/min. The measurements
were carried out at 25 °C with a film thickness (1 mm) and stamped out with an ASTM
D-638 die (ASTM Standards, 2004). Sample hardnesses were determined by a Zwick
instrument on the Shore A scale. Scanning electron micrographs of the sample surfaces
were obtained by using JEOL-JSM-5910 Scanning Electron Microscope to evaluate the
surface morphology. A Kruss G10 contact angle measuring system was used for the
measurement of water droplet angle on the polyurethane film surface using the sessiledrop experiment. The water was used as solvent to measure the contact angle. All the
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values of the contact angles in the data are average of ten measurements. The contact
angle determine the surface either it is polar or non-polar. Water absorption (%) of the
synthesized polymers were also determined and discussed. Brief methodology for the
evaluation of water absorption (%) has been described in section (3.3.4.2).
3.4.2:

Synthesis and structural, thermal, mechanical & surface characterization
of polyurethane elastomers based on aromatic, cycloaliphatic and aliphatic
diisocyanates.

3.4.2.1 Materials and synthesis of polyurethane elastomers (PUEs)
The synthesis of PUEs was performed by following a two-step procedure as
described in previous section 3.2.2 using the different isocyanates such as HTPB (21.72g;
0.0072 mole) TDI (3.78g; 0.0217 mole), IPID (4.82g; 0.0217 mole), HDI (3.66g; 0.0217
mole) and TMDI (4.58g; 0.0217mole), and extended with 1,2-EDO (0.88g; 0.0142 mole).
TDI, IPDI, HDI and TMDI based PUEs were designated as E1, E2, E3 and E4,
respectively.
3.4.2.2 Measurements
Polyurethane samples E1, E2, E3 and E4 were characterized by using a Fourier
transform infrared (FTIR) spectrometer IR Prestige–21 Schimadzu, Japan. Thermal
studies such as thermogravimetric and differential thermal analysis (TG/DTA) and
differential scanning calorimeter (DSC) were carried out by using thermogravimetric and
differential thermal analyzer (TG/ DTA) Perkin Elmer Diamond Series, USA under a N2
atmosphere from room temperature up to 600 °C with a heating rate of 10 °C/min while
high temperature differential scanning calorimeter (DSC) curves of the samples were
obtained by using Diamond DSC Perkin Elmer, USA under a N2 atmosphere from 50–
500 oC with a heating rate of 10 oC/min. Mechanical properties such as tensile strength,
elongation at break and modulus were determined from stress–strain curves using MTS
tensile tester model 10/M at a strain rate of 50 mm/min according to ASTM Standards,
2004. Sample hardnesses were evaluated by a Zwick instrument on the Shore A scale.
Scanning electron micrographs of the sample surfaces were obtained by using JEOLJSM-5910 Scanning Electron Microscope to analyze the samples surface. Goniometry of
samples surface was determined by sessile drop method at room temperature using the
DSA 10 goniometer of Kruss GmbH (Germany). Triply distilled water was practiced as
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the test liquid. Contact angle () and water absorption (%) were determined following the
method as described in (Zia, et al., 2008).
3.4.3. Synthesis and characterization of Disperse Red 5/1,4 -butane diol based PUEs
3.4.3.1 Chemicals
Tolylene diisocyanate (TDI) and 1,4-butane diol (BDO) were purchased from
Sigma-Aldrich Chemical Co. Hydroxy terminated polybutadiene (polyol) HTPB,
(molecular weight 3000 was provided by NESCOM, Pakistan) and BDO were dehydrated
at 80°C under vacuum for 24 hours as well as the removal of air bubbles that may
hinder the isocyanate reactions. Disperse Red-5 (DR5) dye was provided by Harris Dyes
& Chemicals, Faisalabad. It was used as a colorant to synthesize the coloured PUEs. All
other materials including TDI were used as received because these were of analytical
grade.
3.4.3.2 Synthesis of PU based on BDO (E6)
In

this

investigation

a

prepolymer

was

synthesized

via

step-growth

polymerization (Barikani and Hepburn 1986; Barikani and Hepburn 1987) using HTPB
and TDI (Section 4.1.1), and extended with BDO. Brief description of PUEs is already
explained in section 3.2.2. Schematic illustration of chemical route for synthesis of BDO
based polyurethane (E6) is shown in Scheme 4.2.
3.4.3.3 Synthesis of PU based on mixture of Disperse red 5 dye/ BDO (E13-E16)
Prepolymer synthesis and film casting were performed same as described briefly
in the synthesis of polyurethane in section 3.2.2. Calculated amount of DR5 according to
molar ratio as predicted in Table 4.12 was dissolved in dimethyl sulfoxide (DMSO).
Samples were designated as E13, E14, E15 and E16; the prepolymer was extended with
different proportions of DR5/BDO. All the state of the reaction remains same as
described previously in section 3.2.2 Schematic illustration of chemical route for
synthesis of colorant based polyurethane elastomer (E6) is shown in Scheme 4.2.
3.4.3.4 Measurements
Infrared measurements were performed on a Fourier transform infrared (FTIR)
spectrometer IR Prestige – 21 Schimadzu, Japan. UV/vis. Spectrophotometer was used to
determine the λmax of the dye. Thermal analysis was carried out by using Diamond DSC
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Perkin Elmer, USA for DSC analysis under N2 atmosphere from 50- 500°C with heating
rate of 10°C/min while thermogravimetric and differential thermal analyzer (TG/ DTA)
Perkin Elmer Diamond Series, USA at atmosphere from room temperature up to 600°C
with heating rate of 20°C/min. Mechanical properties were determined by tensile testing
while surface morphology was studied by using scanning electron microscope, contact
angle measurement and water absorption percentage (%).
3.4.3.5 Leachability of the dye
Solubility and leachability of the dye and dyed PUEs were evaluated by using
different organic solvents such as DMSO, DMF, DMAc, NMP, THF and water (Patrick
and Whiting, 2002 a; Mallakpour, et al., 2007).
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CHAPTER 4

RESULTS AND DISCUSSION
This work was performed to study the dependence of the structural, surface, thermal and
mechanical properties of polyurethane elastomers on the structure of aliphatic alkane
diols as chain extenders. A range of polyurethane samples were synthesized via
prepolymer methodology reported by Barikani & Hepburn (1986 & 1987). The structures
of the chemicals used in this study are shown in the Fig. 4.1. The reaction of one
equivalent of hydroxy terminated polybutadiene (HTPB) polyol with three equivalents of
tolylene diisocyanate (TDI) was performed to get NCO-terminated polyurethane
prepolymer, which was subsequently extended with two equivalents of chain extender to
prepare final polyurethane and the sequence of reactions performed are given in Scheme
4.1.
4.1

Part–I: Polyurethane Elastomers (PUEs) Extended With Different Aliphatic

Alkane Diols

Fig. 4.1 Molecular structures of the raw materials used to synthesize the PUEs

52

Scheme 4.1 Outline for the synthesis of the PUEs (E6) based on hydroxyl terminated
polybutadiene (HTPB), tolylene diisocyanate (TDI) and 1,4- butane diol (1,4-BDO).
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Scheme 4.2 Outline for the synthesis of polycaprolactone based PUEs (E9) based on
polycaprolactone (PCL), tolylene diisocyanate (TDI) and 1,4- butane diol (1,4- BDO).
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Table 4.1 Sample codes with diverse formulation on the basis of chain extenders and polyols for PUEs
S. No

Sample code

Polyol

Diisocyanate

Chain extender

(0.0072 mole)

(0.0217 mole)

(0.0142 mole)

01

E1

HTPB (21.72g)

TDI (3.78g)

EDO (0.88g)

02

E5

HTPB (21.72g)

TDI (3.78g)

PDO (1.08g)

03

E6

HTPB (21.72g)

TDI (3.78g)

BDO (1.28g)

04

E7

HTPB (21.72g)

TDI (3.78g)

P,DO (1.48 g)

05

E8

HTPB (21.72g)

TDI (3.78g)

HDO (1.68g)

06

E9

PCL (14.40g)

TDI (3.78g)

BDO (1.28g)
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Figure 4.2

FTIR spectra (a) hydroxy terminated polybutadiene (HTPB); (b) tolylene

diisocyanate (TDI); (c) polyurethane prepolymer (d); 1,4-butane diol (1,4-BDO) and (e)
final PU(E6).
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Structural characterization was performed by using the FTIR spectroscopic technique.
4.1.1 Fourier Transformed Infrared (FTIR) Studies
4.1.1.1 Fourier transformed infrared (FTIR) studies of HTPB based polyurethane
elastomers
Fourier transformed infrared spectra of TDI, HTPB, NCO terminated
polyurethane prepolymer, and polyurethane extended with 1,4-BDO are shown in Fig.4.2
(a-e). FTIR spectrum of TDI (Fig.4.2a) showed very strong absorption peak at 2249cm-1
attributed to the isocyanate (−N=C=O) group attached to 2,4- tolylene diisocyanate. The
spectra also show sharp peaks at 1522, 1578 and 1611 cm-1, which are attributed to the
C=C stretching of aromatic ring (Sharma, 1997). The HTPB used had trans-1,4 and trans1,2 (T), cis-1,4 (C) and vinyl (V) based contributing structures cis (C), trans (T) and vinyl
(V) based contributing structures. The ratio of these contributing structures was trans
52.3%, vinyl 33.4%, and cis 14.3%. The FTIR spectrum of the HTPB (Fig.4.2 b) clearly
showed the stretching vibrations for =C-H

at 3000 cm-1 and also confirmed the

contributing structures (T , V and C) and represent the absorption peak at, 966cm-1,
911cm-1and 687 cm-1, respectively (Wingborg, 2002; Vilar et al, 1997). While other
absorption peaks in the FTIR spectrum of HTPB were assigned as: 3423 cm-1 (OH
stretching vibration); 2913 cm-1 (asymmetric CH2 stretching); 2843 cm-1 (symmetric CH2
stretching); 1636 cm-1 (C=C stretching of aliphatic diene); 1439 cm-1 (CH bending). The
spectrum of NCO-terminated urethane prepolymer has also been presented in Fig. (4.2c).
It is clearly observed that the signal for the OH groups vanished and reduction of the
intensity of NCO groups has revealed that isocyanate groups have reacted and a signal for
NH units appeared at 3300 cm-1 and 1715 cm-1 for C=O stretching of urethane linkage
suggesting the formulation of PU prepolymer (Fig.4.2 c). The other observed peaks in the
FTIR spectrum of PU prepolymer (Fig. 4.1c) were assigned as: 2913cm-1 (CH symmetric
stretching of CH2); 2843 cm-1 (CH asymmetric stretching of CH2 groups); 2249 cm-1
(remaining isocyanate (−NCO) group). 1710 cm-1 (C=O stretching of urethane group);
1597 cm-1 (NH deformations) and 1489 cm-1 and 1441 cm-1 (CH2 and CH bending). The
chain extender (1, 4-BDO) was added in the second step in order to finalize the
polymerization reaction. FTIR spectrum of 1, 4-BDO (Fig.4.2 d) showed that broad OH
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stretching vibration band appeared at 3296 cm-1. The CH symmetric and asymmetric
stretching vibrations of CH2 groups were observed at 2936, and 2868 cm-1, respectively.
The information about the change in vibrational mode due to involvement of 1,4-BDO in
to the polyurethane backbone during the polymerization reaction has become clear and is
confirmed by the FTIR spectrum obtained from the cast film which is shown in Fig.4.2
(e). The FTIR analysis showed that in PU sample the disappearance of the NCO peak at
2249 cm-1 and the appearance of N-H peak at 3314 cm-1 imply the synthesis of
predesigned polymer and supported its proposed structure. FTIR spectrum showed
characteristic bands of urethane groups at 3314 cm−1 (N–H stretching). The other peaks
observed were assigned as: 2914 cm−1 (CH symmetric stretching vibrations of CH2);
2843 cm-1 (CH asymmetric stretching vibrations of CH2 groups); 1707 cm-1, 1643 cm-1(C
= O bond); 1599 cm-1 (NH deformations); 1533 cm-1 (aromatic ring) 1440 cm-1(CH2
bending vibration); 1317 cm-1 (CH2 wagging). By extending prepolymer with 1,4-BDO,
the FTIR spectra showed a very strong peak at about 1707 cm-1 which was assigned to
C=O stretching of urethane. Peaks corresponding to the absorption of NH, C=O and C-O
were observed at 3314 cm-1, 1707 cm-1(non-hydrogen bonded), 1643 cm-1 (hydrogen
bonded) and1225 cm-1, respectively, which indicate the new synthesized product having
urethane (NHCOO) group. The observed N-H bending vibrations at 1598 cm-1, C-O-C
stretching absorption band corresponding to linkage between OH and NCO groups to
form urethane bond in the range 1057-1130 cm-1 also provide strong evidence for the
formation of PU.
It is valuable to mention the N-H group in polyurethane could develop hard
segment to hard segment H-bonding with the oxygen of carbonyl groups. Such strong Hbonding acts as physical crosslinks leading to restrict the segmental motion of the
polymer chain. So, a significant phase separation occurred between the hard and soft
segments of the polymeric chains, and ultimately improves the mechanical properties of
polyurethanes, but decreases the elasticity and solubility (Lu et al., 2002; Subramani et
al., 2004). FTIR spectra of final PUEs E1, E5, E6, E7 and E8 based on HTPB and TDI
extended with different aliphatic diols having different methylene units (2-6) showing
similar spectra are represented in Fig. 4.3 and corresponding absorption peaks to the final
PUEs are tabulated in Table 4.2.
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Table 4.2

Infrared characteristic absorption peaks related to final PUEs (a) E1, (b) E5, (c) E6, (d) E7 and (e) (E8) based on HTPB,

TDI and different chain extenders 1,2-EDO, 1,3- PDO, 1,4-BDO, 1,5-P’DO and 1,6-HDO, respectively.
S.No.

