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PREFACE

The present thesis entitled “Studies of Polybutadiene diol based Water Dispersible
Polyurethanes and their Nanocomposites” has been divided into seven chapters. Chapter 1
includes brief introduction of PUs, synthetic procedures of PUs and different types of water
dispersible PUs and the structure property relationships of PUs. In addition, the advantages and
importance of water dispersible PUs in various applications and mainly coating applications are
discussed. Chapter 2 deals with the details of materials source which were used for all the
working chapters and the experimental procedure for characterization of all synthesized
polymers and nanocomposites. Chapter 3 In this chapter, a series of solvent-based PUs were
synthesized from HTPB and modified HTPB (HTPB-DNB) as polyols using different types of
diisocyanates. The structural properties of the resulting PUs were characterized by using
different instrumental techniques which revealed that the formation of extra H-bonding network
between the dinitrobenzene and urethane backbone is the driving force for superior tensile
properties in case of modified HTPB-PUs. Chapter 4 explores the novel methods for synthesis
of water dispersible PUs from two different butadiene diols namely HTPB and HTPB-DNB. Hard
segment content variation found to be the best choice to control several important properties
including hydrophobicity of the PU surface. Chapter 5 describes the preparation of clay
nanocomposites of water dispersible PUs with two different types of clays (Cloisite-30B and
Kao) by an in-situ method. The influence of incorporation of clay, on the properties of water
dispersible PUs were evaluated. Chapter 6 describes the formation of nanocomposites of water
dispersible PUs with TiO,/SiO, core-shell nanoparticles by in-situ process and the effect of
nanosized core-shell nanoparticles on the properties of water dispersible PUs and their
antibacterial applications were studied. Chapter 7 summarizes the findings of the present

investigations, presents concluding remarks and the future scopes of the current study.
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1.1. HISTORY OF POLYURETHANES

In 1937, the German scientist prof. Otto Bayer was found o ut that the poly addition of the diols
and diisocyanates in the presence of the catalyst forms polyurethane (PU) in appropriate conditions.**
During the time of World War 11, small-scale PUs were used for the purpose aircraft coating but the
same time diisocyanates are not available on the market. After the World War Il, some research
groups in various countries like U.S.A and U.K focused their research activities and interests in PUs
but the commercial development was very slow. During this time, the German chemical industries
utilized Prof. Otto Bayer expertise in the PUs chemistry and developed the elastomers and foams>®
Among various chemical industries, the DuPont and ICI first recognized the important property of the
PU materials. Production of commercial flexible PU foams from toluene diisocyanate (TDI) and
polyols was started in 1954. After that in the year 1960, around 4500 metric tons of flexible PU foams
were synthesized. The isocyanate reaction offers the opportunity to prepare tailor-made PU products
such as fibres, rubbers etc. In 1969, Bayer developed rigid foams through reaction injection moulding
method, which obtained more stiffness mainly for thermal insulating applications. Throughout the
sixties, significant improvement in chemical research, its uses and processing technology led to a
broad range of commercial applications of PUs in many market areas. The introduction of
thermoplastic PUs extended the present processing techniques to injection moulding and extrusion for
plentiful applications. To prepare PUs one of the essential starting materials is high molecular weight
polymerdiol and the maximum polymer diols are viscous liquids. In 1956, the Dupont introduced the
first commercial availability of polyether polyol. In 1960, CTPB (Carboxyl terminated poly butadiene)
was used for propellant applications and at the same time, HTPB (Hydroxyl terminated polybutadiene)
was developed. The first test for rocket propellant applications with HTPB as a binder was carried out
in 1972, showed better advantages over CTPB including high solid loading, desirable mechanical and

ageing properties.
1.2. SYNTHESIS OF POLYURETHANES

Polyurethane (PU) is most versatile polymeric materials which can be readily synthesised by
the reactions between the polyols and diisocyanates in the presence of suitable conditions and catalyst
(Scheme 1.1). A brief description of raw materials which are required for the synthesis of PUs and
about the general chemistry involving PU synthesis are discussed in the next few sections. The

property of the PUs largely depends on the structures and functionalities of polyols and diisocyanates.

University of Hyderabad, 2015 1
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o0 0
Catalyst : Il
HOWW W W OH + OCN—R—NCO —_—» MWW 0—C—NH+R—NH-Crvvvne

Polymer diol Diisocyanate Polyurethane

Scheme 1.1. General reaction scheme for the synthesis of polyurethane

1.2.1. The importance of polyols

The substance, which moderate molecular weight (within 10,000 Daltons) and more than one
hydroxyl functional group at the terminal position called as polyols. This is one of the important raw
materials in the synthesis of PUs mainly depend on the molecular weight, functionality, viscosity and
degree of crosslinking of the polyols. The polyols may contain different functionalities along with
hydroxyl groups such as ester, ether, amides, acrylic and other functionalities.’For better properties
such as combined physicochemical and biodegradability, Papageorgiouet al.®havesynthesized the
combined aromatic and aliphatic ester copolymer diols containing polyurethanes. The aliphatic part
offers the elastic nature because increases in the aliphatic content, the elastic nature increases while it
decreases the tensile strength and young modulus. However, most of the well known polyurethanes
(PUs) are synthesized from different kinds of polymer polyols based in petrochemicals as solvent
which are environmentally toxic. Because of the environmental concerns, recently several methods
have been developed for synthesis of water-dispersible PUs in which water is used as a solvent.**
Generally, polyols are produced by ring-opening polymerization of cyclic esters, cyclic ethers as
ethylene oxide, tetrahydrofuran or propylene oxide and cyclic lactams etc. There are different polymer
polyols to the synthesis of PUs for various applications. For example to the synthesize biodegradable
and shape memory applications, the polylactam and polylactone are used as the polymer

diols.***2Some commonly used polyol structures are shown in the Figure 1.1.%

University of Hyderabad, 2015 2
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Poly (ethylene glycol)

Poly(butylene succenate)

I
01\ o-—¢C c_o/\/\,l’OH
Hoh/ n OH Ho/\/\‘l' _Q_ll n
0]

Poly (propylene glycol) Poly(butylene terephtalate)

0]

4 Ao Ho{'\ﬂ\r(\/\)Loan\ﬁ“

0]

Poly(tetra methylene ether glycol) Poly(ethylene adipate)

H+0J\ﬂ—);OH ”{'0\/\/\/|CL)H~0H

Poly (caprolacone)
Poly (lacic acid)

Figure 1.1.Commonly used polymer diol structures.*®

1.2.2. Importance of diisocyanates

The diisocyanate is one of the most important organic compounds which is used for the
synthesis of PUs. The chemical structure of diisocyanate contains cumulative double bonds with N, C
and O in the sequence such as O=C=N-R-N=C=0, where R can be aromatic, aliphatic, cyclic or
acyclic compound. Because of the vast industrial importance of PUs, we need to study diisocyanate
chemistry thoroughly and understand the properties and their reactivity. Diisocynates are highly
reactive and hence readily produce urethane groups without any by-products formation. An isocyanate
contains two or more -NCO functional groups for one molecule and is called as diisocyanes or

polyisocyanate respectively.

University of Hyderabad, 2015 3
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fHa NCO
CH,
NCO
OCN NCO
NCO
NCO
Toluene-2,4-diisocyanate Toluene-2,6-diisocyanate Isophorone diisocyanate (IPDI)
(2,6-TDI)
(2,4-TDI)

NCO
2

4,4’-methylene diphenyl diisocyanate (MDI)
4,4'- Methylene dicyclohexyl diisocyanate (H;,MDI)

/\/\/\/NCO OCN NCO
OCN

Hexa methylene diisocyanate 4,4'-dibenzyl diisocyanate (DBDI)

OCN

Y

Hexa methylene diisocyanate biuret OCN o
or
1,3,5-tris(6-isocyanatohexyl)biuret

OCN NCO

0
COOC,Hs )k
o

Lysine diisocyanate
Uretidone dimer

Figure 1.2. Some commonly used diisocyanate and triisocyanate structures.">*
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All diisocyanate are liquids or solids in nature and highly reactive and it undergo reaction
across the double bond -C=N of the -NCO group. The reactivity of the isocyanates are mainly
depended on the electron density of the central carbon atom of the isocyanate. The low electron
density of central carbon atom containing compounds are highly reactive and that is why the aromatic
diisocyanates are highly reactive than aliphatic because of resonance structures. Therefore, the
electrophilic nature of the aromatic diisocyanates can alter through different substituents on an
aromatic ring like electron withdrawing or donating groups. The reactivity of diisocyanates plays an
important role for the synthesis of PUs because of the possibility of formation of dimers, trimers and
higher oligomers and also possible to formation of polymers. In addition, the number of cross-linking
reactions may take place, and primarily depends on the reaction conditions such as temperature,
catalysts, and the structure of the alcohols, amines and diisocyanates. Structures of commonly used
some isocyanate structures are shown in Figure 1.2 which include toluenediisocyanate (TDI), 4,4'-
dicyclohexyl methane diisocyanate (H;;MDI), 4,4-methylene diphenyl diisocyanate (MDI),
isophorone diisocyanate (IPDI) and hexa methylene diisocyanate (HDI) and also some triisocyanate
structures. The most commonly used isocyanates are TDI and IPDI but compared to TDI, IPDI has
some advantages because it is not toxic, average reactivity and aliphatic. For PU synthesis, the IPDI is
widely used in the preparation of light stable coating PUs. The two isocyanate groups of IPDI have
different reactivity because of different steric hindrance and attached to different carbons that are
primary and secondary carbons.

1.3. PROPERTIES OF THE POLYURETHANES

The PU contains urethane and urea linkages between the two monomers and therefore, PU
exhibit several intra and inter molecular interactions which results PU has strong affinity to form
hydrogen bonding between the urethane —N-H and carbonyl —C=0 groups in the PU chains. Generally
PUs are mechanically strong and thermally and chemically stable owing to the cross linking (both
physical and chemical). Also the PUs exhibits the flexibility and durability because of high molecular
weight long chain diols. Most of the PUs contain excellent abrasion resistance, durability and impact
resistant. All these properties typically depend on starting materials such as polyols and diisocyanates.
Therefore we can able to control the required property of the PUs by changing the lengths of the soft
and hard block content and changing the order of hard and soft segment block in PU synthesis.
Because of these properties and advantages, the PUs are widely used in various field. The PUs are not

soluble most of the solvents, because of high crosslinking and it is soluble only in few high polar
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solvents like dimethyl formamide (DMF), dimethyl acetamide (DMAC), dimethyl sulfoxide (DMSO)
and N-methyl pyrrolidone (NMP).

1.3.1. Thermal Properties

The PUs are widely used in different fields because of that lot of research work have been
carried out to understand the thermal degradation and to improve the thermal stability of the PUs.
Thermo gravimetric analyser (TGA) is an useful instrument to evaluate the thermal stability of the
PUs. Majority of the literature reported that PUs start degradation around 180 to 200°C in the presence
of nitrogen atmosphere and degradation temperature varies with PU structure.”For example PUs
which are used for industrial thermal insulating applications stars degradations above 250° C. The
thermal degradation temperature can be affected by altering polyols and diisocyanates.'**®Compared
to solvent-based PUs, the water dispersible PUs are very useful for coating applications and also
widely used for various applications because of environmental regulation. In recent years the coating
industries are focusing to develop the fire-resistant PUs, water dispersible PUs considering fire safety
and health hazardous.®*° Kim et al."*reported polyimide containing water dispersible PU which was
synthesised to increase the thermal stability. Since, the polyimide has an unyielding heat resistant
therefore polyimide containing PUs are thermally more stable. PUs are elastic in nature and show the
T, at the sub ambient temperature range at around -60° to -70° C. Differential scanning colorimetry
(DSC) and dynamic mechanical analyser (DMA) commonly used to measure the T, Generally, the
PUs exhibit thermodynamic immiscibility, which resulted into micro phase separation between the
hard block and soft block, and hence display two T, values. That is one T, for soft segment at lower

temperature side and another T, for hard segment at higher temperature range.”**

1.3.2. Mechanical Properties

The urethane bonds which are derived from diisocyanate and chain extender provide the
rigidity or strength, and the urethane bond which is derived from the polyols and diisocyanates is
responsible for the elastic property of the PU materials. Both physical and chemical crosslinking that
take place in the PU chain greatly influence the mechanical property of PUs. Generally, the PUs show
abrasion resistant, high impact resistant, durability and flexibility. Due to environmental concern the
conventional solvent based PUs are replaced by aqueous PUs in many research groups are focused on

synthesis of water dispersible PUs and to increase the mechanical properties. Gunduz et al.?®

reported
PU dispersions containing different ionic groups such as tartaric acid and dimethylol propionic acid

which are introduced into the PU back bone and they observed that in case of tartaric acid containing

University of Hyderabad, 2015 6
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PUs show better mechanical properties than dimethylolpropionic acid because of more crosslinking.
Polyester polyol PUs have certain advantages, compared to polyether polyol PUs with respect to
mechanical strength and oil resistant but the polyether polyol PUs have the certain advantage such as
hydrolytic stability.”*Many research groups have reported that with increase the -NCO/-OH ratio, the
mechanical strength increases because of the increasing crosslinking. The branching in isocyanates or
polyols also increases the crosslinking which further increases the mechanical strength and cohesive
forces of the PUs.?”? Hourston et al.*explored that the importance of neutralization step, the degree of
neutralization, the type of ionic component, and the type of counter ions for their effect on the
mechanical, particle size and colloidal properties of the PUs dispersions. Various research groups
reported that with different types of polyols and diisocyanates, different ionic groups and different
types of neutralizations of their properties such as thermal, mechanical, particle morphology and

hydrophobic properties can be altered.**3
1.3.3. Film formation and hydrophobic properties

The PUs can form good films because of some strong physical interactions between the PU
chains such as the hydrogen bonding interactions and Van der Waals forces. In the case of solvent
based PUs electrostatic forces are present and in the event of water-dispersible PUs the ionic
attractions are present. Mainly, the water dispersible PUs can forms a good film with more toughness
at low temperature conditions because of the association of PU colloids and water-swollen particles
morphology. The hydrophobic property is an important phenomenon in coating applications and this
property can be measured with the help of water contact angle measurement. Hydrophobicity is a
surface property and this property mainly influenced by the surface energy and microstructure of the
surface or geometrical arrangement of the film surface.***The roughness of the film, also helps
increasing in the contact angle.***’Based on water contact angle measurement the film surfaces are
divided in to three types that is hydrophilic, hydrophobic and super hydrophobic. Suppose the water
contact angle of the film surface is less than 90° it has called as hydrophilic and above 90° it has called
as hydrophobic and if more than 150°, called super hydrophobic. Nowadays vast research is going on
for the development of the hydrophobic and super hydrophobic PU dispersion surfaces. Two methods
that are often used are first, is to create the rough hydrophobic surface and the second one is to reduce
the surface energy. To reduce surface energy, fluorine-containing long alkyl chain compounds
introduced into the PU backbone through the covalent bonds formation. Zhang et al.**synthesised PU
dispersions by introducing trifluoroethyl methacrylates through crosslinking and they observed that
excellent film forming, hydrophobic and mechanically stable are shown in Figure 1.3 which is useful
University of Hyderabad, 2015 7
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for hydrophobic coating applications. Such type of fluorinated PUs are widely used for antifouling,
anti-fogging and microelectronic applications.****Various methods have been developed to fabricate
hydrophobic and super hydrophobic PU dispersions and these are micelles deposition on surface of
block copolymer and polydimethylsiloxane containing block copolymers.*®

()

Figure 1.3. The photographs of cotton absorbing water droplets before and after 10 minutes (a)
Uncoated water dispersible PU (b) Coated with fluorinated acrylic water dispersible PU (c) coated
with aziridine-cross linked fluorinated acrylic water dispersible PU*

1.4. POLYURETHANE APPLICATIONS

PUs have attracted varieties of applications in numerous fields due to thermal stability,
mechanical strength and also other physical properties. PU materials usually display durability,
flexibility, abrasion resistance and impact resistant. Because of these properties PUs are used in
various fields such as composite wood, leather, rubbers, building and constructions, automotive etc.
Hydroxyl terminated polybutadiene (HTPB) based PUs are widely used in rocket propellant
applications.
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Figurel.4. An overview of polyurethane applications including rocket propellant applications

(Adapted from Google Images internet).