E1

E5

E6

E7

E8

1

Main assignments of
absorption peaks
ν (NH) (cm-1)

3292

3298

3314

3314

3313

2

νs (CH2) (cm-1)

2916

2912

2914

2914

2914

3

νas(CH2) (cm-1)

2847

2843

2843

2843

2843

4

ν (C=O) (cm-1) Free

1716

1707

1707

1705

1705

5

ν (C=O) (cm-1) H- bonded

1649

1648

1643

1642

1645

6

δ (NH) (cm-1)

1599

1598

1599

1595

1597

7

δ(C-N) (cm-1)

1536

1536

1533

1533

1535

8

δs (CH2) (cm-1)

1445

1438

1440

1439

1438

9

δas (CH) (cm-1)

1418

1420

1421

1419

1420

1223

1223

1225

1225

1223

-1

10

ν (C=C) (cm )

11

νs (C-O-C) (cm-1)

ν stretching vibration
νas asymmetric stretching vibration
δs symmetric bending vibration

1037-1018

1140-1070 1131-1057 1180-1059 1150-1053

νs symmetric stretching vibration
δ deformation/ bending
δasasymmetricbendingvibration
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Figure 4.3 FTIR spectra of the final PUEs (a) E1, (b) E5, (c) E6, (d) E7 and (e) (E8)
based on HTPB, TDI and different chain extenders.
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Figure 4.4

FTIR spectra of prepolymer of PUEs (E9) based on polycaprolactone

(PCL) and tolylene diisocyanate (TDI). (a) Polycaprolactone a polyol (b) prepolymer.
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4.1.1.2 Fourier transformed infrared (FTIR) studies of polycaprolactone based
polyurethane elastomers
Polycaprolactone based PUEs were prepared by reacting PCL, TDI and 1,4- BDO
by two step methodology. The FTIR spectrum of TDI is already shown in the Fig.4.2 (b).
Fourier transformed infrared spectra of PCL and NCO terminated prepolymer of PCL is
shown in Fig. 4.4. The spectrum belongs to PCL is shown in Fig.4.4 (a) and designated
as: 3442 cm-1(OH stretching vibration); 2940cm-1 (asymmetric CH2 stretching); 2868cm1

(symmetric stretching); 1730cm-1 (C=O stretching); 1445cm-1(CH2 bending); 1298cm-

1

(C-O, C-C stretching); 1193cm-1 (C-O-C stretching). In the first step PCL was reacted

with TDI to get the prepolymer and FTIR spectrum of prepolymer is represented in Fig.
4.4 (b). FTIR spectrum of prepolymer has declared the absorption peaks which revealed
the existence of urethane bond. These absorption peaks are attributed to the NH group
(3339 cm-1 stretching); CH2 group (2940cm-1, 2862cm-1 asymmetric and symmetric
stretching, respectively); NCO group (2249cm-1streching); C=O group free (1726 cm-1
stretching); C=O group hydrogen bonded (1596 cm-1 stretching); NH group or C=C
groups of aromatic ring both of these groups express themselves at this wave number
1531cm-1. So, this absorption peak can be attributed to them. The absorption peaks at
1450cm-1 and 1414cm-1 are attributed to CH2 and CH bending vibrations, respectively.
The absorption peaks in the range 1161-1043cm-1 are due to the C-O-C bond.
The absorption peaks at 3339cm-1, 2249cm-1, 1726cm-1, 1596cm-1 and 11611043cm-1 are of interest. These peaks show the formation of NH bonds, consumption of
NCO and an increase of the intensity of the C=O and C-O-C groups represent the
synthesis of urethane bond. The FTIR data traced the synthesis of the polymer while the
chemical structure of the soluble polymer was confirmed by

1

H and

13

CNMR

spectroscopy.
4.1.1.3 Nuclear magnetic resonance (NMR) studies
1

HNMR (300 MHz, DMSO-d6) and

13

CNMR (300 MHz, DMSO-d6) spectra of

PCL, TDI and 1,4- BDO based polyurethane samples (E9) were in accordance with
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proposed structures. 1HNMR and

13

CNMR spectra of polyurethane which was extended

with 1, 4-BDO (E9) are shown in Figures 4.5(a) and 4.5(b), respectively. The signal of
urethane (NH) was shown at 8.74 ppm and peaks observed at 7.5-7.9 ppm represent the
proton of the aromatic structure. Other peaks at 1.22-3.99 ppm designated to the protons
of CH2, CH2OCO support the synthesis of polyurethane (Figure 4.5a). The other peaks
observed were assigned as: 8.74 ppm (s, NH); 7.9-7.5 (m, 4H); 3.99-3.94 (broad, 4H);
3.45 (s, 2H); 3.36 (m, 2H); 2.48 (DMSO); 2.27-2.21 (m, 2H); 1.58-1.46 (m, 2H); 1.321.22 (m, 2H) and with respect to

13

CNMR spectra (Figure 4.2b); observed peaks were

assigned as: 173.3, 154.1 ppm (carbonyl carbon); 146.9 (aromatic C); 130.63,130.23,
125.9 (aromatic C); 64.3, 63.9, 61.2, 40.6, 40.3, 40.2, 39.7, 39.5, 39.2, 38.9, 34.0, 33.8,
29.5, 29.2, 28.6, 28.2, 25.3, 24.8 (CH2).

Fig. 4.5(a) 1HNMR spectrum of caprolactone based PUE extended with 1,4-butane diol
(E9).
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Fig. 4.5 (b) 13CNMR spectrum of caprolactone based PUE extended with 1,4-butane diol
(E9).
In the

13

CNMR spectra of polyurethane samples, an intense peak at 40 ppm presents

increase which can be due to the overlapping of –CH3 signals with the carbon atoms of
aromatic structure.
4.1.2

X-Ray Diffraction Studies
The crystallinity of the PU samples was estimated by using the intensity of the

crystalline peaks of the respective samples. The d-spacing of different samples was
determined by Debye-Scherer (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-rays which was 1.54 Å for a Cu target,
d is the inter-planar spacing also called d-spacing and θ is the angle of diffraction.
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In segmented PUs, phase separation depends upon the micro domains such as soft
segments (SS) and hard segment (HS) which ultimately appears as result of relative
contents, structural regularity and thermodynamics incompatibility. Each WAXD in this
study renders diffused scattering peaks with maximum intensity at about 2θ = 11-12o
indicating the considerable evidence of crystallinity may be due to hard segment and soft
segment. The reported literature showed that the well oriented crystallinity are observed
at about 2θ = 20º .On the other hand, Kovacevic et al., (1990 & 1993) had reported that
the crystallinity of PU elastomers is due to the soft segments. It is also reported in the
literature, when the hard segments are annealed or present at higher concentration,
present diffraction peak at about 2θ = 11.12˚ approx. In this study, the crystalline peaks at
2θ = 11-12º are broad and indicate the low crystalline character is due to hard segment
which might be due to the curing and annealing occurring simultaneously in the hot air
circulating oven used for curing purpose. (Don et al., 1992) reported crosslinking in PU
at 80ºC in oxidative environment during annealing. Such type of shifting of the
crystalline peaks is also reported by Kloss et al., 2002. Which represents the physical
crosslinking shifts the peaks from 2θ=20º to 45º, 50º. The previous x-ray diffraction
studies also showed that crystallinity mainly depends on the phase separation between the
soft segment and hard segment of polyurethane backbone. So, crystallinity increased as
the chain extender length in the final PU increased (Zia et al., 2008a). The HTPB used in
this study has cis (C), trans (T) and vinyl (V) based contributing structures. The ratio of
these contributing structures are trans 52.3% vinyl 33.4%,and cis 14.3%. The physical
properties of the polymers are based on the relative isomers. The C=C in the chain
induces rigidity and restrict the conformational freedom for the alignment of segment.
Hence, in these polymers the crystallinity is mainly due to the ordered packing of the
hard segments while the HTPB soft segment restricts the crystalline packing. So, the
overall behavior of the polyurethane based on HTPB is amorphous and glassy and
reduces the mechanical strength (Wingborg, 2002).As in this study (Table 4.3; Figure
4.6) it can be observed that the increase in chain extender length show broad peaks with
very small sharp crystalline peak at about 2θ = 12˚ in spite of 2θ = 20˚. In the cases of
E1, E5, E6, E7and E8 are HTPB based PUEs show hydrogen bonding only at hard
segments as reported by (Can et al., 1982) that hydrogen bonding between the soft
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segment of urethane structure and urea units of hard segments hindered the crystallization
of the soft segment. Moreover, the chemical crosslinking might also be responsible for
this changed behavior. It has been reported that the morphology depended on the hard
segment content. They observed the lamellar structure of the polyurethane due to hard
segment content with the help of SEM and SAXS (Li et al., 1988). It was also reported
that when hard segment content was less than 31%, there is dispersion of hard segment in
the soft segments and form short cylindrical crystals. So that in the present study,
polymer samples express crystalline peak at 2θ = 11-12˚ as shown in the Fig. 4.6. As the
crystallinity of the PUs considered in this study is mainly due to the hard segments, this
may be due to the low hard segment content about 18-20% which causes the dispersion
of hard segments in the soft segments. Another factor that is chemical crosslinking might
be disturbed the orientation of soft segment and provide an opportunity to hard segments
to express orientation earlier than soft segments. The results on the basis of intensity of
crystalline peaks have showed that the effect of methylene units is not significant. This
gradual increase or decrease in intensity reveals the confused crystalline behavior of the
synthesized polymers. FTIR spectroscopy is a tool to determine the extent of hydrogen
bonding in the region of 1610- 1760 cm-1 which is absorbing region for C=O group
(Yilgor et al., 2006). As FTIR spectral data of E1, E5- E8 in Fig.4.3 & Table 4.2. showed
the absorption peaks in the range of 1705-1716 cm-1 and 1645-1649cm-1 for free and
hydrogen bonded C=O groups, respectively. Extent of hydrogen bonding is in
resemblance with equal % of hard segment as well as the diffraction peaks are also
similar as shown in the Fig.4.6, It reveals that there is no significant effect of chain
extenders having different no of methylene units on the crystallinity of crosslinked HTPB
based PUEs. Due to diluted hydrogen bonding, annealing, chemical crosslinking and low
content of hard segment content provide a chance of such shifting of the peaks. The SEM
images of these polymers also show the well separated regions Fig. 4.12.
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Figure 4.6

X-ray diffractograms of (a) E1; (b) E5; (c) E6; (d) E7 and (e) E8.
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Table 4.3 Sample codes and different formulations of PUEs based on different chain extenders with diffraction angle (2θ), d-spacing
(d in A˚), intensity (I) and percentage of hard segment (%HS).