1.4.1. Adhesives and binders

Adhesives are widely used in varieties of industrial applications such as constructions,
automotive, furniture, textiles, aircraft, electronic and electrical applications. Some specific adhesives

are used in medical applications such as in wounds drying and dental reconstructions.*’*

1.4.2. Textile industry

Water dispersible PUs has non-flammability, excellent tensile strength, abrasion resistant and
also flexibility at lower temperature. Because of these advantages PU dispersions are predominantly
used in textile coating applications.***'The acrylic PU emulsions also useful for textile coating resins

because of their crosslinking, which improved the final property of textile materials.®?*

1.4.3. Shape memory

The PUs that is able to show phase deformation at different conditions such as temperature,
light, pH, electricity and humidity can be utilized for shape memory. However, most of the PUs is
reported temperature deformation. This PUs are a kind of shrinkable applications suppose temperature,
pH, light etc. The shape memory PUs are used in the field of bio-medical applications for some device
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such as orthopaedic, nerve regeneration, cardiovascular applications.>**’And also some shape memory

alloys are used especially in technical applications transducers, sensors and medical implants.*®®

Os 1385 1845 \ 3.22s ' 414s

Os © 3.22s 460s 552s 7365

Figure 1.5. Transitions from the temporary spiral shapes to the permanent linear shapes of polymers

of different composition.>*

1.4.4. Tissue engineering

In this application the biodegradability, nontoxicity and cell growth properties are important.
Most of the PUs are biocomfortable, biodegradable and good mechanical properties such as tensile
strength, more elastic nature, abrasion resistant and tear strength. Hence, PU materials are very much
useful in tissue engineering applications®**Guan et al*synthesized highly porous poly (ether urethane
urea), with PCL and 1,4-diisocyanatobutane (BDI) and putrescine which is highly biodegradable and
good for tissue engineering applications. Because BDI could release a polyamine which is helps for
the cell growth and propagation. Several research groups have synthesized PUs for various tissues

engineering applications.®®
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1.4.5. Insulating materials

The rigid PU foams are used as insulating materials, such as insulating boards for roofing,

metal-faced panels, and walls.”®"

1.4.6. Biomedical applications

PUs have high toughness, flexibility, abrasion resistant, and tear strength and
biocompatibility. Generally, the most of the PUs are non-toxic and hydrolytic resistant with the
biological fluids due to crosslinking. Therefore, PUs applications are limitless in biological
applications. Such as artificial heart valves,’ vascular devices,” aortic valves,™ tissues replacing,”

artificial bones’®and drug delivery applications.”
1.4.7. Coating and Painting

The PUs are widely used in coating applications because of high thermal stability and
excellent mechanical properties such as high toughness, tensile strength, elasticity, good abrasion
resistant, tear resistant and impact resistant. Most of the PUs have good film forming nature, water
resistant and chemical stability. However, PUs are solvent based and many reports are available with
different polyols and different diisocyanate contents. Nowadays, all over the world the coating
industries are attracted by water based PU dispersions because of certain advantages over the solvent-
based PUs. That is mainly the environmentally friendly, less expensive, low viscosity and non-
flammable. Therefore, there is no environmental pollution since after coating while drying they do not
elute any organic solvent. So, present researchers all over the world, focussed on replacement with
water dispersible PUs and also try to further improvement in the thermal, mechanical and also flame
retardant properties of the water dispersible PUs so as to utilize as a high performance coating

material.
1.5. WATER DISPERSIBLE POLYURETHANES

Paul Schlack, first synthesised PU water dispersions in 1943, under vigorous stirring the
diisocyanates emulsified with the same amount of diamines resultant to be an excellent dispersed
polyurea suspension as the product.”®Further introduction of the specific ionomer or emulsifier into the
polymer backbone resulted to the PU product which is more stable and good dispersions obtained. The
properties such as the emulsions stability and film formation, thermal and mechanical properties also

|79

enhanced which are very useful’™ The properties of the PU dispersions and film properties are highly

depends on the chemical compositions and reaction conditions. With varying the chemical
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compositions in the PU synthesis, such as soft and hard segment variations the physical properties can
be altered and tuned. The percentage of the ionic group not only affecting the emulsion stability and

1%° Based on the

particle size, but it is also affecting the hardness and flexibility of the final PU materia
type of ionic group which is introduced in the PU chain for mainly water dispersions. The PU
dispersions are classified into three types and these are anionic, cationic and non-ionic. The
mechanisms of the particle formation in the water dispersible PU synthesis are shown in the Figure

1.6.%
1.5.1. Anionic PU dispersions

To prepare anionic PU dispersions, one has to introduce the diol bearing carboxylic acid such
as dimethylol propionic acid or tartaric acid then the acid group presence subsequently neutralized
with tertiary amine.?®” The groups which is having diol with anionic functional groups such as

sulphonates or diaminosulfonates etc can also be used.®
1.5.2. Cationic PU dispersions

Introduction of cationic monomer like dimethylol amine and phosphorous containing
compounds into the polymer backbone and followed by the amine group neutralization with acids

results cationic PU dispersions.?>#

1.5.3. Non-ionic PU dispersions

Non-ionic dispersions of PU are prepared without using any ionic centre or emulsifier but it is
stabilized with inbuilt ionic centres. These ionic centres are mostly oriented at the surface of the
particles.®*These types of dispersions have certain advantages over ionic dispersions such as stable
against frost, pH changes, electrolytes and high mechanical strength. However, these PU dispersions
has some disadvantages like these are more sensitive to water, swelling, hydrolytically decomposition

which makes the dispersions turbidity and softened.
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Interfacial
Polycondensation

[e——.

Heating (T: 7042 °C)
under gentle stirring

Monomer (IPDI) in the core IPDI reacts with molecules located Formation of polyurethane or
of oil nhanodroplets at the droplet interface polyurea nanoparticles

Figure 1.6. The mechanism of water dispersible polyurethanes and polyurea nanoparticle formation®

There are no reports based on HTPB-PU dispersions but large number of reports exists on
other polymer diols based PUs such as polytetramethylene oxide (PTMO), polycaprolactone (PCL),
polyethyleneoxide (PEO), polylacticacid (PLA) and some renewable polyols such as castor oil,
soybean oil and cardinal oil etc. In the preparation of PU dispersions, the ionic groups play the
important role that we can create introducing to the PU chains either in the hard segment or in the soft
segment which is capable of the formation of ionic charges upon neutralization, subsequently water
addition to forms PU dispersions. Generally, the ionic groups such as salts of carboxylates or sulfonate
groups commonly introduced in the hard segment PU chains through chain extenders.®*®But Xia et
al®®designed and prepared PU dispersions, with ionic group contains in soft segments such as hydroxyl
terminated poly (caprolactone) diols containing sodium sulfonate group in soft segment. Recently, the
water dispersible PU nanoparticles have been synthesised using different compositions of
biodegradable polymer diols (PCL and PLA), used as a soft segment and they find out that the
nanoparticle was swelling with temperature dependency. Such type of nanoparticle phenomenon is
excellent for particularly drug delivery applications.**Mao et al.*® successfully prepared water-
dispersible PUs covalently bonded anthraquinone dyechromophore via introducing micromolecule

Disperse Red 91 to the PU skeleton and termed as coloured polymers. This idea was first raised by
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Kuhn,”this offers the excellent thermal, mechanical, solvent resistant and migration stability due to
presence of dye chemically bonded to the PU skelton.****These coloured PU dispersions are more
useful for textile coatings, printing ink, cosmetics and photoelectricity materials, etc. *

Larocket al.**research group have extensively developed environmental friendly water
dispersible PUs from renewable source polyols, like soybean oil and castor oil. They successfully
prepared a series of anionic®’and cationic®PU dispersions to introduce the appropriating ionomer into
the polymer backbone using soybean oil as a polyol contains different hydroxyl functionality and
different hard segment content, and also the properties of the resulting PU dispersions was
demonstrated. Further, to improve the thermal and mechanical properties purpose, the same research
group have developed a novel method to prepare hybrid latex PU dispersions. It can be attributed to
extensively grafting and interpenetration between the PU and the acrylics, resulting in the core-shell
particle morphology and high thermal and mechanical properties was observed, due to highly miscible
of hybrid latexes.*After that, a variety of new soybean oil-based water dispersible PU/polystyrene-
butyl acrylate hybrid latexes with core-shell structures have been synthesized via emulsion
polymerization. Polymerization kinetics, the particle size of latexes, thermal and mechanical properties
of the resulting hydride latexes have been studied.*

1.5.4. Particle morphology and stability

The water dispersible PU particles have an open type and water-swollen structures designate
as particles of ionic polymer in aqueous solutions. According to Satguruet al.'®they proposed a
preliminary model of PU particles as shown in Figure 1.7A. Based on this model, the PU particles are
spherical and water swollen morphology because of the water rich areas are present inside the
particles. Several factors can affect the particle morphology of PU dispersions such as molecular
weight of starting compounds, steric hindrance, stabilizing group, the concentration of solvent, and the
reaction conditions. The stability of the PU dispersions and the properties are highly depending on the
particle size and the forces which present between the particles. If the particle size is more, the PU

dispersions are not stable for longer time. Goa et al.*®

proposed a micelle structure in water when
styrene-4-vinylpyridine methyl iodide block copolymer is used. This type of micelle structures has a
large hydrophobic group present at core side and hydrophilic groups present at corona side. Such type
of micelles they have considered as crew-cut micelles and the proposed model structures is shown in

Figure 1.7B.
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Figure 1.7. Possible particle morphology of water dispersible polyurethanes ionomeric colloids
(Adapted from references 100, 101)

1.6. STRUCTURE-PROPERTY RELATIONSHIP OF PU

PU is a type of copolymer consists of an alternating hard segment and soft segment of which
the soft segment is responsible for flexible nature and the hard segment is responsible for the strength
of the PUs. The general hard and soft segmented PU structure is presented in Figure 1.8. Most of the
cases soft segments are the amorphous in nature and it exhibit lower T, value hence it is called as a
soft segment and provides the elastic property to the PU. The most of the hard segments are crystalline
in nature and it is responsible for the higher T, value. This attributes the hardening in room
temperature conditions. Therefore, it is called hard segment and it provides strength to the
PUs.*Because of this reason the PU chains exhibit certain amount of degree of thermodynamically
immiscibility and the micro-phase separation between the hard block and soft block. Hence these two
phases degree of immiscibility control the required properties such as the chemical and physical
properties and can be altered by changing the concentrations and the lengths of hard and soft
segments.’®%®In the water dispersible PUs can also exhibit phase separation, macrodomine

formations and phase mixing are possible similar to solvent based PUs. Kim et al.'*®

explained that the
structure property relationship of water dispersible PUs with different types of polyols and

diisocyanate structures and demonstrated the effects of structure on physicochemical properties such
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as phase separation, phase mixing and mechanical properties. The soft segment having large enough
chain length and lower T, value are more phase separation and also it may crystallize. Compared to
polyether polyol PUs, polyester polyols PUs show better mechanical properties, because of strong
hydrogen bond formation between the urethane -N-H and carbonyl group of polyester polyols leads to
the additional interactions between the soft and hard segment results in being higher phase
mixing.’”’In between two PU-copolymer chains dipole-dipole and hydrogen-bonding interactions are
present resulting to be significantly phase separated then the soft segment is randomly distributed in
the PU polymer chains therefore the polymers are high elastic in nature, and this elastic property is an
important in shape memory applications. This shape memory property also depends, on the structure
of the starting compounds of PU. Suppose in PU backbone, the aromatic ring is present then along
with those interactions extra induced dipole-dipole interaction also exist and such type of polymers are
excellent for shape memory application. The chain extenders such as ethylene diamine and butanediol
also differentiating the shape memory property because of urea and urethane linkages in the PU back
bone. The two factors are involving in the shape memory polymers that are shape recovery and shape
retention.®®'® The hydrogen bonding, crystallization and dipole-dipole interactions are providing the
shape retention and shape recovery comes from the phase transformations of the soft segment that are

from glassy to rubbery nature.

Diisocyanate P°'YT' diol Chain f"‘e“der

Soft segment Hard segment

Figure 1.8. Schematic representation of common segmented polyurethane structure

The morphology of the PU largely depends on the processing methods, structure of the
monomers and their reactivity. The morphology of the PU plays a significant role in understanding the
structure-property relationships of the PUs. In PU, generally physical crosslinking takes place through

interactions between the two PU chains driven by hydrogen bonding and Van der Waals interactions
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which results into may phase separation, ordering and subsequently the crystal nature may be
increase."****The ratio of the -NCO/-OH also affects the phase separation. The higher ratio of
-NCO/-OH increases the cross-linking and hydrogen bond formation and hence enhances the phase
separation.”*In PUs, the hydrogen bonding is an important factor to the formation of phase separation
and morphology. Higher the hydrogen bonding between the two phases more will be the degree of
phase mixing. Otherwise, the hydrogen bonds are only controlled by the hard segment which is
possible to enhance the crystallization and hence phases separation. The Bonart and Clough™* first
introduced and reported this kind of two-phase morphology of PUs and recognized this phenomenon
with the help of small angle X-ray scattering (SAXS) study since this is an important tool to confirm
the segmental phase separation and phase mixing. After that Koutsky and Cooper'**was also observed
two-phase microstructure in case of polyester and polyether containing polyurethanes with the help of
transmission electron microscopy (TEM). Later Chen-Tsai et al. and Serrano et al. proved the two
phase morphology of different percentage of hard segment containing PUs with SAXS and TEM
analysis.”****®But the nature of the soft segment can also influences the compatibility with hard
segment and it has been observed that if the soft segment is more polar then it is more compatible with
the hard segments. For example, the polyester polyols are more polar than polyether polyols, therefore
polyester polyols containing PUs are having additional compatibility with hard segment. Many
researchers have reported verities of specific kind of morphology and they have tried to explain those
morphology as the influence of different types of physical interactions. A large number of reports
have been available on morpalogy of PUs, based on different structural variations and property
differences, for example effects of diisocyanate, polymer diol and chain extender structures on

120-122

morphology of PUs.
1.7. HYDROXYL TERMINATED POLYBUTADIENE (HTPB)

HTPB is a viscous liquid polymer and it has excellent physicochemical and mechanical
properties such as hydrolytic stability, low-temperature flexibility, chemical resistant, adhesives to
different kind of substrates, high elongation and electrical insulating properties."“The properties of the
HTPB, such as viscosity, molecular weight and other properties are highly depends on the reaction
conditions by which it is produced and these are temperature, type of initiator and polarity of solvent,
etc. Generally, HTPB is prepared by anion polymerization'®and free radical polymerization'*from
1,3-butadiene in the presence of H,O, as an initiator and alcohols are used as a solvent. Zhou et al.1??
reported that compared to free radical polymerization, the anion polymerization process is the best
method to preparation of HTPB with high percentage of 1,4-content and narrow (polydispersity index)
University of Hyderabad, 2015 17
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PDI distribution, low glass transitional temperature and this may be the best choice to prepare new
material with high processability and high flexibility. To synthesis the high molecular weight of
HTPB, some reports suggested that the isopropanol as a solvent can be used. HTPB is extensively
using in many areas not only in rocket propellant applications which include coating, sealants,
adhesives and advanced materials. Terminal hydroxyl group can used to be synthesize the (A-B-A),

1241%3nd toughened resins.”****" Since 1981, coating

block copolymer,'?cross-linked elastomers
industries have developed many protecting coatings using HTPB, especially for Navy materials and
showed that this coat had good protection against the sea water,*?® because of its excellent mechanical
properties including at lower temperature conditions. HTPB is a viscous liquid polymer and widely
using as a binder for rocket propellant applications all over the world, because of some specific

interesting properties such as:

1) It has high loading capacity up to 85%.

2) It can able to store longer time and T4 is -70°C
3) Itis contains the excellent flow characteristics.
4) High decomposition temperature >200°C

5) Good mechanical properties

However, HTPB has major drawbacks since it cannot provide any energy to the explosive
composites while burning. Therefore it is an inert binder. Thus, in recent years several efforts have
been made to modify HTPB with energetic groups such as -NO,, -N3, -ONO and O, N-containing
cyclic compounds such as azoles, oxytanes, azitidiens into its polymer backbone through covalent
bond formation without disturbing the HTPB properties.*®’In our research group several
modifications of HTPB with different energetic groups have been reported.” **'To enhance the
burning rate of the propellant the iron containing compounds such as ferrocene moiety covalently
bonded to the HTPB backbone.***Some of the modified HTPB structures are shown in Figure 1.9
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1.8. POLYMER NANOCOMPOSITES

The material which is prepared with the combination of multiple phases within a single
polymer matrix called as a composite, and these generally display enhanced physical properties
compared to those of individual components. In the composite materials one of the phase is a
continuous phase which is polymer matrix and other phases called as dispersed phase which is
nanofiller or reinforcing material. In the recent years, polymer nanocomposite materials have come to
the forefront and it has recognised as one of the frontier area of research in the field of polymeric
materials. Generally polymer composites are prepared by introducing the nanofillers into the polymer
matrix and these nanofillers are embedded in the microscopic levels in the polymer matrix. The
advantages of the nanofillers are that the enhancement of the overall properties such as thermal,
mechanical and other properties of the polymer material with a low-cost efficiency. In recent years
methods have been developed to formulate the nanocomposite materials of water dispersion of PU
introducing the nanofillers into the polymer (PU) matrix. These nanocomposite PU dispersions
materials are being used for high performance applications due to the unigue combination of
properties of organic/inorganic hybrid material. Also, these materials are utilized for various structural
and functional applications such as coatings, painting, electronics, biomedical, optical lenses, optical
fibres and insulating materials etc.