S.#

S.

Mass ratio of HTPB : TDI : CE*

2θ

code

(molar ratio 0.0072 : 0.0217:0.0142)

01

E1

HTPB (21.72g): TDI (3.78g): EDO (0.88g)

02

E5

HTPB (21.72g): TDI (3.78g): PDO (1.08g)

11.35

03

E6

HTPB (21.72g) TDI (3.78g): BDO (1.28g)

04

E7

05

E8

d (Ǻ)

I (cps)

%HS

204,417,423

17.66

7.79

436

18.29

11.40

7.76

396

18.90

HTPB (21.72g) TDI (3.78g): PDO (1.48 g)

11, 11.80

8.03,7.49

398,416

19.50

HTPB (21.72g) TDI (3.78g): HDO (1.68g)

11.55

7.65

412

20.05

8.8,11.7,12.35 10,7.56,7.16

Chain extenders
1,2-ethane diol (EDO)

1,3-propane diol (PDO

1,5-pentane diol(PDO)

1,6-hexane diol (HDO)

1,4-butane diol (BDO)
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4.1.3

Thermal Characterization

4.1.3.1 Thermogravimetric and differential thermal analysis (TG/ DTA)
Thermal characteristics of the PUEs (E1, E5, E6, E7 and E8) were evaluated by
using TG/DTA techniques simultaneously. Results are represented in Table 4.4. The
TGA and TG/DTA curves of the PUEs as a function of chain extender length are shown
in Figs. 4.7 & 4.8. The TG/DTA thermograms show the thermal stability and thermal
degradation behavior of the samples. Thermal analysis data revealed that all of the
polymer samples are thermally stable up to 215-229°C in an inert atmosphere. The results
have shown that E6 is the most stable polymer on the basis of CE length. The polymers
(E1, E5, E6, E7 and E8) faced 10% weight loss in the range of 301 –311°C. The
maximum decomposition of the samples was occurred at 597–598°C along with residual
mass in the range of 1-5%. It can be seen that by increasing the CE length, all the samples
follow the irregular pattern at 0% and 10% weight loss at high temperature which can be
explained on the basis of even-odd arrangements of methylene units and chemical
crosslinking. On the other hand, the number of methylene units in the aliphatic diols
used as chain extender has no significant effect on the thermal stability of the prepared
PU samples. The same has already been reported in the literature (Azam et al., 2007). It
is said that the early stage degradation occurred usually in the hard segments where
urethane groups initially undergo depolymerization and individual monomers are
produced, and ultimately produces carbon dioxide (Sebenik and Krajnc 2004). TG/DTA
analysis of the PU samples showed that the degradation of PUs was started at about 215229˚C and maximum degradation at 600˚C with formation of approximately 1-5%
residuals char that is accompanied by a small exothermic effect in the DTA curve (Piotr
and Barbara; 2007).
It can be concluded from the thermal studies of the PU samples that increase in
CE length does not show any significant change in thermal stability of the PUEs. This
thermal stability trend is probably due to the lower TDI mass fraction and lower content
of inter-segmental urethane hydrogen bonding as well as the low impact of hydrogen
bonding due to the chemical nature of HTPB.
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4.1.3.2 Differential scanning calorimetery (DSC) study
The influence of chain extender length on the structure of the HTPB based PU
samples were also studied by DSC measurements. The thermal changes were studied by
subjecting the PU samples to DSC at high temperature. The thermograms of the PU
samples were obtained after extending with series of chain extenders are shown in Figure
4.9. It is clear from the DSC traces that all the PU samples have represented the thermal
changes gradually as the temperature increases from 50 to 500 oC. The DSC thermograms
have also shown that at about 300˚C the polymer degradation starts and this has also been
in accordance with TG/DTA thermograms (Table 4.4). The elastomers E1, E5-E8 showed
glass transition temperature (Tg) in between 158-192 oC. Polymer E1

showed two

endotherms at 158 oC and 192 oC related to glass transition temperature (Tg) and melting
temperature (Tm) while two exotherms at 174 oC and 453 oC which might be related to
crystalline temperature (Tc) of hard segment and decomposition temperature (Td) of the
samples, respectively. Polymer E5 showed two endotherms and an exotherm at 160 oC,
220oC and 453 oC are attributed to (Tg, Tm and Td) without expressing the crystalline
temperatures. Decomposition of E5 is again highlighted at 453 oC. In the case of polymer
E6 DSC curve demonstrated two endotherms and three exotherms which are designated
as Tg (160oC), Tm (234 oC) and Td (312, 412, 453 oC). Polymer E7 showed Tg, Tm and Td
at 191oC, 340oC and 453 oC, respectively. While E8 showed a feeble deflection for Tg at
190 oC and Td at 392 oC and 450 oC, respectively (Malakpour and Rostamizadeh; 1999).
The last exothermic peak related to all polymers at about 453˚C is going to move slightly
towards left as the CE length increased in the PU backbone and showed the degradation
at lower temperature with low enthalpy (ΔH) in the range of -46.73 to -37.82 J/g. This
thermal transition is more pronounced in the case of polymer E8. The disappearance of
the peak and gradual decrease in enthalpy outline the trend of degradation of the
polymers, which can be attributed to the CE length.
This behavior might be due to the fact that increase in chain extender length
diluted the NH contents which ultimately dilute the presence of inter chain H-bonding.
Less H-bonding results in lower thermal stability. As these polymers are based on HTPB
so there is no H-bonding between the hard segment and the soft segment like in other
polyols (polyether, polyester). The better phase separation resulted from H-bonding there
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is only inter segmental H-bonding of hard segment to hard segment. The chemical
crosslinking also play its role for such thermally stable PU. However, these polymers
have no H-bonding between the hard segment and the soft segment. Generally, there a
chances of weak van der Waal interactions in the polymers. It can be concluded that CE
length has somewhat increasing effect on the thermal degradation of PUEs by increasing
CE length as obvious in the Fig. 4.9.

Fig. 4.7 Comparative study of weight loss in (mg) of different PUEs based on chain
extenders of different numbers of –CH2- units (E1) 1,2-EDO, (E5)1,3-PDO, (E6) 1,4BDO, (E7) 1,5- P/ DO, and (E8) 1,6-HDO.
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Fig. 4.8 TG/DTA thermograms showing the stability and degradation of PUEs based on
chain extenders of different numbers of –CH2- units (E1) 1,2-EDO, (E5)1,3-PDO, (E6)
1,4- BDO, (E7) 1,5- P/ DO, and (E8) 1,6-HDO.
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Fig. 4.9 Comparative DSC study of thermal changes of different PUEs based on chain
extenders of different numbers of –CH2_ units (E1) 1,2-EDO, (E5)1,3-PDO, (E6) 1,4BDO, (E7) 1,5- P`DO, and (E8) 1,6-HDO.
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Table: 4.4

Thermal stability data of the PU samples based on TGA and DSC

Sample

Ton set

T0a

T10a

T20a

T50a

Tmaxb

Tgc

ΔCgd

Tme

Tdf

ΔHdg

code

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

J/g

(˚C)

(˚C)

J/g

01

E1

29.89

215

301

403

404

598

158

16.64

194

453

- 46.73

02

E5

30.24

222

307

411

450

598

160

17.74

225

453

- 43.83

03

E6

31.71

230

311

385

450

597

160

17.56

234

453

- 40.82

04

E7

30.46

223

309

370

449

598

191

20.10

-----

450

- 37.83

05

E8

31.85

225

311

363

448

597

192

21.09

-----

391

- 9.59

Sr#

a

temperature at which 0%, 10%, 20% and 50% weight losses obtained from TGA
maximum decomposition temperature obtained from TGA
c
glass transition temperature due to hard segment obtained from DSC
d
specific heat regarding to glass transition temperature
e
melting temperature due to hard segment obtained from DSC
f
degradation temperature obtained from DSC
g
enthalpy changes regarding to degradation temperature
b

74

4.1.4

Mechanical Properties Studies
The mechanical behavior polymeric materials are studied by using tensile testing,

and are commonly expressed by stress (force) and strain (extension) curves. Types of
these curves point out whether materials are hard, brittle, ductile or soft. Mechanical
parameters such as modulus, tensile strength and elongation at brake are summarized in
Table 4.5. It can be observed that the elongation at break has been increased as well as
gradual increase in tensile strength and modulus as CE length increased, except for
polymer (E8) which shows inverse behavior. This behavior can be attributed to increased
intermolecular forces associated with the E1 sample. It may also due to higher cohesive
forces between hard and hard segment contents (18-20 %) per unit volume for the same
NCO/OH ratio and highest hydrogen bonding density in E1. While all the samples
display irregular transition in stress–strain behavior about their elastic deformation
regions as the CE length increased. Whole data of mechanical properties related to PU
samples represented the influence of number of methylene units. This zigzag pattern of
tensile strengths and high tensile modulus can be attributed to the even and odd effect of
the methylene units of different chain extenders. These results were in accordance with
the previous findings, which showed a zigzag pattern (Minoura et al., 1978), or increase
in properties such as tensile strength and modulus with increase of diol chain length
(Sigmann and Cohen, 1987; Xiao et al., 1995).
This behavior was elucidated in terms of the intensity of H-bonds which could be
developed for every repeating unit of the hard segment i.e. two for even and one for odd
numbered chain extenders, respectively. Actually this justification deduces the ordered
arrangement within the hard domains (Sigmann and Cohen, 1987; Xiao et al., 1995). The
mechanical properties are depended on the phase separation as well as on the hydrogen
bonding. A reduction of H-bonding resulted as a decrease in the mechanical properties.
As CE length increases, and dilution of the NH content occurred per unit volume, and
ultimately decline in hydrogen bonding will happen and the mechanical properties of the
PU will decrease as studied by Zia et al., (2008c). While in this study, polymers represent
the different mechanical behavior. It is might be due to less H-bonding content in
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polymer chains. Moreover, the even-odd effect as well as chemical crosslinking is also
responsible for this uneven behavior i.e. a low tensile strength and modulus.
The hardness record of the samples is also summarized in Table 4.5. The hardness of the
PU samples is also rational with increasing number of methylene units. In comparison of
E1, E5, E6, E7 and E8, the latter showed more hardness than the former. It can be
concluded from the hardness data of the polymers which showed the irregular zigzag
pattern and revealed the insignificant role of the CE length.