1.8.1. Polymer Clay nanocomposite

Polymer composites with different types of the organically modified clays have been widely
studied and their properties were explored because of their low cost, high surface area, easy
availability, unique layered structured and also it offers many other advantages in comparison to other
nanofillers. Different types of layered silicates are available with various crystalline sizes and aspect
ratios. Generally, the clay surface consists of inorganic hydrophilic substances and therefore it is not
compatible with the polymer for making nanocomposites. Hence, one has to modify with an
organophilicsubstances which is compatible with the organic polymer to vyield polymer
nanocomposites. This type of organic modifications modifies the regular inorganic hydrophilic clay to
organophilic clay and also increases the distance between the basal planes of the clays silicate layers.
Then the polymer chains are easily enter in the between silicate layers resulting the new type of

polymer materials which is called as polymer-organo clay nanocomposites.****%
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Most of the inorganic clays contain sodium ions in between the silicate layers, and hence the
modification is possible by exchange of the sodium ions with quaternary alkyl ammonium ion,
phosphonium ion etc.*****Montmorillonite (MMT) clay is the most extensively studied and used
nanoclay. Often the sodium ions of MMT in between the silicate layers, exchanged with quaternary
ammonium ions of the modifier. This montmorillonite clay commonly known as Cloisite clay and this
is commercially available in different types depending on the type of modifier used.** Among these,
Cloisite-30B clay is one of the modified Cloisite clay in which methyl, tallow, and bis-2-hydroxyethyl
guaternary ammonium are present where tallow is (65%Cig, 30% Ci, and 5% Cy4) and chloride is

present as anion**

Kaolinite (Kao) clay is one kind of the illite clay and this clay structure contains
the repeating units of tetrahedron-octahedron-tetrahedron layers. Therefore, it is called as layered
alumino-sillicate clay. This Kaolinite clay have been extensively used to prepare polymer
nanocomposites.**The Kao clay contains hydroxyl functional groups between each silicate layers
which is derived from the tetrahedral sheet of silica oxide and octahedral sheet of the aluminium
oxide. Because of this hydroxyl functionality it is possible to modify with any organic solvents such as
dimethyl formamide or dimethyl sulfoxide etc."*****'*The clay structures of montimorillonite and

Kaolinite are shown in Figure 1.10.
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Figure 1.10. Structures of (A) Montmorillonite (B) Kaolinite (Adapted from Google image)
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Figure 1.11. The possible structure formation of polymer/organoclay nanocomposite (Adapted from

Google image).

Polymer clay nanocomposite was first prepared by the Toyota research group in 1980 which
made the significant changes in the field of polymer nanocomposites. The first made polymer-
nanocomposite was Nylon-6/MMT clay composite and it was demonstrates that the significantly
improvement in thermo-mechanical properties of nanocomposites compared to neat Nylon-6."** The
polymer/clay nanocomposites can be classified into four categories, based on the position and nature
of the organoclay dispersion in the polymer matrix and these include intercalated, intercalated and
flocculated, exfoliated and aggregated as shown in the Figure 1.11. Generally, the polymer-clay
composites can be prepared by three different methods and those are solution-mixing or blending, in-
situ synthesis and, melt mixing polymerization. Among these varieties of techniques, the in-situ
method is the best method to prepared clay nanocomposite with water dispersible PU (WDPU).
Compared to solvent-based PU/Clay composites, WDPU/Clay composite system behaves differently
because the ionic interactions in WDPUs. Therefore in absence of ionic interactions the most of the

solvent-based PU/Clay composites are intercalated structure and on the otherhand WDPU/Clay
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composites are exfoliated structures owing to the strong ionic attractions between anionic WDPUs and
cationic clay platelets."*** Wang et al.*** were first reported that the preparation and properties of

segmented PU/clay composites. Several authors have prepared PU/clay composites by using varieties

155

of organically modified clays such as laponite,”*** hallosite,"**bentonites,"* etc. Compared to neat

PUs, clay nanocomposite PUs are better for coating applications because of their unique properties of

organic and inorganic hybrid materials.
1.8.2. Polymer Titanium/Silica Nanocomposites

The performance of polymers can be improved by introducing nanoparticles into the polymer
matrix owing to the interactions between the inorganic nanoparticles and organic polymer matrix
resultant into a new type of polymer material with better properties. There are many number of

interesting inorganic nano-sized particle with potentially unique properties such as silica,*®

162

Titanium,™’ zinc,™® silveroxides™and carbon nanotubes,*® graphene,*® fullerenes'® etc. Among these

TiO, has attracted great attention of researchers because of their outstanding and interesting physical

163

and chemical properties. It has been widely used in many fields such as solar cell applications,™ photo

®water splitting into H,-devices,'®self-cleaning

169-171

catalytic degradation of organic pollutants,

applications, 1%

172

antibacterial and antifogging applications, and also used as a white pigments in

paint,**plastics,*ceramics,'"“cosmetics and several industrial pharmaceutical applications.”*Among
these varieties of applications, the self-cleaning and antibacterial applications are the essential in the
field of coating applications. The self-cleaning properties are two types that are hydrophobic and
hydrophilic self-cleaning. In hydrophobic self-cleaning, the dust particles were removed by rolling of
the water droplets on the surface of the films whereas in hydrophilic self-cleaning water droplets are
sitting on the surface of the film and fast spreading on their surface of the film and, removes the
impurities and dust particles in the presence of sunlight. Several authors have prepared super
hydrophobic and super hydrophilic material with appropriate TiO, nanoparticles surface
modifications.”®*"°Fujima et al."® prepared super hydrophilic thin films with stepwise deposition of
the core-shell TiO,/SiO, nanoparticles on glass surface. Zhou, et al.**fabricatedthe super-hydrophobic
thin film by using perfluorooctyltrichlorosilane modified TiO, nanoparticles coated on a glass
substrate. Compared to TiO, nanoparticles, the silica coated on surface of TiO, nanoparticles
(TiO,/SiO, core-shell nanoparticles) exhibited better properties such as antiviral, photo-catalytic,
antifogging, antibacterial, methanol activation and self-cleaning properties.®**'Because of the
interactions between the positive charge of TiO, and negative charge of SiO, nanoparticles produces a
new type of materials which contains new catalytic active sites and also it enhances the thermal and
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mechanical properties due to in the presence of supporting SiO, part.'®® Therefore, the thermo-
mechanical properties of the core-shell nanoparticles composite polymers are very high compared to
neat polymer due to the interactions between the shell component and polymer matrix.

1.9. AIMS OF THE THESIS

The above discussion in this chapter about the HTPB and modified HTPB (HTPB-DNB)
offers countless opportunities to study and develop new PU and their composite for verities of
applications. Although the presence of enormous kinds of literature on the varieties of PU polymer
materials, we find out that there are several reports on solvent-based PUs but not many reports on “PU
water dispersions”. Also we have elucidated that the advantages and the importance of PU water
dispersions, over the solvent based PUs. Throughout the discussions, we have realized that compared
to HTPB-PUs, HTPB-DNB-PUs shows better properties. In Chapter 3, we have synthesised solvent-
based PUs using different diisocyanates and HTPB, and HTPB-DNB used as polymer diols. We have
found out and investigated the influence on the properties of PU because of dinitrobenzene
functionality at the terminal position of HTPB. Even though a vast amount of works of literature
related to HTPB-PU synthesis is available, unfortunately there is no study has been concentrating on
the effect of such terminal modification of HTPB which can influence mechanical properties of PUs.
In Chapter 4, we have further used HTPB and HTPB-DNB as polymer diols to the synthesis water
dispersible PUs with varying the percentage of hard segment contents. All the water dispersible PUs,
we could observed that the particles morphology, storage stability and also we prepared films and we
carried out all the required properties of coating material such as mechanical, thermal, and
hydrophobic properties and how it influences the percentage of hard segment content on properties of
PUs films. A large number of reports exist based on different types of polyols but not exist any reports
on HTPB based water dispersible PUs. Compared to HTPB-PUs, HTPB-DNB-PU dispersions shows
better properties, so we are keeping this concept in mind we have prepared composites of HTPB-DNB
water dispersible PUs in next two chapters (Chapters 5 and 6) to explore the properties of HTPB-
DNB-PU nanocomposite. We have synthesised clay nanocomposite and TiO,-SiO, core-shell
nanocomposites of HTPB-DNB water dispersible PUs to improve the several properties which we
discussed in Chapter 5 and Chapter 6. Therefore the thesis mainly deals with synthesis and
characterization of HTPB and modified HTPB based water dispersible PUs and their nanocomposites
which have potential use for coating applications. The aim and objective of each chapter of this thesis

are elaborated in the introductory part of the individual chapters.
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This chapter describes the source of all the materials and characterization techniques used for
the working Chapters 3 to 6. These are briefly discussed below.

2.1. MATERIALS

The hydroxyl terminated polybutadiene (HTPB) was received as a gift sample from HEMRL,
Pune, India, and used as received. The HTPB sample has the following physical characteristics:
number average molecular weight (M, = 5210), polydispersity index (PDI) = 2.53, viscosity at 29°C =
2680 cP and hydroxyl value = 42.60 mg KOH/gm. 1-Chloro-2,4-dinitrobenzene (DNCB), methyl ethyl
ketone (MEK), triethyl amine (TEA) and butane diol (BDO) were purchased from SRL India and used
as received. Isophorone diisocyanate (IPDI), toluene-2,4-diisocyanate (2,4-TDI), toluene-2,6-
diisocyanate (2,6-TDI), dibutyltindilaurate (DBTDL), dimethylol propionic acid (DMPA), tetraethyl
orthosilicate (TEOS), titanium dioxide (TiO,) anatase nanoparticles and kaolinite (Kao) nano clay
were received from Sigma-Aldrich and used without further purification. Cloisite-30B nano clay was
purchased from Southern Clay Products, USA. Hydroxyl terminated polybutadiene (HTPB) was dried

in vacuum oven at 70°C for one day before use.
2.2. CHRACTERIZATION METHODS
2.2.1. Spectroscopic studies

2.2.1.1. FT-IR Study

FT-IR spectra of PU films (thickness around 0.3 mm) were measured on FT-IR spectrometer

(Nicolet 5700) at resolution of 0.5 cm™ with an average of 64 scans.
2.2.1.2. NMR Study

All the **C CP-MAS measurements of PU films were carried out using a 400 MHz NMR
(Bruker) spectrometer and 'H-NMR spectra were recorded using Bruker AV 400 MHz NMR
spectrometer at room temperature using DMSO-ds as NMR solvent to confirm the chemical structures
of all the PUs.

2.2.2. X-Ray Diffraction Studies
2.2.2.1. WAX Study

The powder diffraction (WAXD) patterns of the PU films were collected from an X-ray
generator (model PW 1729, Philips) with Cu K, radiation source at voltage 40 kV and 30 mA current.
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The diffractograms data were collected at a scan rate of 0.6°/minute in the 20 range 2 to 80°. The PU
films were fixed on a glass slide for the collection of data.

2.2.2.2. SAX Study

The small angle X-ray diffraction (SAXD) experiment of the PU films were carried out on a
Hecus X-ray diffractometer with Cu K, radiation (A = 1.5418 A) source operated at voltage of 50 kV

and 1 mA current.
2.2.3 Mechanical strength measurement
2.2.3.1 Dynamic Mechanical Analysis

The thermo-mechanical properties of all the PUs and nanocomposite films were measured
using a dynamic mechanical analyzer (DMA, TA Instrument model Q-800). Films of 13 mm x 8 mm
x 0.23 mm (L x W x T) dimensions were cut and clamped on the films tension clamp of the pre-
calibrated instrument. The samples were annealed at -100° C for 5 minutes and then scanned from
-100° C to 50° C at heating rate of 3° C / minute. The storage modulus (E"), loss modulus (E™) and tand
values were measured as function of temperatures at 10Hz frequency with preload force of 0.01N. In
some cases, the PU samples were recorded at higher temperature regions tand vs temperature from
-100° C to 200° C and 3° C / minute heating rate was used.

2.2.3.2 Universal Testing Measurement

The tensile strength measurements (stress-strain relationship) were carried in a universal
testing machine (INSTRON-5965) with 5kN load cell. Dumb-bell specimens were cut following
ASTM standard D638 (Type IV specimen). Tensile properties of all the PUs and their nanocomposite
films were measured in air atmosphere at room temperature with a crosshead speed 1mm/min. For
each sample at least three specimens were tested in the machine to check the reproducibility. The
toughness of the polyurethane films, which is the fracture energy per unit volume of the sample, was

obtained from the area under the corresponding tensile stress-strain curve.

University of Hyderabad, 2015 36



Materials & Characterization I Chapter 2

K Malkappa

necki
. ng

Ultimate

Tensile
Strength -

Yield
Strength

break

Area=Toughness

Stress

~ STIFFNESS
Slop=
Young's Modulus

DUCTILITY

Strain to Fracture

Strain
Result of a Tensile Test

A)

115

Y

w
w
»o
+—o

(®)]

Figure 2.1. (A) Tensile plots used for analysis of the sample nature (B) ASTM D638-1V used to
prepare samples for tensile test measurement (adapted from google images) and (C) Specimen

PU film samples.
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2.2.4 Microscopic Studies
2.2.4.1. FESEM Study

The cross sectional morphology of PU samples were examined in the Field Emission
Scanning Electron Microscope (FESEM, Zeiss Ultra 55 model) instrument operated at 5 kV. The PU
films were fractured after dipping into the liquid N, to ensure that the fracture side morphology
remains intact. The fractured side of the samples was placed vertically in the SEM sample holder and
also the surface morphology of all the water dispersible PU (WDPU) and their nanocomposite cured

thin film samples were recorded for imaging in the FESEM, gold coated before imaging in FESEM.
2.2.4.2. AFM Study

Atomic Force Microscope (AFM) images of the water dispersible PU (WDPU) film surface
were captured in an AFM apparatus (model: Solver Pro M of NT-MDT) working in semi-contact
mode. A micro cantilever with a spring constant of 10 N/m was used to scan the samples to determine
the surface roughness.

2.2.3.3. TEM Study

A transmission electron microscope (TEM, FEI Tecnai Model No. 2083) operating at 200 kV
was used to study the particle morphology of all water dispersible PU (WDPU) and their
nanocomposites. The TEM samples were prepared by dropping the appropriately diluted water
dispersible PU solution onto the carbon coated copper (200mesh) grid and then scanned for imaging in
TEM.

2.2.5. Thermal analysis
2.2.5.1. TG-DTA Study

Thermogravimetric analyses were carried out on a TG-DTA instrument (Netzsch STA 409PC)

from 30°C to 800°C with a scanning rate of 10° C / min in the presence of nitrogen gas flow.
2.2.5.2. DSC Analysis

Small amount of PU samples were scanned at a scan rate of 5° C / min on a Mettler-Toledo
DSC instrument. Data were recorded from -100 to 40° C in presence of nitrogen atmosphere. Glass
transition temperature was identified from the slope change in the thermograms. The DSC was

calibrated with indium and zinc before the scan of PU samples.
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2.2.6. Contact angle measurement
Contact angle was measured with the G10 (Kruss) system (Hamburg, Germany) using the
sessile drop method to evacuate the hydrophobic nature of the films obtained from water dispersible

PU (WDPU). Thin films of samples were used for this measurement.

Contact angle < 30° Contact angle ca. 90° Contact angle > 120°

W

Hydrophilic surface Hydrophobic surface ~ Super-hydrophobic surface

Figure 2.2. The nature of the film surfaces classified as three categories based on contact

angle values (adapted from google images)

2.2.7. Particle size analysis

The polydispersity and the particle size of the water dispersible PU (WDPU) and their
nanocomposite samples were measured using a light scattering based Zetasizer (Nano-S90, Malvern)

instrument. The WDPUSs were diluted with water before measurements.
2.2.8. Antibacterial activity

The antibacterial activity of WDPU/TiO,-SiO, nanocomposite films was investigated by a
zone inhibition method. The 6 mm diameter circular discs were punched from the nanocomposite film
samples for the antibacterial study. Staphylococcus aureus (gram-positive) and Escherichia coli
(gram-negative) bacteria were used as the model microorganisms. Using a spread plate method, 1mL
log phase bacterial culture was spread on a nutrient agar plate. The composite film in disc forms was
gently placed on the inoculated plates and was then incubated at 37° C for 16 hrs. Zones of inhibition

were determined by measuring the clear area formed around each the composite film sample.
2.2.9. Hydroxyl value Measurement

Take three iodine flasks and keep one of these for blank determination. Weigh out accurately
5-8 gm. of HTPB in to the other two flasks. Pipette out 20 mL of the acetylating agent to each of three

clean and dry 250 mL glass stopper iodine flasks. Stopper the flasks and swirl until the sample was
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completely dissolved. Place all three flasks onto a steam bath at 98-100° C for one hour under reflux.
At the end of this time, we added 10 mL of distilled water added to each flask and continue heating for
fifteen minutes with stirring. Cool the flasks, rinse the condensers with 2x20 mL water. Add 1mL of
phenolphthalein indicator to each flask and titrate with 1N sodium hydroxide solution. The endpoint is
reached when the color just turns pinkish orange from the original pale yellowish color.*

Vol. of NaOH for ) \ol. of NaOH for
blank titration sample titration ]
-OH Value = + Acid value
Weight of sample

2.3. REFERENCES:
(1) Petrovic, Z. S.; Yang, L.; Zlatanic, A.; Zhang, W.; Javni, I. J. Appl. Poly. Sci, 2007, 105,
2717-2721.
(2) Kong, X.; Narine, S. S. Biomacromolecules, 2007, 8, 2203-2209.
(3) Sarkar, S.; Adhikari, B. Eur. Polym. J, 2001, 37, 1391-1401.