Fig. 4.10 Mechanical properties based on stress (force) and strain (extension) curves of
PUEs based on chain extenders of different numbers of –CH2- units (E1) 1,2-EDO,
(E5)1,3-PDO, (E6) 1,4- BDO, (E7) 1,5- P`DO, and (E8) 1,6-HDO.
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Table 4.5 Mechanical properties of PUEs based on elongation at break, tensile strength, modulus and hardness.
Sr.# S.Code CE

Mass ratio
HTPB:TDI:CE*

Elongation
at

Tensile

break Strength

(0.0072:0.0217:0.0142) (%)

MPa

Modulus Hardness
MPa

(ShoreA)

01

E1

EDO

21.72 : 3.78g : 0.88g

311

1.08

0.51

57

02

E5

PDO

21.72 : 3.78g : 1.08g

255

1.12

0.55

59

03

E6

BDO

21.72 : 3.78g : 1.28g

420

1.26

0.56

58

04

E7

PDO

21.72 : 3.78g : 1.48g

380

1.48

0.28

57

05

E8

HDO

21.72 : 3.78g : 1.68g

297

1.72

0.88

62

Chain extenders
1,2-ethane diol (EDO)
1,4-butane diol (BDO)
1,6-hexanediol(HDO)

1,3-propane diol (PDO)
1,5-pentane diol (PDO)
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4.1.5

Surface Morphological Studies

4.1.5.1 Contact angle measurement
Contact angle measurement of a liquid drop on the material surface is a very
sensitive method to study the surface changes although it does not give information
related to the type of groups present on it. It is a measure of cohesive forces between
liquid and the first monolayer of the material under examination. Thus, in case of strong
interactions between the solid and liquid phases, the liquid drop will spread on the solid
surface and wets it.
The surface hydrophilicity was determined by measuring the contact angle formed
by water and the surface of the PU films using a contact angle measuring device (G-10
KRUSS). In the present study, the contact angle was determined by using water as a polar
wetting liquid for the polymer surfaces. The values of contact angle using water as test
liquid for E1 was 70.8˚ and gradual increase of angle for E5-E8 form 70.8˚ to 75.2˚ as the
number of methylene units in the PU backbone vary from 2 to 6 is reported in Table 4.6
& Figure 4.11. There is slight increasing trend between the contact angle values of E1and
E5 to E8 with water surface contact which shows that E8 is less hydrophilic or more
hydrophobic one. This means hydrophilicity of the PU film decreases by increasing the
chain extender length. Moreover this phenomenon is might be based on the fact that the
hard segment carrying polar group is connected with chain extender and the movement of
the hard segment is also depended on the degree of freedom of hard segment which is
provided by the chain extender length, which made the surface hydrophilic. On the other
hand, these polymers are HTPB based which is nonpolar in nature and due to the higher
percentage (%) of soft segment cover the more surface than the hard segment and made it
hydrophobic. Because of the relative abundance of the nonpolar group at the surface.
This decrease in the hydrophilicity of the PU samples is enhanced as chain extender
length increases because it diluted the polar groups and hydrophilicity decreases as in E5
to E8. As these samples were HTPB (polyol) based, which is less polar than polyester
and polyether based, so it is believed that chemical functional groups like C=O groups
are not present in the backbone of HTPB which may be responsible for the decline of
wettability. These polymers show only wettebility due to the polar contents (hard
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segment). The x-ray study shows that the degree of crystallinity of these samples; almost
same. However, the lower wettebility of the polymers have high number of –CH2- units
in polymer chain provide more conformational freedom and better packing of chains.
This ultimately reduces the wettebility of polymers. It is known that the hydrophobic
surface gives a low surface energy and gives a high contact angle while hydrophilic
surfaces spreads the drop of polar liquid and gives a low contact angle (Garbassi et al.,
1998; Zenkiewicz, 2000). It is also noted that there is no effect of crosslinking on the
hydrophilicity of the surface.

Table 4.6

Sample codes of PUEs based on chain extenders of different numbers of –

CH2 – units (E1) 1,2-EDO, (E5)1,3-PDO, (E6) 1,4- BDO, (E7) 1,5- P’DO, and (E8) 1,6HDO with their contact angles (θ), water absorption % and density.

S.

Sample Temperaturea Contact

no. code

(oC)

Anglea
(θ)

Water absorption %

Densitya

1st

2nd

3rd

4th

(g/cm3)

day

day

day

day

1

E1

23±5

70.6±0.2 0.55 0.55 0.56 0.56 0.954±0.002

2

E5

23±5

71.8±0.3 0.46 0.47 0.46 0.48 0.958±0.001

3

E6

23±5

72.2±0.4 0.35 0.36 0.36 0.36 0.952±0.003

4

E7

23±5

73.5±0.3 0.28 0.27 0.28 0.28 0.954±0.002

5

E8

23±5

75.2±0.2 0.22 0.22 0.23 0.23 0.923±0.004

a

Every value is represented as mean  standard error (SE)(n = 5)
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Fig. 4.11

Contact angles of PUEs (E1) 1,2-EDO, (E5)1,3-PDO, (E6) 1,4- BDO, (E7)

1,5- P`DO, and (E8) 1,6-HDO as a function of chain extender lengths

4.1.5.2 Assessment of water absorption percentage (%)
Physical characteristics such as density and water absorption (%) of polyurethane
samples were determined and enlisted in Table 4.6. These polymers can be used to
perform indoor and outdoor environments, as they have hydrolytic resistant soft segments
such as HTPB into the backbone. So, water absorption capability can be used to
determine the hydrolytic degradation of them. Water absorption as a function of time and
type of samples are summarized in Table 4.6. There was no considerable amount of
absorbed water as a function of time was observed. It can be observed that the chain
extender length is the key feature that can control the amount of water absorption while it
was observed that the crosslinking in the polymeric chains had no effect on water
absorption ability. The results of the physical properties clearly showed that water
absorption of samples decreased as the number of methylene units (–CH2–) was
increased in the PU samples E1, E5-E8 (Figure 4.6). It was found that all the samples are
better solvent resistant and this property continuously increased as the number of
methylene units in polyurethane increases.
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4.1.5.3 Scanning electron microscopy (SEM)
The SEM was employed to investigate the surface morphology of these PUEs.
Figure 4.12 shows the scanning electron micrographs of the synthesized PUEs. SEM
images of PU samples E1, E5-E8 has clearly revealed the presence of two phases. Sample
E1, E6 and E7 shows the better mixing of the soft and hard segments with respect to E5
and E8. This heterogeneous behavior might be responsible for the poor elongation at
break with respect to E5 and E8 PUEs as discussed earlier.
A continuous phase is visible in SEM micrographs which are developed by the
amorphous part of the soft phase and the intermediate phase, i.e. called matrix. Particles
of the hard phase are dispersed, and are encapsulated in that matrix. They are created by
the crystalline element of the hard phase. Such biphasic structure is formed due to three
vital thermodynamic factors such as mobility of hard segments, viscosity of the system,
and interactions between hard segments (Pilch-Pitera et al., 2008).
The domains of rigid segments are partly crystalline. Crystallites can be observed
in the images which are not regular in shape and their sizes are of the order of a few
micrometers. The soft phase is amorphous in most cases as represented by the SEM
images of all the samples. This is also determined by the WAXD studies which show the
semi crystalline behavior due to the hard segments.
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(a) E1

(b) E5

© E6

(d) E7

(e) E8
Fig. 4.12 SEM images (1500×) of the PUEs (a) E1, (b) E5, (c) E6, (d) E7 and (e) E8 on
the basis of chain extender length variation.
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4.2

Part–II: Structural, Thermal, Mechanical and Surface Characteristics of

Polyurethane Elastomers based on Aromatic, Cycloaliphatic and Aliphatic
Isocyanates.
It is very important to study systematically the influence of diisocyanates on the
structural, thermal, mechanical and surface characteristics of polyurethane elastomers.
So, synthesis of PUEs was carried out by using HTPB (Polyol), 1,2- EDO as chain
extender and different diisocyanates including tolylene diisocynate (TDI), isophorone
diisocyanate (IPDI), hexamethylene diisocyanate (HDI) and trimethyl-1,6-diisocyanato
hexane (TMDI) following the synthetic route as outlined in Scheme 4.2. Different
formulations of PU varying the diisocyanate structures are presented in Table 4.7. The
chemical structures of the raw materials used in different formulations of PU; varying
diisocyanate structure, have been presented in Fig. 4.13. Schematic diagram for the
synthesis of polyurethane based on aromatic, cycloaliphatic, aliphatic and substituted
aliphatic diisocyanates are shown in Schemes 4.3, 4.4, 4.5 and 4.6 along with their FTIR
spectrographs in Figs. 4.14, 4.15, 4.16 and 4.17, respectively.
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Fig. 4.13 Molecular structures of the raw materials used to synthesize the PUEs (varing
diisocyanates)
Table 4.7

Sample codes for the different formulations varying the diisocyanate along

with the quantities used for the synthesis of PUEs
S.

Sample code

No

Polyol
(0.0072 mole)

Diisocyanate
(0.0217 mole)

Chain extender;
(0.0142 mole)

01

E1

HTPB (21.72g)

TDI (3.78g)

EDO (0.88g)

02

E2

HTPB (21.72g)

IPDI (4.82g)

EDO (0.88g)

03

E3

HTPB (21.72g)

HDI (3.66g)

EDO (0.88g)

04

E4

HTPB (21.72g)

TMDI (4.58g)

EDO (0.88g)
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Scheme 4.3

Outline for the synthesis of hydroxyl terminated polybutadiene (HTPB),

tolylene diisocyanate (TDI) and 1,2- ethane diol (1,2-EDO) based PUE (E1).
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Figure 4.14

FTIR spectra: (a) hydroxy-terminated polybutadiene (HTPB); (b) tolylene

diisocyanate (TDI)); (c) polyurethane prepolymer; (d) 1,2-ethane diol (1,2-EDO) and (e)
final PU (E1).

86

4.2.1

Characterization

4.2.1.1 Fourier transformed infrared (FTIR) studies of tolylene diisocyanate based
polyurethane elastomer (E1)
Fourier transformed infrared (FTIR) spectra of TDI, HTPB, NCO terminated
polyurethane prepolymer, and polyurethane extended with 1,2- EDO are shown in
Fig.4.14 (a-e). FTIR spectrum of TDI (Fig.4.14a) showed very strong peak at 2249cm-1
attributed to the isocyanate (−NCO) group attached to 2,4- tolylene diisocyanate. The
FTIR spectra show sharp peaks at 1522, 1578 and 1611 cm-1, which are attributed to the
C=C stretching of the aromatic rings. Other observed peaks in the FTIR spectrum of
HTPB (Fig.4.14b) were assigned as: 3423 cm-1 (OH stretching vibration); 2913 cm-1
(asymmetric CH2 stretching); 2843 cm-1 (symmetric CH2 stretching); 1636 cm-1 (C=C
stretching of aliphatic diene); 1439 cm-1 (CH bending). The HTPB used had trans-1,4 and
trans-1,2 (T), cis-1,4 (C) and vinyl (V) based contributing structures. The ratio of these
contributing structures is trans 52.3%, cis 14.3% and vinyl 33.4%. The FTIR of the
HTPB clearly showed the stretching vibrations for =C-H at 3000 cm-1 and also confirms
the contributing structures (T , V and C) and represent the absorption bands at , 966cm-1,
911cm-1and 687 cm-1, respectively (Wingborg, 2002; Vilar et al, 1997). The spectrum of
NCO-terminated urethane prepolymer has also been presented in Fig. (4.14c). It is clearly
observed that the signal for the OH groups vanished and reduction in the intensity of
NCO groups has revealed that isocyanate group has partially reacted and a signal for NH
units appeared at 3300 cm-1 and 1715 cm-1 for C=O stretching of the urethane linkages
suggesting the formulation of the PU prepolymer. (Fig.4.14c). The other observed peaks
in the FTIR spectrum of PU prepolymer (Fig. 4.1c) were assigned as: 2913cm-1
(symmetric stretching of CH2); 2843 cm-1 (CH asymmetric stretching of CH2 groups);
2249 cm-1 (isocyanate (−NCO) group). 1710 cm-1 (C=O stretching of urethane group);
1597 cm-1 (NH deformations) and 1489 cm-1 and 1441 cm-1 (CH2 and CH bending). The
chain extender (1,2-EDO) was added in the second step to finalize the polymerization
reaction. FTIR spectra of 1,2-EDO (Fig.4.14d) showed that a broad OH stretching
vibration band appeared at 3316 cm-1. The CH symmetric and asymmetric stretching
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vibrations of CH2 groups were observed at 2934 and 2862 cm-1, respectively. The
information about the variation in vibrational mode changes due to involvement of 1,2EDO in to the polyurethane backbone during the polymerization reaction were
represented by FTIR spectrum of the casted and cured film has been shown in
Fig.4.14(e). In the FTIR analysis obtained for the PU sample the disappearance of the
NCO peak at 2249 cm-1 and the appearance of NH peak at 3292 cm-1 imply the synthesis
of predesigned polymer and supports its proposed structure along with the bands of
urethane groups at 3292 cm−1 (N–H stretching). The other peaks observed were assigned
as: 2916 cm−1 (symmetric stretching); 2847 cm-1 (asymmetric stretching) vibrations of
CH2 groups; 1711 cm-1, 1649 cm-1(C = O bond); 1599 cm-1,1529 cm-1 (NH
deformations);14 44 cm-1 and 1418 cm-1(CH2 bending vibration); 1315 cm-1 (CH2
wagging). By extending the prepolymer with 1,2-EDO, the FTIR spectra showed a very
strong, new peak at about 1711 cm-1 which was assigned to C=O stretching of the
urethane. Peaks corresponding to the absorption of –N–H, –C=O, groups were observed
at 3393 cm-1and 1711 cm-1, respectively. These peaks indicate that the new synthesized
product having –NHCOO (urethane group) which is further evident by new peak
originated at 1223 cm-1 for NHCO provide the strong evidence for the formation of PU.
It is worthwhile mentioning that the N-H group in polyurethane could form hardhard segment H-bonding with the carbonyl oxygen of the hard segments. The stronger
hard-hard segment H-bonding acts as physical crosslinks leading to reduced segmental
motion of the polymer chain which results in a more significant phase separation between
hard and soft segments. The phase separation improves mechanical properties of
polyurethanes but reduces the flexibility and solubility (Lu et al., 2002; Subramani et al.
2004).

88

Scheme 4.4

Outline for the synthesis of hydroxy-terminated polybutadiene (HTPB),

isophorone diisocyanate (IPDI) and 1,2- ethane diol (1,2-EDO) based PUE (E2).
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Figure 4.15

FTIR spectra: (a) hydroxy-terminated polybutadiene (HTPB); (b)

isophorone diisocyanate (IPDI)); (c) polyurethane prepolymer (PU); (d) 1,2-ethane diol
(1,2-EDO) and (e) final PU (E2).
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4.2.1.2 Fourier transformed infrared (FTIR) studies of isophorone diisocyanate based
polyurethane elastomers (E2)
Isophorone diisocyanate based PUE was prepared in the presence of dibutyl
tindilaurate (DBTDL) catalyst by the prepolymer methodology. Its polymerization is
outlined in Scheme 4.4. FTIR spectra of HTPB, IPDI, NCO terminated polyurethane
prepolymer, 1,2-EDO and final polyurethane (E2) are represented in Fig. 4.15 (a-e).
FTIR spectrum of HTPB and 1,2- EDO have already been explained in Fig. 4.14 (a &d)
in section 4.2.1.1. The FTIR spectrum of isophorone diisocyanate are shown in Fig. 4.15
(b) having an intense absorption peak of NCO group at 2249 cm-1. The CH symmetric
and asymmetric stretching vibrations of CH2 were presented at 2918 cm-1and 2845 cm-1,
respectively. The other peaks were designated as 1454 cm-1 (CH2 bending) and strong
absorption peak at 1360 cm-1 is for C (CH3)2 present on the carbocyclic ring of IPDI.
FTIR spectrum of IPDI based PU prepolymer in Fig. 4.6 (c) represents the disappearance
of OH absorption peak and origination of well known absorption peak at 3358 cm-1 for
NH group and reduction of the intensity of

NCO groups at 2249 cm-1 imply the

formation of prepolymer. The other important absorption peaks are also observed which
further strengthen the reaction route, such as free C=O, hydrogen bonded C=O and
NHCOO groups at 1703 cm-1 and 1636 cm-1 and 1034-1236 cm-1, respectively. After
adding the chain extender FTIR spectra of E2 (Fig. 4.6 e) represents the complete
disappearance of the absorption peak of NCO at 2249 cm-1 and characteristic bands of
urethane groups at 3321 cm-1 (NH stretching), 1697 cm-1 (C=O stretching), 1537 cm-1
(NH deformation) and 1040-1238 cm-1 (NHCOO) while other bands at 1451 cm-1 (CH2
bending) and at 1412 cm-1 (CH bending). These absorption peaks provide the evidence
for synthesis of the final polyurethane.
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Scheme 4.5

Outline for the synthesis of hydroxyl terminated polybutadiene (HTPB),

hexamethylene diisocyanate (HDI) and 1,2- ethane diol (1,2-EDO) based PUE (E3).
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Figure 4.16

FTIR spectra: (a) hydroxyl-terminated polybutadiene (HTPB); (b)

hexamethylene diisocyanate (HDI); (c) polyurethane prepolymer (PU); (d) 1,2-ethane
diol (1,2-EDO) and (e) final PU (E3).
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4.2.1.3 Fourier transformed infrared (FTIR) studies of hexamethylene diisocyanate based
polyurethane elastomer (E3)
Fourier transformed infrared (FTIR) spectra of HTPB, HDI, NCO terminated
polyurethane prepolymer, 1,2-EDO and final polyurethane (E3) are represented in Fig.
4.16 (a-e). FTIR spectra of HTPB and 1,2- EDO have already manifested in Fig. 4.14 (a
&d) in section 4.2.1.1. Hexamethylene diisocyanate can be examined by the FTIR
spectrum in Fig. 4.16 (b) which has an intense absorption peak of NCO group at 2253
cm-1. The symmetric and asymmetric stretching vibrations due to CH2 were present at
2938 cm-1and 2862 cm-1, respectively. The other peaks were designated as 1462 cm-1
(CH2 bending) and 1439 (CH bending) of HDI. FTIR spectrum of HDI based PU
prepolymer in Fig. 4.16 (c) signify the vanishing of OH absorption peak and origination
of absorption peak at 3329 cm-1 for NH group and decline of the intensity of NCO groups
2249 cm-1 imply the development of prepolymer. The other significant absorption peaks
are also observed which further support the synthesis of the prepolymer, such as the
stretching vibrations for C=O (free), C=O (hydrogen bonded) at 1720 cm-1and 1699,
1634 cm-1, respectively. While other absorption peaks at 1577, 1526 were designated for
NH deformations. C- O and C- O- C of urethane bond is observed at 1224 cm-1 and 10331136 cm-1, respectively. FTIR spectra of E3 (Fig. 4.16 e) represents the absence of the
absorption peak of NCO group at 2249 cm-1 and distinguishing bands of urethane
groups were appeared at 3325 cm-1 (NH stretching), 1685 cm-1 (C=O stretching), 1533
cm-1 (NH deformation) and 1222 cm-1 (C-O-C stretching) while other band at 1437 cm-1
(CH2 bending). These absorption peaks revealed the synthesis of the final PU (E4).
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Scheme 4.6

Outline for the synthesis of hydroxyl-terminated polybutadiene (HTPB),

2,2,4- trimethyl-1,6- hexamethylene diisocyanate (TMDI) and 1,2- ethane diol (1,2-EDO)
based PUE (E4).
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Figure 4.17

FTIR spectra: (a) hydroxy-terminated polybutadiene (HTPB); (b) 2,2,4-

trimethyl-1,6- hexamethylene diisocyanate (TMDI); (c) polyurethane prepolymer (PU);
(d) 1,2-ethane diol (1,2-EDO) and (e) final PU (E4).
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4.2.1.4

Fourier

hexamethylene

transformed

infrared

(FTIR)

studies

of

2,2,4-trimethyl-1,6-

diisocyanate (TMDI) based polyurethane elastomer (E4)

Fourier transformed infrared (FTIR) spectral representation of HTPB, TMDI,
NCO terminated polyurethane prepolymer, 1,2-EDO and final polyurethane (E4) are
shown in Fig. 4.17 (a-e). FTIR spectra of HTPB and 1,2- EDO have already manifested
in Fig. 4.14 (a &d) in section 4.2.1.1. TMDI spectrum can be seen in Fig. 4.17 (b) which
has an intense absorption peak of NCO groups at 2255 cm-1. The CH symmetric and
asymmetric stretching vibrations due to CH2 were present at 2961 cm-1, 2924 cm-1 and
2862 cm-1, respectively. The other peaks were designated as 1466 cm-1 (CH2 bending)
and 1359 cm-1 (CH bending) and strong beak at 910, 862 cm-1 for TMDI. The spectrum
of TMDI based PU prepolymer in Fig. 4.17 (c) signify the disappearance of OH
absorption peak and origination of absorption peak at 3331 cm-1 for NH group and
decline of the intensity of NCO groups at 2255 cm-1 imply the development of
prepolymer. The other important absorption peaks are also observed

which further

support the synthesis of prepolymer, such as the stretching vibrations for C=O (free),
C=O (hydrogen bonded) at 1721 cm-1and 1703, 1636 cm-1 respectively. While other
absorption peaks at 1526 cm-1 were designated for NH deformations. C-O and C-O-C
groups of the urethane structure are observed at 1242 cm-1 and 1132 cm-1, respectively.
The spectrum of E4 (Fig. 4.17 e) shows the absence of the absorption peak of NCO group
at 2255 cm-1 and unique bands of urethane groups were appeared at 3316 cm-1 (NH
stretching), 1699 cm-1 (C=O stretching), 1539 and 1514 cm-1 (NH deformation) and
1238. 1134 and 1034 cm-1 (C-O-C stretching) while other band at 1437 cm-1 (CH2
bending), 1305 cm-1(NH wagging). These absorption peaks revealed the synthesis of the
final polyurethane E4.
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4.2.2

X-ray Diffraction Studies
X-ray diffraction analysis was performed in order to locate the changes of the

crystalline structure upon the condensation reaction of NCO terminated prepolymer. In
segmented polyurethanes, phase separation of soft segments (SS) and hard segment (HS)
is happened due to their relative contents, structural regularity and thermodynamic
incompatibility. The X-ray diffraction studies represented that crystallinity is highly
depended on the structure of diisocyanates in the polyurethane backbone. It is obvious
from Fig. 4.18 that the crystallinity decreased from aliphatic to aromatic characters of the
diisocyanates used in the final PU. In comparison with E1-E4, it can be concluded that
the PU having aliphatic diisocyanate structures E2-E4 have the greater peak intensities
leading that this sample present the better degree of chain orientation. The obtained
diffraction patterns indicate crystallinity of all samples. In the present study, the effect of
chain rigidity on the SS and HS segregation was also studied. In case of aliphatic
diisocyanate the chain flexibility showed the maximum degree of freedom for HS to get
organized in to a crystalline form. This degree of freedom decrease to cycloaliphatic
based polyurethane and the main effect was observed in aromatic polyurethane. The
shape of the crystalline peaks was in resemblance as described in the WAXD studies in
part-1. The crystalline peaks by varying the aromatic to aliphatic character of
diisocyanate using 1,2- EDO as chain extender in the final PU E1-E4 are shown in Fig.
4.18 and XRD data in Table 4.8.
There is an increase in intensity of the peak localized at 2θ = 12˚ confirming that
hard segments tend to crystallize generating broad crystalline peaks with small peak
heights by incorporating the aromatic, aliphatic/cylcoaliphatic diisocyanates structure in
to the final PU. The shape and sharpness of crystalline peaks having lower intensity
representing almost similar crystalline phases in all the samples. The location of peaks at
2θ=11-12º has already been discussed earlier i.e. due to the crystallization of the hard
segment. This might be happened due to the annealing process during curing of the
samples. The other factors like hydrogen bonding in the hard segments, chemical
crosslinking at soft segments and annealing during curing of the samples might be the
cause of such crystallinity.
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Figure 4.18

X-ray diffractograms of PU samples (a) E1 (b) E2 (c) E3 and (d) E4
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Table 4.8 Sample codes for the different formulations of PUEs based on different diisocyanates with their diffraction angles (θ), dspacing (d), intensity (I) and % of hard segment (%HS) of PU.
Sr.#

S.

DI

code

Mass ratio

2θ

d (Ǻ)

I (cps)

%HS

HTPB : DI* : CE
(0.0072 :0.0217 :0.0142)

01

E1

TDI

21.72g : 3.78g : 0.88g

8.8,11.7,12.35

10,7.56,7.16

204,417,423

17.66

02

E2

IPDI

21.72g : 4.82g : 0.88g

11.30

7.82

418

20.62

03

E3

HDI

21.72g : 3.66g : 0.88g

11.55

7.65

427

17.29

04

E4

TMDI

21.72g : 4.58g : 0.88g

11.75

7.52

419

20.09

Diisocyanates
Tolylene diisocyanate (TDI)
Isophorone diisocyanate (IPDI)
Hexamethylene diisocyanate (HDI)
Trimethyl-1,6- hexamethylene diisocyanate (TMDI)
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4.2.3

Thermal Studies

4.2.3.1 Thermogravimetric and differential thermal analysis (TG/ DTA)
Thermal properties of PUEs (E1-E4) were determined by TG/DTA at a heating
rate of 10 oC min-1. The samples were held at 30 oC for 1 min and treated up to 600 oC in
the presence of N2. Thermal parameters of polymers (E1-E4) are represented in Table 4.9
and in the thermograms in Figs. 4.19 & 4.20. The results implied that samples were stable
up to 215-239 oC. These results showed that polymer (E4) is the more stable than the
other samples. While 10% decomposition of polymer (E4) is earlier than polymers (E2E3) except polymer (E1) may be due to thermal scission of C-CH3 bonds present in the
main chain of the TMDI based polymer and it was also observed in the case of IPDI
based polymer (E2). This is might be due to their methyl groups are more prone to
thermal stress and showed the earlier degradation. In the case of the TDI based polymer
(E1) has shown the most early degradation compared to the other polymers of this series
is due to the rigid geometry and linkage of TDI in the main chain of the of polymer.
Polymer (E4) is the most stable polymer and 10% degradation was observed at 356oC.
This can be attributed to the mobility and flexibility of the HDI molecule in the main
chain of the polymer. All the samples have shown the maximum decomposition at 598oC
along with 1-5% char. All the data are summarized in Table 4.9 and the comparative
degradation study by TGA of these samples were shown in Fig.4.19. Their individual
thermograms based on TG/DTA were also shown in the Fig.4.20. It was seen that TG/
DTA results are similar to each other, while TG/DTA curves clearly indicate a two stage
degradation of all these polymers.
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Figure 4.19 TGA thermograms showing comparatively the weight loss (along Y-axis)
of polyurethane samples based on different isocyanates.