(4) Lu,Y.; Larock, R. C. Biomacromolecules, 2008, 9, 3332—-3340.
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3.1. INTRODUCTION

Hydroxyl terminated polybutadiene (HTPB), an oligomeric viscous liquid with terminal
hydroxyl groups, is used as polymeric binder in solid propellants. HTPB based polyurethane (PU)
rubber obtained upon reaction with diisocyanates is the main matrix of composite solid propellants.*™
In additions to their use in propellant applications, HTPB based PUs have found applications in
several other technologically important areas such as membranes, adhesives, separators, coating,
sealants, liner materials, etc.8‘12Very recently, HTPB based PUs have been used to develop the
polymeric phase change materials on the basis of Diels-Alder linkages.*® Recently, Wang et al. studied
the kinetics of epoxidation of HTPB with hydrogen peroxide under phase transfer catalysis.* Detailed
studies of structure-property relationship of these epoxide modified HTPB PUs are required to analyze

the effect of epoxidation.

A vast amount of work has been reported in the literature on the HTPB based PUs. A majority
of these reports studied structure-property relationship of this segmented PU.""* A considerable
amount of effort has been made toward the studies of thermal stability, effect of aging, susceptibility
toward oxygen, and especially the mechanical stability.”' Several types of diisocyanate structures
have been used to elucidate the structure-property phenomenon of the PUs.* A careful analysis of the
literature reports brings a general observation that most of the researchers made efforts to improve the
tensile properties of HTPB based PUs. Co-polyurethanes synthesized from HTPB lignin with various
diisocyanates displayed improvement in tensile strength compared to HTPB-PUs up to 3 wt % lignin
incorporation in the diols mixture. Further increase in lignin content in the lignin-HTPB
copolyurethane decreases the tensile strength of the materials owing to the high hydroxyl value of
lignin.**Several authors have used chemical modification approaches to modify the mechanical
properties of PUs.** Very recently, chemical modification strategies have been used to improve the
mechanical properties of lignin based polyurethane. Lewis acid treatment of lignin enhances the
concentration and reactivity of hydroxyl groups available to react with diisocyanate monomers which
results in better integration of lignin into the urethane network; hence, the mechanical properties
improve significantly.*® PUs obtained from glycidylazide polymer (GAP), an alternative energetic
binder to HTPB for rocket propellants, displayed tunable tensile properties depending upon the
amount of residual dimethyl sulfoxide solvent which was used to synthesize the GAP prepolymer.*®
Zhang et al. reported simultaneous improvement of tensile strength, Young’s modulus, and elongation
at break in the case of a polyurethane hybrid obtained from functionalized modified hexa methylene
diisocynatetrimer and dihydroxyl propyl-terminated siloxane oligomers.*” The effects of hydrogen
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bonding on the structure-property relationship especially on the mechanical properties of HTPB based

PUs have been discussed by several authors in the literature,'>*#2%:2138

Although the efforts made by several authors in the literature to enhance strength and
elongation are highly appreciated, there is a tremendous challenge to produce HTPB based PUs where
both strength and elongation increases simultaneously since this will be very useful for propellant
formulation and many other advanced applications. Keeping this objective as our aim, we
hypothesized that if hydrogen bonding interactions can be introduced between the hard and soft
segments of HTPB-PU which is otherwise absent then we might see a segmental mixing between the
hard and soft segments. With this idea, we search for a diol monomer, which can facilitate the
hydrogen bond formation between hard and soft segments. We found out that terminally
functionalized HTPB, which we have reported earlier, has hydrogen bond forming nitro functionalities
in the HTPB backbone®and therefore, we felt that this modified HTPB can be an ideal choice as diol
monomer for the current aim. This modified HTPB was obtained by attaching dinitrobenzene (DNB)
groups at the terminal carbon atoms of HTPB, and this is called HTPB-DNB.

With this idea and readily available appropriate diol monomer (HTPB-DNB) in our stock, we
have prepared PUs from HTPBDNB based diols with various diisocyanates and studied their
mechanical and thermal behaviours. We have also made efforts to understand the segmental mixing
phenomenon using small angle X-ray scattering (SAXS), wide-angle X-ray diffraction (WAXD),
spectroscopic, and morphological techniques. All the results of HTPB-DNB-PUs are compared with
the PUs, which were obtained from the reactions of native HTPB diol and various diisocyanates using
identical polymerization conditions as in the case of HTPB-DNB-PUs.

3.2. SYNTHESIS
3.2.1. Synthesis of HTPB-DNB

The terminated carbon atom functionalization was carried out by attaching the DNCB
molecules covalently using our previously developed method.***° Briefly, the procedure for the
synthesis of HTPB-DNB is as follows: 3.345 g HTPB (0.062 mol, considering 54 as a repeating unit)
was taken in a three neck round-bottom flask and dissolved in 10 mL of distilled dichloromethane.
After complete dissolution of HTPB in dichloromethane, 0.223 gm (0.01 mol) of NaH was added in
the presence of purging nitrogen gas. After 30 min, 0.205 gm (0.001 mol) of 1-chloro-2, 4-
dinitrobenzene was added to the reaction mixture. The stirring was continued for another 3 h in
presence of nitrogen gas followed by overnight stirring. After the reaction, the product was washed
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with hexane and methanol repeatedly to obtain the HTPB-DNB. The resultant product has the
following physical characteristics: M, = 5600, PDI = 2.53, viscosity at 27° C = 3826 cP, hydroxyl
value = 42.35 mg KOH/g and HTPB-DNB was dried in vacuum oven at 70° C for one day before use.

3.2.2. Synthesis of Polyurethane

A 3.936 g portion of HTPB was dissolved in 10 mL of CHCI; in a three-neck round-bottom
flask. One neck of the flask was fitted with a guard tube, one neck was used for pouring reactants and
through the other neck, and nitrogen gas was purged to maintain the inert atmosphere. We calculated
the number of moles of hydroxyl groups using the hydroxyl value of HTPB and the calculated
hydroxyl moles obtained was 0.0031 mol. To keep the stoichiometric balance between the diols and
diisocyanates, we have taken exactly 0.0031 mol. diisocyanates. The weight taken for 2,4-TDI and
2,6-TDI were 0.539 g and IPDI was 0.688 g. All these weights are equal to 0.0031 mol. We carried
out three different reactions of HTPB with three different diisocyanates maintaining exactly equal
stoichiometry between the diol and diisocyanate functionalities. Diisocyanate was added to the HTPB
solution in the flask, and 0.1 mL of DBTDL was added to the reaction mixture. The reaction mixture
was stirred for 3 h in the presence of nitrogen atmosphere, and a homogeneous solution was obtained.
Completion of the polyurethane formation was determined by FTIR spectroscopy following an
isocyanate peak at 2270 cm ‘which disappears after 3 h. Hence, formation of polyurethane was
confirmed. A portion of the viscous polyurethane (PU) mixture was poured into the glass Petri dish
which was previous coated with silicone releasing agent to obtain the PU sheet. The PU mixture in the
glass Petri dish was kept in an oven at 70° C for 5 days for curing of polymer. After 5 days, free-
standing cured PU film (sheet) was obtained. We have made PU from three different diisocyanates,

and in all cases, reaction and curing conditions were identical.

A similar method as that described above was followed for the preparation of HTPB-DNB-
PUs. A 4 g portion of HTPB-DNB was taken which had 0.0034 mol. of diol functional groups as
calculated from the hydroxyl value, and hence, 0.0034 mol. diisocyanates were used for the
preparation of PUs. The all other reaction conditions and curing time and temperature were kept
similar as they were in the case of HTPB-PU. The chemical structures of both types of PUs are shown

in Scheme 3.1.
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Scheme 3.1. Chemical structures of polyurethanes (A) HTPB-PU and (B) HTPB-DNB-PU

3.3. CHARECTERIZATION TECHNIQUES

All the information about the materials used in this study and the characterization techniques
which include spectroscopic characterization by Fourier transform infrared spectroscopy (FT-IR) and
solid state NMR, X-ray diffractions (SWAXD), Field emission scanning electron microscopy (FE-
SEM), thermogravimetric analysis (TGA), differential scanning coloremetry (DSC), dynamic
mechanical analysis (DMA) and universal testing measurement (UTM) analysis studies for all the

polyurethane polymer samples are discussed in the Chapter 2.
3.4. RESULTS AND DISCUSSION
3.4.1. Synthesis and Spectroscopic Studies of Polyurethanes

Polyurethanes (PUs) of HTPB and modified HTPB (HTPB-DNB) were prepared using three
different diisocyanates (2,4 -TDI, 2,6-TDI, and IPDI) and these PUs were cured for 5 days at 70° C to
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obtained free-standing films. We have maintained the -NCO/-OH mole ratio equal to one in all the
PUs synthesis. The moles of -OH functionality has been calculated from the hydroxyl values of HTPB
and HTPB-DNB.***! It is to be noted that all the reaction conditions and curing conditions for the
preparation of PUs were exactly identical. We have monitored the progress of reaction by recoding the
IR spectra of the product after 3 h of reaction and before curing of PU. The disappearance of hydroxyl
and isocyanate peaks at 3386 and 2270 cm*, respectively, and appearance of —N-H peak of urethane
linkage at around 3286 cm™* (3278 cm ™" in the case of HTPB-DNB-PU) confirm the formation of PUs
(Figure 3.1). FT-IR spectra of diol monomers (HTPB and HTPB-DNB) and PUs along with the
DNCB frequencies are shown in Figure 3.1. The figure clearly indicates the formation of PUs as
proved from the sharp -N-H peak observed at around 3280 cm *.22 The sharper and lower frequency
-N-H peak in the case of HTPB-DNB-PU (3278 cm™*) compared to HTPB-PU (3286 cm?) attributes
that perhaps more free -N-H groups are available in the former PU than the later. This also confirmed
from the fact that the carbonyl peak appears at 1716 cm ™" in the case of HTPB-DNB-PU; whereas, it is
at 1710 cm* in the case of HTPB-PU. These free -N-H groups actually participate in the hydrogen
bonding with -NO, groups of DNB, which are hanging in the backbone of HTPB-DNB-PU. From the
figure, it is clearly seen that the symmetric and asymmetric stretching of -NO, (at 1545and 1354 cm™;
see the DNCB spectrum in the figure) are shifted toward the lower wavenumbers (1536 and 1340
cm %) and significantly broaden in case of HTPB-DNB-PU. Hence, the above results indicate that the
hanging DNB in the PU backbone yield extra hydrogen bonding in the PU, and we believe this will be

reflected in their properties, which will be discussed in the following section.

All the PU samples were further characterized by recording **C solid state NMR (**C CP-
MAS) to confirm the additional interactions between the -NO, functionalities of DNB with the -N-H
of the urethane linkage of the PU backbone in the case of PUs obtained from HTPB-DNB diols.

Figure 3.2 shows the representative *C solid-state NMR spectra of various PUs.
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Figure 3.1. FT-IR spectra of HTPB, HTPB-DNB, DNCB, HTPB/2,6-TDI-PU and HTPB-DNB/2,6-
TDI-PU.

As expected, all the PUs mostly displays the peaks due to HTPB carbons. The saturated
carbon signals appear between 20 and 50 ppm. The 1, 2-unsaturated carbon atom signals come at 112
and 142 ppm, and 1,4-unsaturated multiple peaks are seen around at 130 ppm.**!In the case of HTPB-
DNB-PUs, we noticed two additional peaks at 134 and 155 ppm (shown by arrow marks in the
figure). The peak at 134 ppm is due to aromatic carbons of DNB. However, the peak at 155 ppm
which is seen only in the case of HTPB-DNB-PU samples and completely absent in HTPB-PUs may
be due to the carbonyl carbons of urethanes. Actually, in all the PUs, carbonyl carbons are present;
however, their signals appear only in the case of HTPB-DNB-PUs, which can be attributed to the fact
that in these cases due to the interactions between the -NO, of DNB and urethane —N-H the carbonyl

carbon becomes accessible to be detected by NMR signals. Otherwise, these carbons are buried inside
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the PU chains and hence, do not respond to NMR frequency. Once again, NMR study clearly indicates
the interactions between the DNB and PUs backbone when HTPB-DNB is used as a diol.

155

HTPB-DNB/2,4 TDI-PU

} | HTPB/2,4 TDI-PU

134

155
U HTPB-DNBI/2,6 TDI-PU
T o] 1 v LJ

0 20 40 60 80 100 120 140 160 180 200
8 (ppm)

Figure 3.2.23C solid state (**C CP-MAS) spectra of PUs as indicated in the figure.

3.4.2. Tensile properties

Increase in the cross-linking density in the cured PUs is found to be the reason behind the
increase of oy, toughness, and E, etc.?****We have calculated the effective cross-linking (N), in all the
samples and listed in Table 3.1. The N values of PUs are determined from the E values (Table 3.1)

which were calculated from Figure 3.3 (stress-strain plots).
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Figure 3.3. Stress-Strain plots of HTPB and HTPB-DNB polyurethanes with various diisocyanates;
(A) 2,4-TDI, (B) 2,6 TDI and (C) IPDI
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Table 3.1. Various mechanical data obtained from tensile study.

PU polymer s-[fenrf;ti\ E(IJC;nbgrzgﬁn TO(LSEZ;E > r:ooduur;gs crizleicr:::iig
(o, MPa) (en, %) (E, MPa) (N, m?)
HTPB/2,4-TDI 0.88 111.88 60.54 0.012 114.95 x 10%
HTPB-DNB/2,4-TDI 2.68 345.47 660.50 0.021 208.06 x 10%
HTPB/2,6-TDI 2.71 130.01 240.44 0.046 582.29 x 10%
HTPB-DNB/2,6-TDI 4.46 337.62 1151.78 0.058 720.09 x 10%
HTPB/IPDI-PU 0.36 91.22 20.24 0.006 57.65 x 10%
HTPB-DNB/IPDI 1.21 570.26 440.03 0.007 86.12 x 10%

As per the rubber elasticity theory,® the number of network stands for unit volume (N,
effective cross-linking density) can be estimated from the relation E = 3NKgT, where E is the Young’s
modulus obtained from the stress-strain plot, Kg the Boltzmann constant, and T is the absolute
temperature in kelvin. N values listed in Table 3.1 clearly indicate that effective cross-linking is more
in the case of HTPB-DNB-PUs than HTPB-PUs for all diisocyanates. Here also we see the
dependence of isocyanate structures on N values. Therefore, the increase in oy, toughness, and E can

be explained as a result of increased cross-linking in the case of HTPB-DNB-PUs.

However there are two questions which remain unanswered; these are (I) how the cross-
linking is more in case of HTPB-DNB-PUs compared to HTPB-PUs despite the fact that in both the
cases -NCO/-OH ratio is equal to one and most importantly (II) why elongation at break (gy) is higher
for HTPB-DNB-PUs than HTPB-PUs. The increases in N values (cross-linking) should decrease the
gyvalues, but instead we observed increases in g,. This contradictory result is bit puzzling, hence the
above two questions need to be answered to understand the simultaneous increase of both 6, and g,
despite the value of -NCO/-OH mole ratio kept as one. To answer these questions, we propose the
schematic model as shown in Figure 3.4. The dinitrobenzene molecules randomly present in the PU
network in case of PUs obtained from HTPB-DNB. The nitro functionalities form hydrogen bonding
with the urethane linkages of the PU backbone. In the PU network, all the hydrogen bonding due to
-NO, functionalities will creates an extra supramolecular hydrogen-bonding network in the PU matrix.
This extra network because of DNB functionalities enhances the cross-linking density (Table 3.1)
despite the r =1. Also, because this extra network is extended throughout the PU matrix, it acts as a

bridge between the chains which increases the ¢, value. The presence of extra hydrogen bonding
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between the -NO, functionalities and urethane backbone is discussed in an earlier section using FT-IR
and **C solid-state NMR. To probe further detailed insight of these observations, we have carried out
X-ray diffraction and morphological studies, which are discussed in the next sections.

< Urethane linkage © -NO, groups ® Aromatic ring
~PU Chain ===== H-bonding

Figure 3.4. Schematic representations of HTPB-DNB-PU showing “fibrous-assembly “structure. The
microscopic image is the magnified cross section morphology of this PU obtained from the FESEM

imaging.