Figure 4.20 TG/DTA thermograms showing the weight loss of polyurethane samples
based on different diisocyanates (a) TDI (b) IPDI (c) HDI and (d) TMDI.
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4.2.3.2 Differential scanning calorimetery (DSC) study
The high temperature DSC thermograms of the polymers (E1-E4) were collected
by heating samples at 50-500 oC under N2. Before thermal treatment the samples were
held at 50 oC for 1 min and heated at the rate of 10.00 oC min-1.The DSC curves provide
additional information related to thermal changes, stability and degradation. The DSC
curve of the polymer E1 represents an endotherm at 158 oC which corresponds to the
glass transition temperature (Tg) of the hard segment. This polymer also showed an
exothermic change at 174oC (Tc), two endotherms at 194 oC and 453 oC corresponds to
melting (Tm) and degradation (Td) temperatures, respectively. The DSC thermogram of
polymer E2 showed the glass transition temperature (Tg) at 180oC, melting temperature at
275oC and degradation temperature (Td) at 440oC. The DSC thermogram related to E3
represented Tg at 112o C, Tm at 222oC and Td at 454oC While the polymer (E4) has only
represented the Tm and Td at 290oC and 470oC, respectively (Malakpour and
Rostamizadeh; 1999).
The examination of the data on the basis of TG/DTA and DSC revealed that all
the above polymers of polyurethane class are thermally stable up to 215- 239oC, 50%
decomposition had occurred at 389- 447oC which was also shown by DSC results.
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Figure 4.21 Comparative presentations of DSC thermograms on the basis of heat flow
(along Y-axis) and temperature (along X-axis) of polyurethane samples based on
different isocyanates.
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Table 4.9

Thermal stability data of the samples (E1-E4) on the basis of TGA & DSC

Sample

Tonset

T0a

T10a

T20a

T50a

Tmaxb

Tgc

ΔCgd

Tme

Tdf

ΔHdg

code

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

(˚C)

J/g

(˚C)

(˚C

J/g

01

E1

29.89

215

301

403

404

598

158

16.64

194

453

- 46.73

02

E2

32.87

215

329

389

447

596

180

15.74

275

440

-------

03

E3

30.27

215

356

431

389

599

112

6.73

222

454

- 16.38

04

E4

31.12

239

321

405

447

598

-----

-----

290

470

------

Sr#

a

temperature at which 0%, 10%, 20% and 50% weight losses obtained from TGA
maximum decomposition temperature obtained from TGA
c
the glass transition temperature
d
specific heat regarding to glass transition temperature of hard segments
e
the melting temperature of the hard segment
f
degradation temperature according to DSC
g
enthalpy changes at degradation temperature
b
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4.2.4

Mechanical Properties
Mechanical properties such as elongation at break, tensile strength, and modulus

are listed in Table 4.8. It is observed that the TDI based PUEs (E1) has showed high
tensile strength and low elongation in comparison to IPDI and TMDI based PUEs (E2 &
E4). This variation in mechanical properties is due to the aromatic nature of TDI while
IPDI, HDI and TMDI are aliphatic in nature. This aromatic structure of TDI leads to high
rigidity due to the presence of two isocyanate groups on the same phenyl ring. In
addition, the higher reactivity of TDI resulting from delocalization of negative charge on
the NCO groups and this aromatic nature is responsible for the greater tensile strength.
While other three PUEs are based on aliphatic and cycloaliphatic diisocyanates which do
not show such delocalization and are less reactive and catalyst is involved to precede the
polymerization. Tensile strength of E4 is higher after E2 might be due to the rigidity
caused by the three methyl groups present in the TMDI molecule. E3 represents different
behavior and exhibits high modulus and tensile strength and low elongation at break. This
is might be due to the flexible nature of the HDI also provide the degree of freedom to the
hard segment for orientation and crystallinity has been increased which is also shown by
the WAXD and SEM studies. The hardness data also support this nature of the sample
E3.

Fig.4.22

Stress-strain curves of PUEs E1, E2, E3 and E4 on the basis of different

isocyanates.
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Table: 4.10

Mechanical properties of PUEs based on tensile strength, elongation at

break, modulus and hardness.
Sr

Sample

#

code

Tensile strength

Elongation at break

(MPa)

(%)

Modulus

Hardness

(MPa)

Shore A

01

E1

1.08

311

0.51

57

02

E2

0.80

333

0.34

55

03

E3

2.10

285

1.14

68

04

E4

1.06

536

0.24

53

4.2.5

Surface Morphological Studies

4.2.5.1 Contact angle measurement
The surface hydrophilicity/hydrophobicity of the polymers is very important for
some of their end uses. Polyurethane surface hydrophilicity is analyzed by a static water
drop contact angle measurement. The results are reported in Table 4.10. In present study,
the contact angle was measured using water as the test liquid. The values of the contact
angle using water as a test liquid showed a remarkable increase as the nature of
diisocyanate was varied from aromatic, cycloaliphatic, aliphatic and substituted aliphatic
structures used for the PUEs E1,E2, E3 and E4, respectively. The results represent the
increasing trend of hydrophobicity of the final PUs. This phenomenon is due to the fact
that the soft segments are non-polar while the structure of the isocyanate might be
responsible for this increase of hydrophobicity. Polymers E1 and E2 based on isocyanates
having a cyclic ring which form the rigid structure and low degree of freedom and the
polar group dilution is low with respect to E3 and E4 which consisted of open chain of
six carbon units. It is might be due to the dilution of polar groups present only at rigid
domains and the decrease the polarity of the surface. This reason made the E3 and E4
more hydrophobic. In the case of E4, the methyl groups on the main chain also enhance
the hydrophobicity.
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4.2.5.2 Assessment of water absorption (%)
As these polymers can be used to perform in indoor and outdoor environments,
water absorption capacity is an essential parameter to estimate the chance of hydrolytic
degradation of the polymers. Water absorption as a function of time and nature of
samples is tabulated in Table 4.10. There was no considerable difference in the amount of
absorbed water as a function of time. The isocyanate content and structure might be
responsible for this variation of water absorption. The results clearly represented that
water absorption of samples decreased with changing the isocyanate category for the
synthesis of samples. On the basis of the results of water absorption and contact angle
measurement, we can prepare such materials which have a tunable hydrophobic character
can be enhanced or reduced by varying the isocyanate type and content.
Table 4.11:

Showing the contact angles (θ), water absorption percentage (%) and

density of PU samples based on different isocyanates.
S.
no.

Sample Temperature
code

(oC)

Contact

Densitya

Water absorption %

Anglea

1st

2nd

3rd

4th

(θ)

day

day

day

day

(g/cc)

1

E1

23±5

70.8±0.5 0.55 0.55 0.56 0.55 0.954±0.004

2

E2

23±5

72.5±0.4 0.51 0.51 0.52 0.52 0.958±0.003

3

E3

23±5

80.9±0.5 0.45 0.45 0.45 0.46 0.940±0.006

4

E4

23±5

81.5±0.3 0.41 0.41 0.43 0.42 0.940±0.006
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Fig. 4.23

Contact angles of PUEs as a function of type of isocyanate.

4.2.5.3 Scanning electron microscopy (SEM)
The surface morphology of PUEs was also studied by scanning electron
microscopy (SEM). Figure 4.24 shows the SEM images of the synthesized PUEs. SEM
images of PU samples E1- E4 revealed the presence of two phases clearly. Samples E1,
E3 and E4 show better mixing of the soft and hard segments than E2. Polymer E2 shows
a granular structure which might be due to the aggregation of the PU hard and soft
segments.
A continuous phase is visible in SEM micrographs which are developed by the
amorphous part of the soft phase and the intermediate phase, i.e. called matrix. Particles
of the hard phase are dispersed, and are encapsulated in that matrix. They are created by
the crystalline element of the hard phase. Such biphasic structure is formed due to three
vital thermodynamic factors such as mobility of hard segments, viscosity of the system,
and interactions between hard segments (Pilch-Pitera et al., 2008).
The hard segments form the rigid domains of irregular shapes and with the sizes
of a few micrometers. The domains of rigid segments are partly semicrystalline and can
be observed in the images which are not regular in their shape and size and are of the
order of a few micrometers. The soft phase amorphicity of E1, E2, E3 and E4 elastomers
is varied as isocyanate type varied which is represented by the SEM images. Such
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variation is due to different geometries of the isocyanates as well as the percentage (%) of
hard segments in the polymers. Crystalline studies also represented this irregular
behavior.

(a) E1

(c) E3

Fig.4.24

(b) E2

(d) E4

SEM images (1500×) of the PUEs (a) E1, (b) E2, (c) E3 and (d) E4 on the

basis of diisocyanate variation showing clearly phase mixing.
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4.3

Part-III: Synthesis and Characterization of Disperse Red 5/1,4-Butane Diol

(DR5/1,4-BDO) based Coloured Polyurethane Elastomers
Synthesis of PUEs was carried out by using HTPB (Polyol), TDI and different
proportions of DR5/1,4-BDO as chain extender following the synthetic route as outlined
in Scheme 4.7. This study was planned to evaluate the effect of a dye such as C.I.
disperse red-5 (DR5) on the structural, thermal, mechanical and surface characteristics of
coloured polyurethane elastomers. Different formulations of PU varying the
concentration of DR5/1,4-BDO are presented in Table 4.11. The chemical structures of
the raw materials used for the synthesis of coloured PU are presented in Fig. 4.25. A
schematic illustration for the synthesis of coloured polyurethane is shown in Scheme 4.7,
while FTIR spectrographs are given in Fig. 4.26.