3.4.3. X-ray studies

All the PU samples are studied using both SAXS and WAXD techniques. SAXS plots in the g
range 0.2-0.7 A of representative PUs are shown in Figure 3.5. All the PUs displays a broad peak at q
~0.58 AL The respective d-values are mentioned in the figure. It is to be noted that the peak position
moves to the lower angle very nominally in the case of HTPB-DNB-PUs; however, the peak
intensities of these PUs are relatively stronger than the HTPB-PUs. These results indicate that the
phase separation pattern (segmental mixing) between the hard segment (HS) and soft segment (SS) in

these two types of PUs are not similar.
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Figure 3.5. SAXS plots of PUs obtained from HTPB and HTPB-DNB with different diisocyanates

To understand the HS-SS phase pattern (segmental mixing) more critically, we have analysed
the SAXS data, which were collected from the lower angle measurements using Porod’s method, and
all the Porod plots are shown in the Figure 3.6. In all the cases, we observed positive deviation of
Porod’s behavior, which attributes segmental mixing between hard and soft segments. However, it
must be noted that deviations are relatively higher (red lines in the figure) in the case of HTPB-DNB-
PUs compared to HTPB-PUs. This clearly indicates a higher degree of segmental mixing between the
hard and soft segments in the former. This is because of very strong favorable hydrogen bonding
interactions between the DNB (which is present in the soft segment) and the urethane linkage as
proved from the spectroscopic studies described earlier. With a schematic presentation, Figure 3.4
demonstrates these interactions, which are extended throughout the polymer matrix. Also, it is to be
noted that the deviations in the Porod’s plots (Figure 3.6) depends upon the type of diisocyanates used
to make PUs.
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Figure 3.6. Porod plots of PUs obtained from HTPB and HTPB-DNB using different diisocyanates;

(A) 2,4-TDI (B) 2,6-TDI and (C) IPDI.
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Figure 3.7. WAXD patterns of PUs obtained from HTPB and HTPB-DNB using various
diisocyanates

The WAXD patterns of representative PUs are shown in Figure 3.7. HTPB-PUs display
amorphous character with only two low intense peaks at 26 = 13.65° and 16.57° in their amorphous
halos. However, HTPB-DNB-PUs show very sharp crystalline peaks at 20 = 3.15° 16.51°, 31.32°,
45.03°, and 56.50°. Hence, from these results, it is clear that the packing natures in these two cases are
not similar. The higher segmental mixing probably allows the HTPB-DNB-PUs to pack in a more
ordered way resulting strong crystalline peaks. It can be argued that the crystalline peaks are owing to
DNB molecules. However, the amount of DNB present in the PUs would be very less which is not
enough to show the diffraction peaks. These peaks are due to strong interactions between the soft
segment and polyurethane linkage backbone, which is present throughout the PU as,

described in Figure 3.4.
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3.4.4. Morphological study

+ -4 Wage 1204 Wos 45 Tire 1850 % o) Vg = 2008 8 X W them fire 112148

Figure 3.8. FESEM micrographs of frozen fracture cross-section of PUs. HTPB-PUs (left panel) and
HTPB-DNB-PUs (right panel). 1st row: 2, 4 TDI, 2" row 2, 6 TDI and 3" row IPDI

The superior mechanical properties of modified HTPB-PUs (HTPB-DNB-PUs) compared to
HTPBPUs as described earlier is the manifestation of strong hydrogen bonding interactions between
the -NO, of DNB of soft segment with the PU backbone which results in higher order segmental
mixing and more crystalline character in the former as described in the previous section. We also

University of Hyderabad, 2015 56



K Malkappa Solvent based PUs | Chapter 3

Investigate, analysed, and compared the morphological outcomes of these two PUs by imaging the
frozen fracture cross-section of PU films. The FESEM images are shown in Figure 3.8. The
morphological features of two types of PUs are greatly different. We observed micro to nano meter
thick long fibers which are crossed and entangled with each other resulting in a fibrous-assembly type
morphology in the case of HTPB-DNB-PUs whereas HTPB-PUs are almost featureless. The fibrous-
assembly morphology is observed for all types of diisocyanates used here to make PUs. We believe
this significant difference in morphology is responsible for significant improvement in the tensile
properties in case of HTPB-DNB-PUs. The origin of morphological difference is the segmental
mixing pattern, which is significantly high in DNB samples owing to the presence of strong hydrogen

bonding interactions between the -NO, functionalities and the urethane linkages.
3.4.5. Thermal Study

The measurement of glass transition temperature (T,) of segmented PUs can give insights of
the segmental mixing and microphase separation. We have utilized differential scanning calorimetry
(DSC) and dynamic mechanical analyses (DMA) techniques to determine the Tys. Figures 3.9 and
Figure 3.10 show the DSC thermograms and DMA (tan & vs temperature) plots, respectively. Both
DSC and DMA detect the T, for soft segment at ~ —70 and ~ —60° C, respectively for all the
samples.* There is very little dependency of T, values on diisocyanates structure as seen in DSC and
DMA plots. Therefore, we can say the modification of HTPB backbone with DNB does not alter the
soft segment T,. This result is expected since the T, of the soft segments is generally do not alter due
to segmental mixing in microphase separated PUs. The T, due to HS is expected to appear above
ambient temperature. All the HTPB-DNB-PUs display HS T4 above 100° C (Figure 3.10B) and show
the diisocyanate structure dependency. However, HTPB-PUs do not show any HS T as seen in Figure
3.10A. This once again prove the fact that in the case of HTPB-DNB-PUs the greater degree of
segmental mixing takes place between the HS and SS owing to the strong supramolecular hydrogen
bonding interactions between the -NO, of DNB and urethane backbone. Hence, thermal study is in

agreement with all other characterizations about the segmental mixing of micro-phases.
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Figure 3.10. tan 6 vs temperature plots of PUs obtained from DMA study (A) HTPB, (B) HTPB-DNB.

Tqvalues are shown by vertical lines in the figure.
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3.5. CONCLUSION

Free standing PU films obtained from modified HTPB (HTPB-DNB) with varieties of
diisocyanates have been studied to evaluate the effects of terminal functionalization of the HTPB
backbone on the structure-property relationship of the PUs. The current study clearly demonstrated
that the modification of the terminal carbon atoms with appropriate functionalities (in this case with
dinitrobenzene) can induce an extra hydrogen bonding supramolecular network which in turn
enhanced the segmental mixing between the hard-soft segments and yielded partial crystalline
character in the PUs. As a result of these, the PUs displayed significantly higher mechanical properties
compared to native HTPB-PUs. Most importantly, the modified HTPB-PUs showed simultaneous
enhancement of both tensile strength and elongation at break. This simultaneous increase of both
mechanical properties is an unprecedented observation in the PU literature and hence opens up a new

possibility to make mechanically strong elastomeric PU.
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4.1. INTRODUCTION

Demands for coating and adhesives materials, which are free of any kind of organic solvents,
are rapidly growing due to environmental considerations owing to the fact that these materials can be
formulated from aqueous medium and method of preparation is considered a green approach.'™
Polyurethane (PU)-based coating materials are often used owing to their several significant advantages
compared to other polymeric coating materials.>” Therefore, there is a great deal of challenges and
interests involved in the development of water-dispersible PU (WDPU) coating materials as a next
generation green coating materials. The most important and simple advantage of WDPUs that one can
think of is that even their film can be prepared readily by simply evaporating water at ambient
temperature. Among other advantages, the most significant one is that the viscosity of dispersed
particles does not strongly dependent upon the molecular weight of PU and hence processing a
formulation is rather straightforward.®® And one more advantage compared to solvent-borne PU is that
WDPU is generally less expensive since no cost is involved because of the solvent. Because of these
numerous advantages, aqueous PU dispersion, or WDPU, is an important class of materials and hence
can be used in various fields such as textile, coatings, fiber sizings, and manufacture of adhesives.’®™*
As a result, there is a huge scope of developing and studying the new class of WDPUSs.

Aqueous PUs are commonly prepared with incorporation of ionic groups into the polymer
backbone. The WDPUs are mostly ionic because usually it contains -COOH groups, which are
incorporated by coreacting with appropriate monomer into the polymer backbone, and these -COOH
groups can be neutralized with triethylamine. This can result in a polymeric backbone, which forms a

colloidal system in aqueous medium.

Hydroxyl-terminated polybutadiene (HTPB) is a diol oligomeric viscous liquid, which finds
many applications, especially as a binder in solid rocket propellant.®*®There are several methods,
published by us and other groups, that modify the HTPB backbone with varieties of functionality to

enhance the physical properties like energy output' '

and thermal and mechanical strength of
resulting PU obtained from HTPB and diisocyanate polymerization. Recently, we demonstrated that
attachment of dinitrobenzene (DNB) to the terminal position of HTPB, called HTPB-DNB, has
improved the physical properties, especially tensile properties, significantly owing to the formation of

supra molecular hydrogen bonding network fibrilar structure.?

Having obtained good properties of HTPB by modifying the backbone, we plan to utilize this

new diol (called HTPB-DNB) to make PU-based materials for coating applications with an aim to
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achieve a thermal and mechanically strong coating. Also the presence of extra -NO, functional groups
and phenyl rings might help us in improving the hydrophobic characteristics of the final resulting PU
materials. Therefore, we prepared water dispersible PU by using HTPB and HTPB-DNB as the diol
with an aim to achieve hydrophobic, water-dispersible, and mechanically strong coating material.

We have also studied the effect of a hard segment of synthesized PUs, which is controlled by
the diol content in the chain, on the physical properties of WDPU coating material. Several
characterizations, for example, transmission electron microscopy (TEM), Fourier transform infrared
(FT-IR) spectroscopy, thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA),
tensile strength, contact angle, and atomic force microscopy (AFM), are carried out to prove the claim

we make in this article.
4.2. SYNTHESIS
4.2.1. Preparation of Water Dispersible Polyurethanes

The reaction protocol for the synthesis of WDPU is shown in Scheme 4.1 and the detailed reaction
recipes (molar composition of the reactants) are presented in Table 4.1. The butadiene diol (HTPB or
HTPB-DNB) and DMPA were taken into a three-neck flask, which is equipped with a mechanical
stirrer, nitrogen inlet, condenser, and thermometer. The mixture was stirred in a constant temperature
oil bath at 85° C. IPDI and a catalytic amount (20 uL) of DBTDL were added into the reaction mixture
after 20 min. of stirring. The reaction was continued by stirring at 85° C in the presence of N,
atmosphere for another 3 h. With progress of reaction, a viscous liquid was formed, indicating the
formation of polymer. We added 3-5 mL of MEK at about 2 h during the reaction progress so as to
prevent the viscosity development due to formation of polymer. After 3 h of reaction, -NCO-
terminated polyurethane (PU) prepolymer was formed which was confirmed by the presence of
urethane linkage and -NCO peak frequencies in the IR spectra of the prepolymer sample. The whole
reaction mixture containing -NCO-terminated PU prepolymer was cooled down to room temperature.
Then TEA (1.2 equiv of DMPA) was added to the prepolymer to neutralize the carboxylic acid group
present in the —NCO terminated PU prepolymer because of DMPA and 1 h stirring was continued.
These prepolymer further chain extended by adding a required quantity of butane diol (BDO) (see the
Table 4.1), and stirring was continued for about 30 min or until the complete disappearance of -NCO
peak frequency at 2270 cm™* in the IR spectra was observed. The resultant product was dispersed in
about 40 mL of water with vigorous stirring, which resulted in the milky water dispersion of PUs. The

measured solid content is about 15% (w/v). The molar composition and hence the hard segment (HS)
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variation are tabulated in the Table 4.1. The HS was varied 28-40% in both cases and achieved by
altering the relative composition of the monomers as shown in Table 4.1.

Scheme 4.1. Synthesis of Water-Dispersible polyurethanes ®
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4PUs obtained from HTPB are white in color and PUs obtained from HTPB-DNB are light yellow in color.
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Table 4.1. Reaction mixture compositions for the synthesis of WDPU?

Mols of Mols of Mols of Mols of Mols of Hard

Entry” -NCO -OH* -OH’ -OH® -OH' segment
(IPDI) (HTPB)  (HTPB-DNB) (DMPA) (BDO)  (wto)?
HTPB-PU30 0.0320 0.0184 - 0.0120 0.0016 29.52
HTPB-PU32 0.0358 0.0184 - 0.0144 0.0032 32.40
HTPB-PU35 0.0400 0.0184 - 0.0160 0.0056 35.31
HTPB-PU38 0.0440 0.0184 - 0.0170 0.008 37.75
HTPB-PU41 0.0460 0.0184 - 0.0190 0.010 40.76
HTPB-DNB-PU29 0.0320 - 0.0184 0.0120 0.0016 28.44
HTPB-DNB-PU32 0.0358 - 0.0184 0.0144 0.0032 31.86
HTPB-DNB-PU35 0.0400 - 0.0184 0.0160 0.0056 34.59
HTPB-DNB-PU37 0.0440 - 0.0184 0.0170 0.008 37.06
HTPB-DNB-PU40 0.0460 - 0.0184 0.0190 0.010 40.11

 Hard segment contents were varied from ~28% to 41% by adjusting the monomers composition. The
molar ratio of -NCO and -OH was kept constant at 1:1 in the case of all the compositions. "Samples are
identified as XXX-PU-YY, where XXX is the type of diol (either HTPB or HTPBDNB and YY is
calculated hard segment (wt%) content. ‘Hydroxyl mole ratio of HTPB calculated from hydroxyl
value. “Hydroxyl mole ratio of HTPB-DNB calculated from hydroxyl value. *Hydroxyl mole ratio of
DMPA. nydroxyI mole ratio of BDO. “Hard segment content (Wt%) = [(Wpo1 + Womea + Wapo +
Wrea) l/[(Whes OF Whites-one + Wippi + Wompa + Wepo + Wrea)]

4.2.2. Preparations of PU Films from Water-Dispersible PU (WDPU)

The WDPUSs were poured into a glass plate and dried at room temperature for 24 h. After that,
the glass plate with the sample was kept at 70° C inside an oven for 2 days. Then we obtained
transparent, elastic films. The thicknesses of the film were about 150 uM. The films were stored in the

desiccator for further characterization.
4.3. CHARECTERIZATION TECHNIQUES

All the information about the materials used in this study and the experimental methods,
characterization techniques which include spectroscopic characterization by fourier transform infrared

spectroscopy (FT-IR) and proton NMR, transmission electron microscopy (TEM), particle size
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analyser (PSA), thermogravimetric analysis (TGA), differential scanning coloremetry (DSC), dynamic
mechanical analysis (DMA), contact angle measurement (CA), atomic force microscopy (AFM) and
universal testing measurement (UTM) analysis studies for all the polyurethane polymer samples are
discussed in the Chapter 2.

4.4. RESULTS AND DISCUSSION
4.4.1. Synthesis of Water Dispersible PUs

Although there are many reports on water-dispersible PUs, until now there are no reports on
modified HTPB-based water-dispersed PUs. We have prepared a series of WDPUs using HTPB and
HTPB-DNB as diols, IPDI as a diisocyanate, and BDO as a chain extender. The HTPB-DNB was
obtained from HTPB by forming a chemical attachment of DNB molecules at the terminal position by
following a procedure as described by us previously. Dimethylol propionic acid (DMPA) has also
been used as a diol source in the PU synthesis (Scheme 4.1). DMPA is a diol with carboxylic acid
functionality and hence it creates ionic potion (carboxylic) into the PU chain, which might help in
getting the water solubility of the PU. The synthesized series of polyurethanes have various hard
segment contents, which have been achieved by altering the weight ratio of DMPA, BDO, and IPDI
(Table 4.1). The calculation of hard segment values is shown in Table 4.1 and for all the cases, we
maintained the -NCO/-OH ratio constant, which is equal to 1. Hard segment (HS) content is varied
from 28% to 40% and we observed the formation of very good dispersions with long stability of
dispersion in this HS range only. The moles of -OH functionality were calculated from the hydroxyl
values of HTPB and HTPB-DNB. As can be seen from Scheme 4.1, we have used an extra diol source
by using a reactant called DMPA, which helped us to prepare water-dispersible PUs owing to the
presence of ionic (carboxylic) group in the DMPA. In this water-dispersed PU synthesis, DMPA
incorporates -COOH functionality in the PU backbone and also reacts with the -NCO to form PUs.
The -COOH groups are neutralized with triethylamine, the resulting polymer is in ionic form and as a
result it is easily dispersed in water. To obtain stable water dispersed PU, a minimum amount of
DMPA is required so that dispersed polymer can store for a longer time and therefore we have
optimized the reaction composition as well. We have monitored the progress of the reaction by
recording the IR spectra and observed the complete disappearance of -NCO peak at 2270 cm™, and
only after did we add water to synthesized PU to obtain water dispersion of PU. The reaction scheme

and the compositions are presented in Scheme 4.1 and Table 4.1, respectively. A good water
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dispersion is obtained upon completion of reaction for all the compositions (Table 4.1) synthesized
here as shown in Scheme 4.1

4.4.2. FT-IR Study

(A) (B)
] 29.52% 28.44 %
Wy W T
: 32.40%

/
SN . [ S (-
\

37.75%

Transmitance (arb. unit)
-
_
S
$ I
o —
J,
n
-+
—
\\
<
Transmittance (arb.unit)

3358

‘ 338
X\
1690 '{" 1726
1708
1500 2000 2500 3000 3500 r v T v T v T v T
Wavenumber (CM") 1500 2000 2500 3000 3500

Wavenumber (CM")

Figure 4.1. FT-IR spectra of (A) HTPB-PUs and (B) HTPB-DNB-PUs with different hard segment
content as indicated in the figure.

FT-IR analysis was carried out to verify the progress of the reaction during the polymer
synthesis and also to do the structural analysis of the resulting polymer. The absorption peak of the
-NCO group at 2270 cm™* decreases during the reaction and completely disappeared after completion
of the reaction. Only after this -NCO peak disappeared, water was added with vigorous stirring to
obtain water-dispersed polyurethanes (WDPUSs). The polyurethane structure is proved by noting the

absorption band at around 3338 cm™* (-N-H stretching) as shown in Figure 4.1.
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Figure 4.2."H NMR spectra of water dispersible PUs (A) HTPB-PU and (B) HTPB-DNB-PU. DMSO-

de was used as a NMR solvent. The chemical structure of PUs and the peak assignments are shown in
the figure.
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This peak intensity increases with increasing hard segment, indicating the formation of more —
CO-NH linkages. Three bands observed at around 1726, 1708, and 1690 cm ‘are the vibrating
frequencies of the carbonyl region. The peak at 1726 was assigned to the free —C=0 stretching,
whereas the peak at1708 cm ™ is due to hydrogen-bonded —C=0 stretching. These peaks frequencies
are consistent with earlier reports on water-dispersible polyurethanes synthesized from soybean oil,
which was used as a soft segment.2A small absorption band at around 1690 cm* is due to the
formation of urea linkages, which may be the reaction of some of the unreacted isocyanates with water
while making water dispersion. The intensity of the bands attributed to free and hydrogen-bonded
urethane carbonyls (1726 and 1708 cm™) increases with increasing hard segment content of PU

because of the increasing formation of urethanes bonds.

Figure 4.2 shows the proton NMR spectra of WDPUs and the peak assignments. The chemical
shifts obtained are matching very well with the expected structure. The presence of DNB moieties in
the case of HTPB-DNB-PU is clearly visible in the spectra (inset of Figure 4.2 B) and hence confirms

the structure of synthesized PUs.
4.4.3. Stability and Morphological Studies of Synthesized PU Dispersions

As described in the Experimental Section and Scheme 4.1, our current reaction conditions and
methodology ensure the formation of PU with ionic structure into its backbone. Therefore, it is
expected that this PU structure should yield homogeneous water dispersion when dispersed in aqueous
medium. With this objective in mind, we have prepared water dispersions of all PU samples (both
HTPB-PU and HTPB-DNB-PU) with about 15% (by weight) of polymers in water. Figure 4.3 shows
the pictures of water dispersions of PU with various hard segment (HS) contents for both HTPB-PU
and HTPB-DNB-PU after storing at different time intervals. As can be seen from the figure, the
dispersions are highly stable for a very long time, even beyond 1 year. The light yellowish color of the
HTPB-DNB-PU dispersion is due to the color of DNB functionalities in the modified PU backbone.

We have also noticed that all the dispersions are very stable in a regular laboratory environment.

To see that our reaction conditions result in water dispersions as shown in Figure 4.3, we have
carried out a TEM experiment and presented the TEM images in Figure 4.4. As can be seen from the
figure, all the PU samples possess particle (nanoparticle) morphology, attributing to the formation of
particles of PU which are dispersed in the aqueous medium. We have also measured the particle size
using a light-scattering based particle size analyzer (PSA) and the results are shown in Figure 4.5.

Table 4.2 lists the stability data of these water dispersible PUs (WDPUs) and compares the particle
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size obtained from TEM study with PSA measurements. These data are in good agreement, except that
in some cases the size obtained from the PSA measurement is slightly bigger than the TEM, owing to
the fact that in the former, hydrodynamic radius is measured, whereas in the latter, the dried particles
are imaged. The particle size of WDPUSs ranges from ~130 to 270 nm.

HTPB-PUs (%HS) HTPB-DNB-PUs (%HS)

29.52 REW | 40.76 28.44 34,50 40.11

Just prepared

After 3months

After 10months

Figure 4.3. Photographs of water dispersible PUs of different hard segment contents at various

storing time intervals.
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In both cases (HTPB-PUs and HTPB-DNB-PUs), the particle size decreases with increasing
HS ratio. Both TEM and PSA measurements display similar trends in the particle size variation with
changing HS ratio. Although we could not ascertain the exact reason for this, the decreasing particle
size with increasing HS may be due to the more rigid structure of higher HS containing PUs. Table 4.2
and Figure 4.5 data clearly show that the polydispersity of all the WDPU samples are very narrow and
PDI decreases with increasing HS content. The control over the particle size of the water-dispersible
PUs is very important since it plays a key role for particular applications. For example, dispersions of
relatively larger particles are preferred in surface coatings for rapid drying, and smaller particle sizes
are desirable when deep penetration of the dispersion into a substrate is essential.”* HTPB-DNB-PUs
shows slightly bigger particle size than HTPB-PUs may be due to steric factor arising from the
terminal-functionalized DNB moiety. It is also noticed from TEM images that most of these particles

are spherical in shape and result in very stable dispersion as shown in Figure 4.4.

Figure 4.4. TEM images of all water dispersed PUs with varying hard segments ratio: HTPB-PUs (A-
C); (A) 29.52%, (B) 35.31%, (C) 40.76% and HTPB-DNB-PUs (D-F); (D) 28.44%, (E) 34.59%, (F)

40.11%. Note that all the images have identical scale bar.
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Figure 4.5. Particle size and the size distribution plots (obtained from Zetasizer measurements) of
WDPU samples: (A) HTPB-PUs and (B) HTPB-DNB-PUs. The hard segment content of the samples is

indicated in the figure.
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Table 4.2. Particle size, stability of WDPU samples obtained by using HTPB and HTPB-DNB diols

Entry Hard Segment Stability Particle size® PDI*  Particle size”

(wt %) (months) (nm) (nm)

HTPB-PU30 29.52 >12 193 0.28 195
HTPB-PU35 35.31 >12 170 0.30 160
HTPB-PU41 40.76 >12 129 0.16 125
HTPB-DNB-PU29 28.44 >12 269 0.26 200
HTPB-DNB-PU35 34.59 >12 218 0.24 170
HTPB-DNB-PU40 40.11 >12 158 0.09 140

? Particle size and PDI from Zetasizer measurement and ° Particle size from TEM analysis
4.4.4. Preparation of Film from WDPUs and Their Characterizations

After confirming that our synthetic protocol of PUs produces water-dispersible PUs, we need
to confirm that these PUs can produce stable films so that these WDPUs can be used as coating
material. To make the film, we have cured the sample inside the oven at 70° C for 2 days.
Freestanding elastic films were obtained from all the WDPUs samples and these films were subjected
to several characterizations such as TGA, DMA, tensile properties, contact angle measurement, and
AFM studies. The next section will evaluate these results with an objective to find out the various

properties of WDPUs films and their suitability as coating materials.
4.4.5. Thermogravimetric Analysis

The TGA curves of all the cured PU films obtained from HTPB and HTPB-DNB with
different hard segment contents are shown in Figure 4.6. Thermal stability of the PUs primarily
depends upon the polyols and isocyanate structures. Generally, water-dispersed PUs show less
thermal stability because of the presence of labile urethane and urea linkages of PU polymers.?>?
Figure 4.6 clearly shows that the PUs undergo thermal degradation in more than one stage. The
thermal degradation of PU films started at around 230-240° C and were followed by another weight
loss at around 350-400° C. These degradations observed at different temperature ranges can be
attributed to the decomposition of the labile urethane urea bonds. Also it is important to note that with
increasing hard segment content (inset of Figure 4.6), thermal degradation increases because of
increasing number of urethane urea bonds. Table 4.3 data compares the thermal degradation between

the HTPB-PUs and HTPB-DNB-PUs. It is evident from Table 4.3 data that thermal stabilities of
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HTPB-DNB-PUs are slightly higher than HTPB-PUs irrespective of their hard segment content and
this may be due to the presence of extra cross-linking owing to hydrogen-bonded supramolecular
assembly in the case of HTPB-DNB-PUs.
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Figure 4.6. TGA plots of (A) HTPB-PUs and (B) HTPB-DNB-PUs after curing the water dispersible

PUs at 70°C for two days. Inset: Magnified portion of the TGA plots to show the changes in thermal

stability with increasing hard segment contents of PUs.
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Table 4.3. Comparison of thermal stability of films obtained from WDPUs of HTPB-PUs and HTPB-
DNB-PUs.

Entry HS (%) Tloa T40b TmaxC
29.52 285.67 421.88 479.81

HTPB-PUs
40.76 270.71 385.90 485.78
28.44 306.63 430.86 493.27

HTPB-DNB-PUs
40.11 284.18 409.91 505.24

*Temperature at which 10% weight loss occurs, "Temperature at which 40% weight loss occurs and

‘Temperature at which maximum weight loss occurs
4.4.6. Tensile Properties of PU

Stress-strain behaviours of all the water-dispersed PUs obtained from two (HTPB and
HTPBDNB) different diols are shown in Figure 4.7. Table 4.4 lists the tensile strength (cp) and
elongation at break (g,) obtained from stress-strain plots of PUs (Figure 4.7) and used for estimation of
the mechanical strength of the resulting PUs. We have also determined the toughness and young
modulus (E) of PU samples from Figure 4.7 plots and included in Table 4.4. The toughness values are
calculated by integrating the area under stress-strain plot. Young modulus (E) values are calculated
from the slope of the linear portion of the stress-strain plot where Hooks law is maintained. Figure 4.7
(C and D) and Table 4.4 data clearly demonstrated that HTPB-DNB-PUs have higher tensile
properties (both yield stress and yield strain) than HTPB-PUs. It is also to be noted that HS content
significantly influences the tensile properties. Yield stress increases with increasing HS content
whereas yield strain decreases with increasing HS in both types of PUs as observed in Figure 4.7 (A
and B). The toughness and Young modulus obtained from stress-strain profile also greatly influenced
by the choice of types of diol and HS content. The reasons behind such tensile properties have been
explained by us in a recent article based on our observation in which we demonstrated that in the case
of HTPB-DNB-PUs, extra supramolecular hydrogen bonding between the -NO, of terminal-
functionalized DNB moiety and urethane linkage of -N-H enhances the amount of cross-linking in the
chains which in turn changes the morphology and crystalline nature of PUs, allowing more
interactions between the hard and soft segment of PU. As a result of these, there is a significant
enhancement in the tensile properties of HTPB-DNB-PUs compared to HTPB-PUs.?
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Figure 4.7. Tensile properties of WDPUs films with increasing HS content (A) HTPB-PUs (B) HTPB-
DNB-PUs. Comparison of tensile properties of both types of PUs for similar HS content (C and D)
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We believe a similar situation in this case and therefore we have calculated the effective cross-
linking (N) of all the WDSPU films and listed them in Table 4.4. The N values of PUs are determined
from the Young modulus (E) values (Table 4.4) which were calculated from Figure 4.7 (stress-strain

plots). As per the rubber elasticity theory,”*’

the number of network stands for unit volume (N,
effective cross-linking density) can be estimated from the relation E = 3NKgT, where E is the Young
modulus obtained from the stress-strain plot, Kz the Boltzmann constant, and T the absolute
temperature in Kelvin. N values listed in Table 4.4 clearly indicate that effective cross-linking
increases with increasing HS content and more in the case of HTPB-DNB-PUs because of the

presence of -NO, functional groups in HTPB-DNB and hence the interaction as discussed before.

Table 4.4. Mechanical properties of films obtained after curing the water dispersible PUs.

Entry Tensile Yield Toughness Young Effective Storage Tgb T

strength  strain (MPa) modulus  crosslinking modulus® (°C) (°C)

(MPa) (%) (MPa)  (N/M°) x 10% (MPa)

HTPB-PU30 3.42 310 597.34 0.010 79.74 2997 -61 -78
HTPB-PU35 5.10 262 772.23 0.0155 123.60 3039 -60 -7
HTPB-PU41 5.77 198 469.44 0.0158 125.59 3309 -57 -76
HTPB-DNB-PU29 531 350 1144.34 0.0146 116.42 3285 -61 -79
HTPB-DNB-PU35 6.83 282 1356.05 0.0179 142.60 3392 -60 -78
HTPB-DNB-PU40 8.59 264 1492.05 0.0265 211.30 3562 -56 =77

* measured at -100° C, ° obtained from tang vs. temperature plot of DMA study, ¢ measured from DSC
thermograms.

4.4.7. Thermal Transitions and Modulus of PUs

Figure 4.8 shows the storage modulus (E), loss modulus (E”), and tan & plots as a function of
temperature for all the films of HTPB-PUs and HTPB-DNB-PUs with different hard segment

contents; the important data collected from these plots are summarized in Table 4.4.
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Figure 4.8. DMA plots of HTPB-PUs (A, C and E) and HTPB-DNB-PUs (B, D and F) of various hard
segment contents as indicated in the figure
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The results obtained from DMA studies Figure 4.8 (A and B) clearly showed that HTPB-
DNB-PUs are mechanically stronger than HTPB-PUs and strength (modulus) increases with

increasing HS contents. This observation is in agreement with the tensile measurement data as
presented in an earlier section. From Figure 4.8 and Table 4.4 data, it is also clear that all the PUs

films are elastic in nature with glass transition temperature (T,) values around -60° C as listed in

Table 4.4. The T4 value does not alter much with change in the HS content, there is a very small

decrease in T4 values with increasing HS content in both sets of PUs. The little variation between the

T, values obtained from tan & vs temperature and E” vs temperature plots is expected as it has been

reported by several authors earlier. In summary, our DMA study proves that the obtained PU films are

having high mechanical strength with subambient temperature T, and thus resulting in rubbery PU

films, which is one of the important characteristics a coating material should have.
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Figure 4.9. DSC plots of (A) HTPB-PUs and (B) HTPB-DNB-PUs of variable HS contents as

indicates in the figure.
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To reconfirm the Ty values and rubbery nature of our PU films, we also carried out differential
scanning calorimetry experiment to measure the T, values and the results are presented in Figure 4.9
and the data listed in Table 4.4. The results clearly indicate that T, is in the subambient range at
around -70° C, suggesting the elastic rubbery nature of our PU films and also the results tallied with
the DMA results discussed in the previous section. The small difference (around 10° C) in T4 values
between the DSC and DMA is because of the difference in measurement techniques. It is also noted
that T, values of HTPB-DNB-PUs are a little lower than HTPB-PUs (obtained both in DMA and DSC
results) is because of the extra interaction between the -NO, group and urethane -N-H group in the
case of HTPB-DNB-PUs. Although there is not much significant variation in T values with increasing

HS content, there is a definite trend in decreasing T4 with increasing HS content.
4.4.8. Surface Hydrophobicity of PU Films

In an earlier section, we proved that the PU films obtained from WDPUs of HTPB and HTPB-
DNB upon curing display very good thermal, mechanical, and elastic properties. Therefore, we can
think of using these WDPUs as coating material since these dispersions form good films readily and
these films exhibit required the properties to qualify as a coating material. However, it would also be
interesting and useful if these films of WDPUs have hydrophobic character. To determine their
hydrophobicity, we have measured the surface water contact angle of all PU films and the results are
shown in Figure 4.10 and data tabulated in Table 4.5.

Wettability is a fundamental property of the solid surface, which is governed by both surface
energy and the geometrical arrangement or microstructure of the surface and this can be determined by
measuring water contact angle.?®* Wettability is the surface property of the films and this is used for
measuring the hydrophobicity of the film surface. We measured the contact angle for all the WDPU
film samples using distilled water. The results shown in Figure 4.10 and Table 4.5 clearly indicate that
the contact angle increases with increasing hard segment content of PUs in both (HTPB and HTPB-
DNB) cases. Contact angle crosses 90° in the case of higher HS sample, suggesting reasonably high
hydrophobic surface in these samples. Even lower HS content samples have values very close to 90°,
resulting in the hydrophobic nature of the resulting PU films of WDPUs for both HTPB and HTPB-
DNB cases. Also it must be noted that contact angle values of all the HTPB-DNB-PU films are
slightly higher than those of the corresponding HTPB-PU films (Table 4.5) and this may be due to
morphological (microstructural) differences between these two groups of samples arising because of

extra hydrogen bonding interactions in the case of HTPB-DNB-PU samples as described earlier.?
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HS = 29.52%, 0=80.44° HS =35.31% , 6=86.64° HS = 40.76 %, 6=93.39°

(B) - -

HS = 28.44%, 6=81.19° HS = 34.59%, 6=87.05° HS = 40.11% , 0=96.17°

Figure 4.10. Images of water contact angles of various HS content PUs: (A) HTPB-PUs (B) HTPB-
DNB-PUs

Table 4.5. Contact angles and surface roughness of PU films obtained by curing WDPUs of HTPB
and HTPB-DNB.

Entry Hard Segment  Contactangle ~ Roughness

(wt %) (degree) (Rg) (nm)
HTPB-PU30 29.52 80.44 5.50
HTPB-PU35 35.31 86.64 9.63
HTPB-PU41 40.76 93.39 14.74
HTPB-DNB-PU29 28.44 81.19 4.88
HTPB-DNB-PU35 34.59 87.05 7.74
HTPB-DNB-PU40 40.11 96.17 15.48
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To understand the origin of the hydrophobic nature of these PU films, we checked the films
surface structure by scanning in AFM and the surface topography (along with 3D view) are shown in
Figure 4.11. The surface roughness values are measured and listed in Table 4.5. Figure 4.11
topographic images and measured roughness (Table 4.5) clearly indicate that, with increasing HS
content of PU backbone, the film roughness increases, which is probably the reason for increasing
contact angle with increasing, resulting in hydrophobic surfaces.** *It should be noted that the

roughness values differ slightly from HTPB-PUs to HTPB-DNB-PUs which may be the reason behind
the variations of their contact angles.