Fig. 4.25:

Raw materials with their molecular structures used in the synthesis of

coloured PUEs.
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Scheme 4.7

Outline for the synthesis of coloured PUEs based on HTPB, TDI, BDO

and disperse red 5.
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Fig 4.26:

FTIR spectra; (a) tolylene diisocyanate (TDI); (b) hydroxy-terminated

polybutadiene (HTPB) (c) polyurethane prepolymer (PU); (d) 1,4-butane diol (1,4-BDO);
(e) disperse red-5 (DR5); (f) final coloured PU (E13)
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Table 4.12

Sample codes with different formulations varying concentration of disperse red 5 (colorant) along with the quantity

used for the synthesis of PUEs

S. #

Sample code

Polyol
(0.0072 mole)

Diisocyanate
(0.0217 mole)

Chain extender; (0.0142 mole)
BDO

DR5

01

E6

HTPB (21.72g)

TDI (3.78g)

BDO (1.2800g)

DR5(0.0000g)

02

E13

HTPB (21.72g)

TDI (3.78g)

BDO (1.2783g)

DR5(0.0026g)

03

E14

HTPB (21.72g)

TDI (3.78g)

BDO (1.2766g)

DR5(0.0054g)

04

E15

HTPB (21.72g)

TDI (3.78g)

BDO (1.2749g)

DR5(0.0080g)

05

E16

HTPB (21.72g)

TDI (3.78g)

BDO (1.2732g)

DR5(0.0104g)
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Fig. 4.27
4.3.1

UV/Vis. Spectrum of Disperse red- 5 (colorant) showing λmax

Characterization

4.3.1.1 Ultraviolet and visible & Fourier transformed infrared (UV/Vis. & FTIR) study
of disperse red 5
Fourier transformed infrared & ultraviolet and visible spectra of DR5 are shown
in Figs. 4.26 (e) and 4.27, respectively. The UV-Vis. spectrum of DR5 shows the λmax
(541 nm), while FTIR spectrum is discussed in section no. 4.3.1.2.
4.3.1.2

Fourier transformed infrared (FTIR) studies of coloured polyurethane
elastomers (E13-E16) based on disperse red 5/ 1,4-butane diol
Fourier transformed infrared (FTIR) spectral representation of HTPB, TDI, NCO

terminated polyurethane prepolymer, 1,4-BDO, Disperse Red 5 (colorant) and final
polyurethane (E13) are showen in Fig. 4.22 (a-f). FTIR spectra of HTPB, TDI,
prepolymer (PP) and 1,4- BDO have already been shown in Fig. 4.2 (a &d) in section
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4.2.1. Fourier transformed infrared spectrum of TDI can be seen in Fig. 4.22(a) has an
intense absorption peak of NCO group at 2249 cm-1. The spectrum of TDI-based PU
prepolymer in Fig. 4.1(c) & 4.22(c) signify the disappearance of OH absorption peak and
origination of an absorption peak at 3300 cm-1 for NH group and decline of the intensity
of NCO groups at 2249 cm-1 imply the development of a prepolymer. The other
important absorption peaks related to PP are also discussed in Fig. 4.1(c). The spectrum
of DR5 is also shown in Fig. 4.22 (e) represents the presence of the OH group at 3300
cm-1 while other absorption peaks are also present which confirm the structure of the
DR5. The other absorption peaks related to the dye structure are 2930 cm-1, 2833 cm-1
(CH2 stretching), 1593 (N=N stretching), 1506 (C-NO2). When the mixture of dye and
1,4-butane diol was added for curing the final polyurethane, the absorption peak of NCO
group at 2249 cm-1 and absorption peak of OH groups of DR5 and 1,4-BDO disappeared
and distinguishing bands of urethane groups were inherited at 3308 cm-1 (NH stretching),
1708 cm-1 1639 cm-1 (C=O stretching), 1597 and 1514 cm-1 (may be for NH deformation
or N=N stretching). The absorption peaks at 1443 cm-1 and 1416 cm-1 were attributed to
CH2 and CH bending modes, while absorption peaks at 1223- 1059 cm-1 for the COC
structure of the urethane groups. All these absorption bands confirm the synthesis of
predesigned coloured PUEs.
4.3.2

X-ray Diffraction Studies
The PU samples were synthesized by using HTPB, TDI, 1,4-BDO and different

proportions of 1,4-BDO/DR5 with the aim that DR5 was incorporated in the backbone of
the coloured PUEs. X-ray diffraction analysis was performed in order to determine the
changes in crystalline pattern upon the condensation reaction with NCO terminated
prepolymer. Sample code designation and different formulation of PUEs E6, E13-E16
with d-spacing, diffraction angle, and intensity of crystalline peaks are represented in
Table 4.12.
Broad hump having very small sharp crystalline peak related to the un-dyed
sample E6 is present at 2θ =11.4o which indicates that the polymer has some order of
crystallinity which is well separated from amorphous regions. This behavior has also
been observed in SEM images in Fig.4.33 (a). When the dyed samples E13-E16 were
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synthesized and their x-ray diffractgrams were taken with the help of WAXD showed
two crystalline peaks was at 2θ=11-12º and 18-20º. This new diffraction peak revealed
that the dye molecules have been incorporated as a structural component of the hard
segment of the dyed PUEs. The bulky molecular structure of the dye affected the
crystalline packing of the hard segment by disturbing the inter-segmental interactions.
The XRD study observed a new hump at diffraction angle at about 18-20o i.e. the lower
order of crystallinity. This observation is also confirmed by SEM study of these coloured
PUEs in Fig. 4.33 (b-e). It represents the increasing trend of amorphicity and decreasing
trend of crystallinity which is quite clear that biphasic behavior of un-dyed PU was not
observed rather a partial isolation of Iceland’s of crystalline structures of micro domains
is quite clear. The intensity of crystallinity depends on the concentration of DR5 in the
polyurethane backbone; Intensity is increased as the concentration of DR5 in to the final
PU increased (Fig. 4.23). We can observe that the presence of dye favored the formation
of a somewhat ordered structure without prominent difference. The increase in dye
contents results to broaden the hump and a slight increase in the intensity of the peak
localized at 2 = 19.5° confirming that soft segment tendency to crystallize generating
better order. 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 structures 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 with higher crystalline order. Only when the hard segments are annealed
they able to reorganize themselves before crystallizing and give crystallinity to the PU
structure. It is worthwhile to mention that hard segment, when present at higher
concentration, present diffraction peak in a range of 2θ = 11.12˚. So that crystallinity in
these polymers is due to hard segment and the dye itself. It can be concluded that the
PUs extended with DR5/ 1,4-BDO showed the peak intensities at 19.5o leading that these
samples present the new chain orientation than the un-dyed samples.
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Fig. 4.28

X-ray diffractograms of (a) E6 un-dyed and (b) E13 (c) E14 (d) E15 and (e)

E16 dyed PUEs.
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Table 4.13

Sample code designation and different formulation of PU with d-spacing, diffraction angle and intensity of crystalline

peak of PU samples extended with series of DR5/ 1,4 – BD.

S.No

S. Code

CE

Mass ratio of HTPB : TDI : CE*

da

(molar ratio 0.0072 : 0.0217 : 0.0142)

(Ǻ)

2θa

Ia

db

(cps)

(Ǻ)

2θb

Ib

%HS

(cps)

1

E6

BDO

21.72g : 3.78g : 1.2800g/0.0000g

7.75

11.40

396

-----

-----

-----

18.90

2

E13

DR5/BDO

21.72g : 3.78g : 1.2783g/ 0.0026g

7.31

12.10

417

-----

-----

-----

18.90

3

E14

DR5/BDO

21.72g : 3.78g : 1.2766g/ 0.0054g

7.37

12.00

424

4.59

19.30

191

18.90

4

E15

DR5/BDO

21.72g : 3.78g : 1.2749g/0.0080g

7.34

12.05

427

4.46

19.85

201

18.90

5

E16

DR5/BDO

21.72g : 3.78g : 1.2732g/0.0104g

7.79

11.35

420

4.74

18.70

327

18.90

Chain extender (CE)
1,4-butanediol(BDO)/DisperseRed5(DR5)
da (A˚), db (A˚) are the d-spacing of crystalline peaks a and b in (Ǻ).
2θ are the diffraction angles of crystalline peaks a and b
Ia and Ib are the intensities corresponding to crystalline peaks a and b in (cps)
%HS, percentage of hard segment
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These results confirm the hypothesis that the presence of DR5 increases the 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 E6 has shown a lower diffraction peak height and which indicates that this
sample has high degree of amorphicity with respect to crystallinity. It is well known that
greater the H-bonding lower will be the crystallinity (Laraz et al., 2009). This behavior
represents that this component can act as monomers. Moreover, the linked OH groups on
DR5 had better miscibility with linked NCO group in the hard segment of PU and can
establish the formation of H-bonds between hard segment and NH group in the hard
segment. Therefore intensity of orientation for E16 sample is more prominent because of
higher concentration of dye. It was also observed that the intensity of peaks of polymers
based on different DR5/BDO proportion (E13 to E16) is shifted to higher degree
(towards right), indicating a slight inter-domain spacing and change in crystalline order.
This effect may be due to the denser packing of hard domains within the matrix.
4.3.3

Thermal Studies

4.3.3.1 Thermogravimetric and differential thermal TG/DTA Studies
Thermal stability of prepared polymers (E6, E13-E16) was evaluated by TG/DTA
technique. Results are presented in Table 4.13. TG/DTA studies were carried out for dyed
and un-dyed PUEs at a heating rate of 10oC/min in a N2 atmosphere. The typical TGA
curves for samples E6, E13-E16 are shown in Fig.4.28. Table 4.13 summarizes the data
for thermal behavior of dyed and un- dyed PUEs. To and T10 are the two criterion to study
the thermal stability of the polyurethane samples. The higher the value of To and T10, the
higher the thermal stability of the system. The thermal data reflect that the PUEs are
thermally stable and show 0% decomposition up to 215- 230oC. The decomposition
temperature for 10% mass loss was found in the range of 309–316 °C. Temperature of
maximum decomposition was in the range of 597–600°C along with 1-4% char. It is
fairly obvious that samples extended with DR5/1,4-BDO (E13- E16) are also thermally
stable as E6. TGA and TG/DTA thermograms related to these polymers are illustrated in
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the Fig.4.28 & 4.29 which also confirms the stability and two stage decomposition of
these polymers.
So, the incorporation of the dye in the samples provides coloured PU samples
without compromising the thermal stability of the polymers

Fig. 4.29 Comparative studies of thermal stability of PUEs (a) E6 (b) E13 (c) E14 (d)
E15 and (e) E16 by TGA.
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Table 4.14 Thermal stability data for the PUEs (E6, E13-E16) samples based on TG/DTA & DSC
Sr#

Sample

Tonset (˚C)

code

T0a

T10a

T20a

T50a

(˚C)

(˚C)

(˚C)

(˚C)

Tmaxb (˚C) Tgc

Tmd

Tdf

(˚C)

(˚C)

(˚C

01

E6

30.24

230

311

385

450

597

160

234

454

02

E13

32.80

239

309

409

437

597

-------

-------

---

03

E14

35.02

225

309

362

448

598

-----

286

455

04

E15

31.63

223

316

401

444

598

-------

230

450

05

E16

33.99

215

307

367

427

598

------

260

440

a

temperature of 0%, 10%, 20% and 50% weight losses obtained from TGA

b

maximum decomposition temperature obtained from TGA

c

glass transition temperature of hard segments

d

melting temperature of hard segment

e

degradation temperature according to DSC
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Fig.4.30 TG/DTA thermograms showing the stability and decomposition of the PUEs (a)
E6 (b) E13 (c) E14 (d) E15 and (e) E16.
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4.3.3.2 Differential scanning calorimetery (DSC) studies
DSC measurements were used to characterize the effect of DR5 concentration on
the structure of the PU samples. As an instance, the DSC thermograms of the PU
extended with different ratios of DR5/BDO are shown in Fig. 4.31. It is clear that all the
PU samples have shown the Tg, Tm and Td related to these coloured samples degraded
partially at temperatures above 270˚C and this degradation temperature has been
confirmed by TGA data (Table 4.13). It was observed that the sample E6 has shown
melting behaviour and all the remaining samples (E6, E13-16) have also. This behaviour
implies that by adding DR5 in the formulation results in an increase in physically
effective crosslinking. It is well known that crosslinked materials do not show any
melting behaviour. As the cross-link density of E6 is highest, it exercises a higher
tolerance against thermal degradation. Reegen and Frisch (1966) established the fact that
polyurethane with high cross-linking has good thermal stability. The peak observed at
about temperature 356˚C is going to become prominent as the DR5 content increased in
the PU backbone. It can be concluded that DR5 has a considerable effect on the thermal
degradation of these PUs and by increasing DR5 content early thermal degradation is
occurred, it is obvious from the Fig. 4.31.

Fig. 4.31 DSC thermograms of coloured PUEs as a function of increasing concentration
of Disperse Red-5.
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4.3.4

Mechanical Properties
The mechanical properties such as modulus, tensile strength, elongation at break

and hardness of dyed and un-dyed PUEs E6, E13-E16 are listed in the table 4.15. Typical
stress–strain curves for the un-dyed sample E6 and dyed samples E13-E16 are shown in
the fig.4.27. Mechanical parameters showed significantly higher tensile strength of undyed polymer E6 and low elongation at break among all the other samples. This
behaviour can be attributed to increased intermolecular forces associated with the undyed polyurethane sample. All the samples display a smooth transition in their
mechanical behaviour from the elastic to plastic deformations as the DR5 contents
increased. The whole mechanical properties data of samples E13-E16 shows that samples
containing higher amounts of DR5 have low tensile strength and high elasticity than
those containing lower one. In comparison with E6 and E13-E16, it was found that all the
coloured polymers (E13-E16) have showed gradual decrease in tensile strength and
modulus and increasing trend in elongation at break as a function of increasing
concentration of DR5. Such mechanical transitional behavior suggests that the DR5 has
been incorporated in the polymeric chain of PU and become the part of the hard segment
of polymer backbone. The elongation at break increases as DR5 concentration increases.
This change can be attributed to the bulky molecule of the dye which partially disturbs
the strong inter/intra molecular interactions due to the more functional groups like -NO2,
-Cl, -CH3 linked to the polymeric chain of PU and ultimate crystallinity in the hard
segment changes. Thus, both the modulus and tensile strength are decreased. On the other
hand the degree of amorphicity of the dyed PUEs is also varied as concentration of the
dye was varied. These results are also in accordance with XRD study which is already
been discussed. The hardness data of samples are also presented in Table 4.14. Hardness
of E13-E16 samples decreased with increasing DR5 content.
So, the improvement of elongation at break and decrement in tensile strength and
tensile modulus also evident like XRD studies that the dye molecules have become a
chemically bonded part of the polymer. As the dye concentration increases elongation at
break also increase which shows the increase of amorphous nature of the polymers.
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Fig.4.32

Stress (force)-strain (extension) curves of un-dyed E6 and dyed E13-E16

PUEs.

Table 4.15 Mechanical properties data for the PUEs (E6, E13-E16)
Sr#

Sample code

Elongation at break

Tensile strength

Modulus

Hardness

(%)

(MPa)

at break

Shore A

(MPa)
01

E6

420

1.26

0.56

58

02

E13

475

1.15

0.55

64

03

E14

523

1.09

0.33

62

04

E15

556

0.98

0.23

56

05

E16

638

0.93

0.17

51
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4.2.6

Surface Morphological Studies

4.3.5.1 Contact angle measurement
The surface hydrophilicity/hydrophobicity of polymeric materials is very
important for different commercial application such as surface coatings, seals, shoe soles
and tyres etc. Surface hydrophobicity of dyed and undyed polyurethane elastomers was
characterized by static water contact angle which is tabulated in Table 4.13. The values of
contact angle using water as test liquid increases as the concentration of DR5 (dye) in the
PU backbone increases as a chain extender. Disperse Red 5 is insoluble in water, but
shows solubility in organic solvents such as DMSO, DMAc, DMF, NMP, THF, and
DCM. As can be seen, there is a significant difference between precursor PU (E6) and
dyed PUs (E13-E16) extended with DR5/1,4-BD. This means that hydrophobicity of the
PU films are enhanced by extending prepolymer with DR5/1,4-BDO. This increment is
due to the fact that DR5 itself is a semi-crystalline organic molecule and its solubility in
water is very low due to its bulky molecules not really change even if it contains some
polar groups. This incompatibility of dye with water is responsible for such
hydrophobicity. Therefore, by increasing the percentage of DR5 in the PU backbone, the
hydrophobicity of the final PU increases.
4.3.5.2 Assessment of water absorption (%)
As these polymers are synthesized to perform in indoor and outdoor
environments, overall water absorption ability plays an important role in their
degradation. Water absorption as a function of time and type of sample are listed in Table
4.13. There was no significant difference in the amount of absorbed water as a function
of time. The DR5 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 DR5 content of samples. From the evaluation of the results of water
absorption and contact angle measurement, it could be stated that these samples are
hydrophobic and non-leachable coloued polymeric material which may be applicable as
elastomers and dyed fabric.
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Table 4.16

Hydrophilicity and water absorption percentage (%) data of samples (E6,

E13-E16)
S.No. S. Code

Temperaturea Contact
(oC)

anglea
(θ)

Water absorption percentage
(%)

Densitya
(g/cc)

1st

2nd

3rd

4th

day

day

day

day

1

E6

23±5

73.2±0.4

0.35

0.36

0.36

0.36

0.954±0.004

2

E13

23±5

77.1±0.5

0.31

0.32

0.30

0.31

0.958±0.001

3

E14

23±5

78.0±0.3

0.30

0.31

0.31

0.31

0.952±0.006

4

E15

23±5

79.9±0.4

0.29

0.30

0.30

0.30

0.954±0.004

5

E16

23±5

81.7±0.2

0.28

0.29

0.29

0.29

0.923±0.005

Fig. 4.33

Contact angles of PUEs as a function of concentration of the dye
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4.3.5.3 Scanning electron microscopy (SEM)
The surface morphology of PUEs was also studied by scanning electron
microscopy (SEM). Figure 4.33 shows the SEM images of the synthesized PUEs. SEM
images of PU samples E6- E13-E16 have clearly shown the presence of two phases.
Sample E6, E13- E16 shows the mixing of the soft and hard segments. In all the SEM
images clearly show the hard and soft regions. These SEM images also provide
knowledge about the incorporation of the dye. As the dye concentration increases, the
amorphous area also increased. Increase in elongation at break as a function of dye
concentration is also in accordance with these SEM micrographs.
A continuous phase is visible in SEM micrographs which are created by the
amorphous part of the soft phase and the intermediate phase, i.e. called as matrix. This
matrix has encapsulated the dispersed crystalline particles of hard phase.
The hard segments form rigid domains of irregular shape and with the sizes of a
few micrometers. The domains of rigid segments are partly crystalline. The soft phase in
these elastomers is all most amorphous and this property increases as the concentration of
the dye increases as shown by the SEM images. These findings are also confirmed by the
WAXD and tensile testing.
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(a) E6

(b) E13

(c) E14

(d) E15

(e) E16
Fig. 4.34: SEM images (1500×) of the PUEs (a) E6, (b) E13, (c) E14, (d) E15 and (e)
E16 on the basis of variation of DR5/1,4-BDO.
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4.3.6 Leachability of the Colorant from Coloured Polyurethane Elastomers
The Disperse red 5 (colorant) has been successfully incorporated to the polymeric
chain. Its incorporation has been already discussed in an earlier part of this section. The
dye and dyed PUEs were subjected to different organic solvents. Pure dye was soluble in
the organic solvents, but insoluble in water. All the dyed polymer samples were resistant
to dye bleed in the solvents, which also explains that the dye has become the part of the
polymer (Patrick and Whiting 2002a; Mallakpour et al., 2007).

The solubility and

leaching of the dye has been shown in the table 4.17.
Table 4.17
Sr. No.

Solubility and leachability of the dye from dyed PUEs in organic solvents
Solvent

Temperature

Solubility of Dye

Leaching of Dye from

(Co)

(Disperse Red 5)

Dyed PUEs

1

DMSO

30

Soluble

No leaching

2

DMF

30

Soluble

No leaching

3

DMAc

30

Soluble

No leaching

4

NMP

30

Soluble

No leaching

5

THF

30

Soluble

No leaching

6

DCM

30

Soluble

No leaching

7

CF

30

Soluble

No leaching

DMSO: Dimethylsulphoxide
DMAc: Dimethylacetamide,
THF: Tetrahydrofuran,
CF:
Chloroform

DMF: Dimethyl formamide,
NMP: N,N-dimethyl pyrrolidone,
DCM: Dichloromethane,
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CHAPTER 5

SUMMARY
Polyurethane elastomers were synthesized by step growth polymerization
techniques using hydroxyl-terminated polybutadiene (HTPB), polycaprolactone (PCL
2205) and 2,4- tolylene diisocyanate (TDI), extended with series of low molecular weight
aliphatic

diols

having

2-6

methylene

units.

The

conventional

spectroscopic

characterization of the samples with Fourier transform infrared (FTIR) was in accordance
with the proposed polyurethane structure. The effect of chain extender (CE) length on
crystallinity, hydrophilicity, thermal and mechanical properties were studied and
discussed. Crystalline behavior of the polyurethane film was studied and discussed by
using the x-ray diffraction technique. For all the synthesized samples, the resulting degree
of crystallinity was low and hydrophilicity decreased with increasing length of chain
extender. Optimum crystallinity and hydrophilicity were obtained from the elastomer
extended with 1,6-hexane diol (HDO) in comparison to elastomers extended with 1,2ethane diol (EDO), 1,3-propane diol (PDO), 1,4-butane diol (BDO) and 1,5-pentane diol
(P’DO). It was concluded that by increasing the chain extender length in the PU
formulation, the crystallinity of the samples was slightly affected, but showed an uneven
trend. The interactions of the final PU films with water on the surface were clearly related
to the number of –CH2– units. Water absorption percentage (%) of the synthesized
polyurethane (PU) was affected by number of methylene units in the chain extender
present. Thermogravimetric and differential thermal analysis (TG/DTA) and differential
scanning calorimetery (DSC) showed that CE length has no considerable effect and all
the samples were thermally stable. Tensile strength and modulus of the samples increased
and elongation at break is not regular with increase of chain extender length, while
hardness was increased. Finally, the decrease in thermal and mechanical properties was
interpreted in terms of decreasing TDI mass fraction and lower inter-urethane H-bond
concentration as the CE length was increased.
Polyurethane elastomer was synthesized by using polycaprolactone (PCL), TDI
and extended with 1,4-BDO. The conventional spectroscopic characterization of the
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samples with FTIR spectroscopy, proton nuclear magnetic resonance (1HNMR)
spectroscopy and carbon nuclear magnetic resonance (13CNMR) spectroscopy were in
accordance with proposed polyurethane structure.
Polyurethane elastomers based on HTPB, different isocyanates such as tolylene
diisocyante (TDI), isophorone diisocyanate (IPDI), hexamethylene diisocyanate (HDI)
and trimethyl-1,6-diisocyanato hexane (TMDI) extended with EDO were synthesized.
The conventional spectroscopic characterizations of the samples with FTIR spectroscopy
were in accordance with proposed polyurethane structures. The structural transition due
to the changes in hydrogen bonding was confirmed by using these techniques. It was
concluded from the FTIR spectroscopy analysis that the reaction of the urethane group
occurred mainly at -OH group of HTPB and NCO group of TDI and other isocyanate
such as IPDI, HDI and TMDI. The crystallinity and mechanical properties were found to
depend on the isocyanate nature from aromatic to cycloaliphatic, aliphatic and substituted
aliphatic. It was also concluded that by displacing the isocyanate nature in the
polyurethane formulation, the crystallinity of the samples also increases. From the whole
thermal analysis the thermal stability studies, it was found to increase related to the
variation from aromatic to aliphatic isocyanates. TG/DTA data and DSC curves showed
that thermal stability showed slight variations in thermal stability. It was concluded that
by varying the isocyanate in the polyurethane formulation, the stiffness of the samples
was high which had aromatic rings and substituted aliphatic isocyanate and also show
good mechanical properties. The water absorption (%) and contact angle measurement
also revealed finally that these polymers have good thermal, mechanical and surface
properties for further processing and it can probably be utilized in a number of potential
applications.
Dyed polyurethane elastomers (PUEs) based on HTPB, TDI and a mixture of DR
5/ 1,4-butane diol as chain extender were synthesized by step growth polymerization. The
conventional spectroscopic characterization of the samples using FTIR spectroscopy,
were in accordance with proposed PUEs structure. The crystalline behavior of the
synthesized coloured polymers were investigated and it was found that the crystallinity
increased with respect to un-dyed polyurethane elastomer based on HTPB, TDI and BDO
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(E6) as C.I. Disperse Red 5 (DR 5) dye content increased in the dyed PUEs (E13, E14,
E15 and E16). The presence of DR 5 also favors the formation of a more ordered
structure which shows that dye has been attached chemically to the hard sement of the
PUEs. For all the samples mechanical properties were found to decrease by incorporating
dye as chain extender varying its concentration along with BDO. The leachability of the
dye was examined by soaking the dyed PU samples in the water as well as in the organic
solvents which proved that these polymers were solvent resistant and also no bleeding of
the dye occurred. Results demonstrated that these polymers are good candidates for
industrial use to spin the PU to make synthetic fibers.
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, and crystallinity, mechanical
properties structure of diisocyanates and chain extenders in PU backbone.
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