Figure 4.11. AFM images of various hard segment content PU films surface: HTPB-PUs [(A) HS=
29.52%, (B) HS=35.31%, (C) HS=40.76%] and HTPB-DNB-PUs [(D) HS=28.44%, (E) HS= 34.59%,
(F) HS=40.11%)]. 3D views of all the AFM images are also shown in the right side of each image.
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4.5. CONCLUSION

We have developed a novel method for the synthesis of water dispersible PUs from butadiene
diols with an objective for their use in coating. Synthesized WDPUs have been characterized by
checking storage stability and morphological features, and these characterizations suggested the long-
term stability and nanoparticle morphology of the WDPUs. The films obtained from these WDPUs
showed very high thermal stability, mechanical stability and elastic behaviour. We have varied the
hard segment contents in the PU backbone and studied the effect of hard segments on the properties,
and it has been discovered that hard segment influences all of the above measured properties to a great
extent; for example, higher hard segment resulted in a hydrophobic surface which has a contact angle
>90°. The results obtained in this study suggested that the water dispersible PUs synthesized in this
study can be used as hydrophobic coating material. In addition, we also compared all the above
mentioned physical properties in regard to the diol structure and found that the terminal-modified
HTPB with a hydrogen-bonding functional group displayed better properties compared to unmodified
HTPB.
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5.1. INTRODUCTION

In recent years, both academic and industrial groups are putting enormous attention towards
the development of environmentally friendly water dispersible polyurethane (WDPU) with the aim to
eliminate the volatile organic compounds used as solvent in conventional PUs“* to meet the
environmental regulations. The WDPU represents a vital class of coating resins because of major
advantages viz nontoxicity, non-flammability, abrasion resistance, durability, excellent adhesion and
tenable properties. Hence, WDPU has attracted several applications which include adhesives, coatings
for various substrates including textile fabrics, plastic, wood, glass fibers and biomedical and
biodegradable materials.>® Regardless of the property which may be inherent of WDPU, there is a
continuing need to improve the more and more desired properties which can be tailored to meet the
highly diversified demands of WDPU. To do these, many researchers have made the nanocomposites
of solvent borne PUs'™ but a few researchers have reported the development of nanocomposites of
WDPU. Y

In addition to environmental concern, it is important to have hydrophobic character of WDPU
for the potential use in coating and hence efforts have been made to enhance hydrophobic character
along with thermo-mechanical stability of the film obtained from cured WDPU. To achieve this
several nanocomposites of WDPU with clays (layered silicates) have been reported so far.'®?
However, nanocamposites of hydroxyl terminated polybutadiene (HTPB) diol based WDPU is not
reported in the literature so far. HTPB is a widely used diol source for preparing polyurethane (PU) for

numerous applications especially in the solid rocket propellant.?*®

Our research group has modified HTPB with various energetic functionality with the
objective of enhancing the various properties especially mechanical properties of HTPB based PUs.?"
%% One such modification in which 2,4—dinitrobenzene (DNB) molecules are attached in the terminal
position of HTPB (we named it as HTPB-DNB) is found to be a good diol precursor for preparing
high tensile PU and WDPU as reported by us earlier.**? In Chapter 4, we have develop the method for
synthases of water dispersible polyurethanes (WDPU) of HTPB and HTPB-DNB with various hard
segment content and also observed that the properties of WDPUs obtained from HTPB-DNB are better
than HTPB-PUs.** Although results of our previous study is very encouraging, but still the highest
measured contact angle obtained was 96° for cured WDPU films obtained from HTPB-DNB-PU with
hard segment (HS) around ~40 wt%. Our aim is to enhance the contact angle further (may be achieve

close to 120°) without compromising tensile and other physicochemical characteristic of WDPUSs.
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One possible way, which can be applied, is that to increase hard segment since we had noticed
increase in hydrophobicity with increasing hard segment but our repeated attempts were unsuccessful
in preparing stable WDPUs of HTPB-DNB with HS more than 40%. Therefore, the search of other
avenues led us to consider in preparing WDPU from the nanocomposites of HTPB-DNB-PU (where
HS is 40%) with a hope that contact angle will increase since the silicate layer may bring extra

hydrophobicity in the material in addition it will reinforce the mechanical strength.

To our surprise, we could not find any report on the clay composites of HTPB based WDPUs.
These absence of literature and our hypothesis (as described above) encourages us to the present study,
in which we have prepared and studied WDPU/clay nanocomposites using HTPB-DNB as diol
sources for preparing PU and we used two structurally different types of clay. These clays are Cloisite-
30B (a montmorillonite type clay with 2:1 smectite structure) and Kaolinite (1:1 illite) clay. The
choices of these clays are driven by the abundance, low cost and their structural difference. We would

also like to investigate the effect clay structure on the final properties of WDPU nanocomposites.

5.2. SYNTHESIS
5.2.1. Organic modification of Kaolinite clay

Kaolinite (Kao) was organically modified with dimethyl sulfoxide (DMSO) using the
procedure as discussed earlier.*® Briefly, the procedure is as follows: Kao and DMSO were taken into
the round bottom flask and sonicated for 2 hrs. to enhance the Kao dispersion. After this, the mixture
was stirred for 4 days to complete intercalation of DMSO in the Kao basal planes. Finally, the
suspension was filtered and then washed with methanol to remove the excess DMSO. After that, the
resultant precipitate was kept in vacuum oven at 100° C for complete drying. The modified Kao was

designated as OKao.
5.2.2. In-situ preparation of water dispersible polyurethane/clay nanocomposite

Two types clay viz. OKao and Cloisite-30B were used for the preparation of water dispersible
polyurethane (WDPU)/clay nanocomposite. An in-situ preparation procedure was followed instead of
conventional blending process where usually certain weight % of nano fillers are added to the polymer
solution. In the current in-situ process, desired amount of clay was added to the polymeric diol, i.e.
HTPB-DNB. The clay weight fractions were altered from 1% to 5% (by weight) with respected to
HTPB-DNB. Require amount of clay (either OKao or Cloisite-30B) and HTPB-DNB were taken in a

three-neck flask which was equipped with a mechanical stirrer, nitrogen inlet, condenser and a
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thermometer. The mixture was stirred in a constant temperature oil bath at 85° C for 5 h for the
intercalation or exfoliation of the clay with the polyol (HTPB-DNB). After 5 hours of stirring,
required amount of DMPA (dimethylol propionic acid), IPDI (isophorone diisocyanate) and catalytic
amount (20uL) of DBTDL (dibutyl tin dilaurate) were added into the reaction mixture. The reaction
was continued by stirring at 85° C in presence of N, atmosphere for another 3 h MEK (methyl ethyl
ketone) 3-5 mL was added at about 2 h during the reaction progress so as to prevent the viscosity
development due to formation of polymer. After 3 h of reaction, -NCO terminated polyurethane (PU)
prepolymer with clay was formed which was confirmed by the presence of urethane linkage and -NCO
peaks frequencies in the IR spectra of the prepolymer sample. The whole reaction mixture, which
contains -NCO terminated PU prepolymer and clay was cooled down to room temperature. Then
triethyl amine (TEA), (1.2 equivalents of DMPA) was added to the prepolymer/clay reaction mixture
to neutralize the carboxylic acid group because of DMPA and further one hour stirring was continued.
This prepolymer/clay further chain extended by adding required quantity of BDO and stirring was
continued for about 30 minutes or until the complete disappearance of -NCO peak in the IR spectra at
2270 cm™. The resultant product was dispersed in about 40 ml of water with vigorous stirring which
resulted the milky water dispersion of PU/clay nanocomposite. The reaction scheme procedure is
shown in Scheme 5.1. The calculated hard segment (HS) content for the PU is 40%. In the current
study, we did not alter the HS content; however we altered the type of clay and the clay loading in the
WDPU/clay nanocomposites.

5.2.3. Preparations of PU films from WDPU/clay composites

The WDPU/clay composites were poured in a glass plate and dried at room temperature for 24
hours. After that the glass plate with the sample was kept at 70° C inside a hot air oven for 2 days.
Then we pilled off the strong and elastic films from the glass plates. The thicknesses of the films were

about 200 um. The films were stored in the desiccator for all further characterizations.
5.3. CHARECTERIZATION TECHNIQUES

All the information about the characterization techniques which include spectroscopic
characterization by fourier transform infrared spectroscopy (FT-IR) and solid state *C-NMR, X-ray
diffractions (WAX), transmission electron microscopy (TEM), particle size analyser (PSA), field
emission scanning electron microscope (FE-SEM), thermogravimetric analysis (TGA), differential

scanning coloremetry (DSC), dynamic mechanical analysis (DMA), contact angle measurement (CA)
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and universal testing measurement (UTM) analysis studies for all the clay nanocomposite polymer
samples are discussed in the Chapter 2.
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Scheme 5.1. Synthesis of water dispersible polyurethane/clay nanocomposites.
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5.4. RESULTS AND DISCUSSION
5.4.1. Preparation of WDPU/clay composite

An in-situ method has been developed to prepare HTPB-DNB based WDPU/clay
nanocomposites with two types of organically modified clays namely Cloisite-30B and OKao. Our
synthetic strategy (as discussed in the experimental section) is such that the resulting PU would be
water dispersible. And also our method ensures the formation of particles as we observed in our earlier
work (Chapter 4) of preparation of WDPU from HTPB-DNB.* However, in this work we have
incorporated clays in the reaction mixture with an objective to enhance the hydrophobicity and other
physicochemical properties of the final cured WDPU films. Therefore, it is important to verify that the
resulting WDPUY/clay nanocomposites yield water dispersible nanoparticles. Figure 5.1 shows the
particle size and size distribution plots obtained from zetasizer measurement for all nanocomposites
along with pristine WDPU. The results clearly indicate the formation of particles in the range of 100 to
200 nm with low polydispersity. To check the shape of the particles, we carried out TEM experiments
and the representative micrographs are shown in Figure 5.2. All particles in all the cases are spherical
in shape. Particle size measured from TEM is little lower than the zetasizer as expected because of the
absence of the solvent in the case of TEM technique. Table 5.1 lists the all particle size and PDI for all
nanocomposites. It is to be noted that particle size varies with changing clay content in both the clay
cases. In case of Cliosite-30B, size increases with increasing clay content. On the other hand size
decreases with increasing clay content in case of OKao composites. This variation may be linked to
the nanocomposite structure formation which are different in these two clays (will be discussed in the
next section). Also it is to be noted that the PDI increases with increasing clay content especially in
case Cloisite-30B which is attributing the aggregation/exfoliation at high clay loading which is also

apparent from TEM micrograph.
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Figure 5.1. Particle size and size distribution plots (obtained from Zetasizer) of HTPB-DNB based
WDPU/clay composites with (A) Cloisite-30B and (B) OKao clay. Compositions are indicated in the
figure.

Figure 5.2. TEM images of HTPB-DNB based WDPU: (A) WDPU (control experiment, only HTPB-
DNB), (B) WDPU/Cloisite-30B-3% and (C) WDPU/OKao-3%
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Table 5.1. Particle size and PDI of nanocomposites as a function of clay content in the

nanocomposite.

Clay (%)  Particle Size®

Sample Identification PDI?
(nm)

WDPU 0 142 0.166

WDPU/Cloisite-30B 1 145 0.192

2 150 0.243

3 151 0.287

4 153 0.843

5 167 0.766

WDPU/OKao 1 155 0.220

2 159 0.237

3 156 0.254

4 137 0.469

5 140 0.481

4 Measured from zetasizer
5.4.2. FT-IR study

IR spectra of WDPU/clay composites with both types of clay are shown in Figure 5.3. The
clay contents in the composites were varied from 1% to 5 wt% with respect to polymer weight and all
the IR spectra are shown in Figure 5.3. The main functional group in the PU chain are urethane —N-H
and carbonyl stretching frequencies. The 2949 and 2867 cm™ peaks are due to the alkane —C-H
stretching vibration. The absorption band at around 3326 cm™ for H-bonded -N-H stretching
frequency. The carbonyl region of pristine WDPU displays three bands at around 1728, 1708, 1690
cm™. The peak at 1728 cm™ is assigned to the free —C=0 stretching, whereas the peak at 1708 cm™ is
due to hydrogen-bonded —C=0 stretching and a small absorption band at around 1690 cm™ is due to
the formation of urea linkage.* However, we could observed only one sharp peak at 1703 cm™ in case
of Cloisite-30B composite and 1697 cm™ in case of OKao composite instead of three peaks as shown
in Figure 5.3. Therefore, it clearly indicates that all carbonyl groups are involved in the formation of

hydrogen bond or some other specific interactions with silicate layers of clays. The other characteristic
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peaks are 1386 and 1364 cm™ due to -C-N stretching, 1241 cm™ due to ester C-O-C asymmetric
stretching vibration, 1174 cm™ due to coupled C-N and C-O stretching vibrations, 1062 cm™ due to
ester C-O-C symmetric stretching vibration and 1557 cm™due to C-H-N vibration of associated
secondary urethane groups. In both the clay composites, absorption band appear at around 1020 cm™
to 1030 cm™ corresponding to O-Si-O stretching frequency and the peak intensity gradually increases
with increasing clay percentage indicating the incorporation of clay particles in the composite.*® The
peak at 1116 cm™ due to S=O stretching frequency of DMSO is clearly seen in case of OKao

composites (Figure 5.3.B) and hence attributed that OKao clay is introduced into polymer matrix.***

(A) Pristine WDPU (B) Pristine WDPU
i
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Figure 5.3. IR spectra of HTPB-DNB based WDPU/clay composites with (A) Cloisite-30B (B) OKao

clay. The composite compositions are indicated in the figure.
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5.4.3. Solid-state NMR study

The pristine WDPU and all the nanocomposites samples were studied by recording **C solid
state NMR and the results are shown in Figure 5.4. A magnified portion of the spectra (6 100-200
ppm) is only presented here for better clarity of important peaks in the context of discussion. The
spectral characteristics are quite similar to our previously reported results and also the spectral
fractures of all nanocomposites are almost similar. Multiple peaks are observed at around 20-50 ppm
due to saturated carbons of HTPB (not shown here in the figure) and unsaturated HTPB carbon signals
are obtained at around 110-145 ppm. The spectral characteristics of clays (Cloisite-30B and OKao)
could not be separated since their peaks (6 43 ppm in case of OKao and & 32 ppm in case of Cloisite-
30B) are merged with the saturated carbon signals of HTPB at around 20-50 ppm. A careful analysis
and comparison of nanocomposite spectra with pristine WDPU reveal interesting information. Two
important peaks are seen at around 156 and 175 ppm corresponding to carbonyl carbon of urethane
and carboxylate, respectively. Both the peaks display marginal shift towards the higher field (lower )
and decrease in the peak intensity (height) with increasing clay loading in the nanocomposites. These
observations indicates that the peak broadening is taking place.®” To understand this changes in the
peaks nature, we analyzed these peaks by calculating the full width at half maximum (FWHM) of both
the 156 and 175 ppm peaks for all the nanocomposite samples and data are shown in the Figure 5.5.
The FWHM value increases with increasing clay loading. The FWHM of 6156 ppm peak for
WDPU/Cloisite-30B-5% is 506 Hz and for WDPU/OKao-5% is 505 Hz whereas it is 450 Hz for
pristine WDPU. The difference from pristine WDPU to both clay composites is > 50 Hz and hence it
clearly indicates that the broadness of the peak increases with the clay loading in both types of the clay
composites. Similarly, the peak at 175 ppm shows significant line broadening of both clay composites.
The measured value of FWHM is 639 Hz for pristine WDPU and for WDPUY/Cloisite-30B-5% is 997
Hz and for WDPU/OKao0-5% is 917 Hz. Here, the difference from pristine WDPU to clay composite
PU is ~300 Hz, this means that the broadness of the peak increases in both types of the clay loadings.
It is worth to note that the increase in line width is different in two cases indicates the effect of clay
structure on the nanocomposite structure. These observations clearly attribute to the presence of
interactions between the PU chain and the functional groups of silicate layers in the clay. Therefore,
our SS-NMR observations quite clearly agree with our IR observation and prove the formation of

WDPU/clay nanocomposites.
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Figure 5.4. ©*C Solid state (**C CP-MAS) spectra of HTPB-DNB based WDPU/clay composites with

(A) cloisite-30B (B) OKao clay. Weight % of clay in the composite are indicated in the figure.
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Figure 5.5. Peak broadening presented in terms of FWHM as a function of clay loading for the

carbonyl carbon of (A) urethane at 6156 ppm and (B) carboxylate at 6175 ppm.
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5.4.4. X-ray diffraction study
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Figure 5.6. WAXD patterns of HTPB-DNB based WDPUY/Cloisite-30B clay nanocomposites with
loading in wt% (a) 0% (Pristine WDPU) (b) 1% (c) 2% (d) 3% (e) 4% and (f) 5%. Inset: WAXD
pattern of Cloisite-30B clay

Wide angle X-ray diffraction (WAXD) patterns of Cloisite-30B clay and all nanocomposites
of this clay with WDPU are shown in the Figure 5.6. The characteristic sharp peak of basal plane of
Cloisite-30B is observed at 20 = 5.23° (d = 1.68 nm). The nanocomposite samples show the clay
loading dependency as observed from the figure. It is clearly seen that with increasing clay content
from 1 to 3 wt %, the peak slightly shifted to higher distance and appeared at 20 = 5.1° (d = 1.74 nm)
and also the peak intensity increases. But further increase of clay loading such as 4 wt %, the intensity
of 20 = 5.1 peak decreases and the peak completely disappeared at 5 wt %.%® This shifting of the peak
or in other words increase in basal plane distance in case of clay loading up to 3 wt % attributes the
intercalating of clay in the PU matrix. On the otherhand, slowly disappearance of basal plane peaks

indicates the formation exfoliated nanostructure when clay loading is greater than equal to 4 wt %. It
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has been reported that in case of PU/Cloisite-30B nanocomposites, the electrostatic forces between the
clay platelets have tendency to squeeze the PU polymer chains inside the clay layers and subsequently
yields to an intercalated structure.***? However in the current study, the PU chains are having ionic
(anionic) groups in the back bone; hence when this WDPU chains interact with cationic Cloisite-30B
clays, the electrostatic interaction between the clay and the polymer chains overrules the interactions
between the clay platelets and therefore it is expected that the clay layers would be exfoliated.
However to have this interaction a minimum loading of clay is required and that is why we observed
above 4 wt % exfoliated structure and below which intercalated structure where WDPU chains are

partially squeezed into clay layers.

WAXD patterns of Kao, OKao and all nanocomposites of WDPUs with OKao are shown in
the Figure 5.7. The peak at 26 =12.32° (d = 0.72 nm) corresponds to the Kao basal planes. The peak
shifts to a lower angle 26 = 7.79° (d = 1.14 nm) after modification with DMSO (Figure 5.7A). This
means intercalation of DMSO takes place which increases the d-spacing due to the expansion of the
interlayer space and this value is agreement with previous reported values.**** Intercalated or
exfoliated structure of the nanocomposite are the two most frequently observed structures in case of
polymer nanocomposites with OKao. However, in this case we found an unusual and interesting
observation. Figure 5.7B shows that with increasing OKao loading in the WDPU/OKao
nanocomposite, the basal plane peak at 26 = 12.32 degree (d = 0.72 nm) of unmodified Kao appears
and increases intensity with increasing clay content. The basal plane peak for OKao at 20 =7.79
degrees (d = 1.14 nm) completely disappears. This indicates that WDPU polymers displaced the
modifier (DMSO in this case) completely from the gallery of the OKao clay layers and converts the
OKao to Kao. This result is possible due to the strong interactions between anionic WDPU and the
positively charged OKao layers. Because of this interaction the DMSO got displaced and clay layers
decreases their basal plane gap by interacting with the polymer. As a result the clays are aggregated
and this aggregation increases with increasing clay loading into the nanocomposite.*The next section

will discuss the implication of this structure on the properties of these nanocomposites.
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Figure 5.7. WAXD pattern of (A) Kao and OKao (B) all HTPB-DNB-WDPU/OKao nanocomposites

and the compositions of nhanocomposites are shown in the figure.

5.4.5. Morphology study

To reconfirm the nanocomposite structure as established by the X-ray studies (discussed in the
previous section), we have analysed our nanocomposite structures by capturing morphological
fractures of samples using TEM and FESEM. TEM images of nanocomposite samples with different
weight loading for both clays are shown in Figure 5.8. The intercalated morphology is obtained when
Cloisite-30B clay loading is 1 to 3 wt % (Figure 5.8. A, B) and this result is in agreement with the X-
ray data discussed in the previous section. Careful analysis of TEM images also revealed that the layer
spacing (basal plane distance) of intercalated structure obtained from TEM images (Figure 5.8. A, B)
are matching with X-ray distance (Figure 5.6). On the otherhand when Cloisite-30B clay loading is
increased to 5 wt %, the structure of the nanocomposite becomes exfoliated as clearly seen from TEM
images (Figure 5.8.C) which is again in agreement with X-ray data (Figure 5.6.).”**® TEM images of
WDPU/OKao nanocomposites with 1, 3 and 5 wt % loading are presented in Figure 5.8.(D to F) and
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display aggregated structure which is tallying with X-ray data (Figure 5.7.) The images clearly shows
the aggregation of clay plates with thick dark lines like small pieces and on further increase in clay
content thick lumps and aggregated spherical morphology is observed (Figure 5.8. F)**° The above
results are very well in agreement with WAXS study (Figure 5.7.)*

(E)
Aggregation

Figure 5.8. TEM micrographs of HTPB-DNB based WDPU/clay composites. (A), (B) and
(C) are the Cloisite-30B composites with 1, 3 and 5 wt%, respectively and (D), (E) and (F)

are the OKao composites with 1, 3 and 5 wt%, respectively.

The FESEM micrographs of pristine WDPU and the composite PU films are shown in Figure
5.9. The surface of pristine WDPU is much smoother than composite PUs (Figure 5.9A). The surface
roughness increases with increasing Cloisite-30B clay loading. However, an aggregated morphology is
observed and aggregation size increases with increasing clay content in case of OKao composites. A
similar kind of morphology with the OKao composite polymer is reported earlier by several authors in

the literature. >
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Figure 5.9. FESEM images of HTPB-DNB-WDPU/clay composites; (A) Pristine WDPU (B)
WDPUY/Cloisite-30B-1% (C) WDPU/Cloisite-30B-3% (D) WDPUY/Cloisite-30B-5% (E) WDPU/OKao-
1% (F) WDPU/OKao-3% and (G) WDPU/OKao-5%.

5.4.6. Tensile properties

The tensile properties of all the films obtained from WDPU/clay nanocomposites with both
types of organoclays and with different wt% loadings are shown in Figure 5.10. to evaluate the
strength of all the composite PU films. The tensile strength (c,,) and elongation at break (gp) obtained
from stress-strain plots of Figure 5.10. are summarised in Table 5.2. Also, we calculated the toughness
and young modulus (E) from the stress-strain profile and included in Table 5.2. The method of
calculation for toughness and E has been discussed elsewhere. From Figure 5.10 (A), it is clearly
observed that the stress-strain properties are changing with varying (1 to 5 wt %) clay loading of
WDPU/clay nanocomposites because of changing structure of the composite. We observed

intercalated structure up to 3 wt % loading of Cloisite-30B and in this wt% loading, elongation
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decreases slightly and stress increases minimally. However after > 4 wt % of clay (Closite-30B)
loading, a significant decrease in elongation and dramatic increase in stress are observed which is the
result of exfoliated structure as proved from X-ray and microscopy studies. Table 5.2 data also
ascertain our above observations. On the otherhand, the tensile properties in case of nanocomposites of
OKao display different nature with increasing clay loading. There is a little change in elongation when
loading of OKao is only 1%, but after that dramatic sharp decrease in elongation and significant
increases in strength are observed. This can be attributed to the formation of aggregated structure, as
discussed in this X-ray and morphology data in previous section, which increases further with
increasing clay content. Therefore from the above discussion it can be concluded that both the nature
of clay and loading of clay influence the mechanical strength of WDPU/clay composite owing to the

formation of different nanocomposite structure.

From the Figure 5.10., we observed that the nature of the film changing from elastomer to
plastic by altering clay loading in both types of nanocomposite of WDPUSs. For example, the pristine
WDPU film was elastomeric having an elongation of more than 300% and at higher clay loading PU
films having plastic property because of sharp decreasing elongation and increasing strength.>*® In
addition, all the nanocomposites effective crosslinking (N) are calculated from Figure 5.10. and listed
in Table 5.2. The N values are determined from the E values of Table 5.2. The rubber elasticity
theory,> in which the number of network stands for unit volume (N, effective crosslinking density)
can be estimated from the relation E = 3NKgT, where the E is the young modulus obtained from the
stress-strain plots, Kg the Boltzmann constant and T is the absolute temperature in kelvin. It clearly
indicates that effective crosslinking is increasing with increasing wt % of clay content for both types
of clay nanocomposites of WDPUs and more in case of higher wt% clay. It is well known that

increases in crosslinking increases the stress and make the film more like a rigid plastic.
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Figure 5.10. Stress-strain profiles of WDPU/clay nanocomposite with different clays; (A) Cloisite-30B

(B) OKao. The amount of clay loading in the nanocomposites is indicated in the figure.
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Table 5.2. Various tensile data obtained from stress-strain profiles of all WDPU/clay nanocomposite

films.
Sample Modified Tensile Yield strain  Toughness Young Effective
Identification Clay (%) strength (%) (MPa) modulus crossslinkin%z

(MPa) (MPa) (N/M7) x 10

Pristine WDPU 0 6.76 307.57 1434.28 0.325 2591

WDPU/Cloisite-30B 1 8.53 211.62 1362.05 0.527 4202

2 9.26 225.21 1523.66 0.517 4441

3 10.21 196.38 1564.34 1.102 8787

4 13.23 177.60 1683.93 1.074 9362

5 17.10 127.35 1490.44 1.434 11435

WDPU/OKao 1 8.02 290.57 1600.10 0.405 3229

2 8.51 198.64 1302.88 0.457 3644

3 9.12 101.09 689.13 0.951 7583

4 13.92 74.95 686.32 1.031 8939

5.4.7. Thermal stability

The thermal stabilities of the pristine WDPU and nanocomposite films containing 1 to 5 wt %
of clays were recorded in presence of nitrogen flow and the TGA traces are shown in Figure 5.11. It is
clear from the TGA data that the thermal stability of PU film has increased slightly after
nanocomposite formations and also increases with the increasing clay loading in both the cases of
Cloisite-30B and OKao composites. This improvement in thermal stability of nanocomposite at all the
temperature ranges is due to the uniform dispersion of the silicate layers in the PU matrix. Generally,
the water dispersible PUs displays poor thermal stability because of the presence of labile urethane
and urea linkages. In previous Chapter (Chapter 4), we have explained that the thermal degradation of
water dispersible PUs with different percentage of hard segment content.*We observed that in both
nanocomposites, the thermal degradation started at around 230°C. Increase in thermal stability in
nanocomposites is because of the chain motions of polymer molecules in the silicate layers were
barred and limited, and also silicate layers act as a barrier for polymer chain from the temperature
%]t is also observed that the nanocomposites which are obtained from Cloisite-30B display higher
thermal stability than WDPU/OKao nanocomposites. This is due to the higher degree of dispersion in

the case of former, which resists the polymer chains.
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Figure 5.11. TGA curves of HTPB-DNB based WDPU/clay composites; (A) WDPU/Cloisite-30B (B)
WDPU/OKao with different wt% as indicated in figure.

5.4.8. Thermal transitions

A dynamical mechanical analyzer (DMA) was used to study the thermal transitions of
nanocomposites. Figure 5.12..shows the storage modulus (E), loss modulus (E”), and tand plots as a
function of temperature for all the films of WDPU/clay nanocomposites with different types of clays
and varying clay loading, and the important data collected from these plots are summarized in Table
5.3. From the E’ vs. temperature plots (Figure 5.12 .A and D), it is observed that the modulus increases
with increasing clay loading in both the cases indicating the mechanical reinforcement of the
nanocomposite by the silicate layers of the clay owing to the large surface area of nanoclay. However,
it is also to be noted that the increase in modulus with increasing clay loading is more significant in
case of nanocomposites of Cloisite-30B than OKao. This result is in agreement with the tensile data.
The reason for such observation may be due to the formation of intercalated and exfoliated structures
in case of Cloisite-30B nanocomposites in which clay layers are homogeneously dispersed than the
aggregated structure observed in case of OKao nanocomposites.
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Figure 5.12. DMA plots of all nanocomposites, (A) storage modulus, (B) tand, (C) loss modulus of

WDPU/Cloisite-30B and (D) storage modulus, (E) tand, (F) loss modulus of WDPU/OKao with
indicated clay loading in figure.
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However, we noticed that the E’ value slightly decrease when Cloisite-30B loading is 5 wt %
(Table 5.3.). We do not know the reason behind this but may be due to partial exfoliation of Cloisite-
30B clay layers. On the otherhand, it is observed that 5 wt % OKao composite E’ at -90° C is almost
similar to pristine WDPU (Table 5.3) and this may be due to longer aggregates of clay at this
composition. It is also to be noted that the percentage of increase in modulus is more prominent below
T, for the both the cases which may be due to the difference in chain segmental motion below T4 and
after Ty which in turn alter the nature of interactions between the PU chain and silicate layers and

hence result in variation of modulus.

The glass transition temperature (T,) of all the nanocomposites samples are obtained from the
peaks of tand and E’ vs temperature plots are tabulated in Table 5.3. The T, values decreases with
increasing clay loading in both the clay nanocomposites. The reason behind this may be due to the
interactions between the clay layers and PU chain which makes the PU chain segmental motions more
restricted and hence require lower temperature to overcome this segmental barrier T, obtained from
temperature dependent tand and E” are not exactly matching and this is fairly common observation for
many polymer nanocomposites. The T values of all the WDPU/clay composites are well below the
room temperature and hence these nanocomposites display rubbery behaviour at room temperature and
hence these nanocomposites are suitable for applications such as coating material.

Table 5.3.Various thermo-mechanical data of all WDPU/clay nanocomposite PU films

Ideizr;?sﬁion % Clay moc?ltﬁ;zg(eef) é Tgb T ng
Pristine PU 0 3220 -63.95  -70.68 -78.26
WDPUY/Cloisite-30B 1 3876 -50.65 -60.15  -77.27
3 4069 -47.07 -56.94  -76.60
5 3785 -52.36 -60.72  -76.12
WDPU/OKao 1 3405 -53.39 -60.18 -76.84
3 3901 -50.24  -59.75  -76.04
5 3056 -48.97 -58.86  -75.23

? Storage modulus at -90°C obtained from DMA, ng obtained from tand plots of DMA ,

°T, measured from loss modulus plots of DMA and °T, values measured from DSC.
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To reconfirm the T, values and rubbery nature of our nanocomposite WDPU films, we further
carried out differential scanning colorimetry experiment to measure the T, values. The DSC
thermograms of clay nanocomposite WDPU samples of varying wt % of both clays are represented in
Figure 5.13. and the Ty values are summarized in Table 5.3. The results clearly indicate that T, values
is in the subambient range at around -70° C suggesting the elastic rubbery nature of our composite PU

films. However, we could not identify any significant variation in T4 values with clay loading from

DSC results.
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Figure 5.13. DSC plots of WDPU/clay nanocomposites; (A) WDPU/Cloisite-30B (B) WDPU/OKao.

Clay loadings are indicated in the figure.

5.4.9. Surface hydrophobicity of nanocomposite films

We have prepared films from WDPU/clay nanocomposites and all the films show good
thermal, mechanical and elastic properties as described in the previous sections. We have checked the
hydrophobic properties of the films surfaces by measuring contact angle. Wettability is the surface
property of the films and this is used for measuring the hydrophobicity of the film surface. This

property mainly depends on surface energy and the geometrical arrangement or microstructure of the
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surface which can be determined by measuring water contact angle. The measured contact angle
images are shown in the Figure 5.14. The results show that the contact angle increases with increasing
clay loading in both the cases. The maximum contact angle obtained is ~107° in case of
WDPU/Cloisite-30B-5% sample. The contact angle >100°, indicates that samples are having good
hydrophobic surfaces.

The increase in hydrophobicity in nanocomposite samples is due to the hydrophobic nature of
silicate layers of clay and as well as the structure formation of nanocomposite which enhances the
surface roughness and hence increases the water contact angle. It is to be noted that hydrophobicity
(contact angle) of WDPU/Cloisite-30B nanocomposites is more than WDPU/OKao nanocomposites.
This is because of the intercalated/exfoliated structure of former and as well as the presence of long
alkyl chain in the Cloisite-30B clay. The highest contact angle achieved in case of 5% nanocomposite

of Closite-30B is because of exfoliated structure at this composition of nanocomposite.

WDPU/Cloisite-30B-1% WDPU/Cloisite-30B-3% WDPU/Cloisite-30B-5%
® =99.50 0 =101.90 0 =106.78
; A .‘ ‘
WDPU/OKao0-1% WDPU/OKao0-3% WDPU/OKao0-5%
0 =100.60 0 =101.80 0 =10341

Figure 5.14. Images of water contact angles of HTPB-DNB based WDPU/clay nanocomposite PUs
which varying clay loading; (A) WDPU/Cloisate-30B (B) WDPU/Oka. Measured contact angles are

shown in the figure.
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5.5. CONCLUSION

A series of modified HTPB based WDPU/Clay nanocomposites using two types clays namely
Closite-30B and OKao have been prepared and thoroughly characterized. Formation of well dispersed
nanometer size spherical particles has been confirmed using TEM and Zetasizer measurements and
also variation of particle size was observed with change in clay structure and loading in the
nanocomposite. FTIR and solid state NMR data clearly prove the presence of interactions between
silicate layers of clay with carbonyl group of PU chain. Detailed structural analysis using WAXD,
TEM and FESEM studies attributed the formation of intercalated (at lower loading) and exfoliated (at
higher loading) structure in case of Closite-30B nanocomposite, whereas aggregated (microcomposite)
structure has been formed in case of OKao composites. The thermal, mechanical and tensile
properties of nanocomposites were found to be governed by the structure of nanocomposite. Also, the
segmental motion (T,) of PU chains has been greatly affected by the structure of nanocomposite.
Finally, it has been found that the formation of nanocomposite of HTPB-DNB based WDPU
significantly influenced the hydrophobic character of cured PU films. The surface contact angle of
WDPU/Clay composite increased with increasing clay loading and maximum value close to 110° has
been achieved in case of highest (5wt%) Closite-30B loading because of exfoliated nanostructure in
this composition with the clay. In summary, our current study demonstrated a newer approach to
obtain highly hydrophobic WDPU from the butadiene diol based polyol.
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6.1. INTRODUCTION

The water dispersible polyurethanes (WDPUSs) are widely used for coating applications
because of environmental consideration and hence many researchers are putting their efforts to prepare
the WDPUs with improved properties."®Despite many advantages of WDPUs, there are several
disadvantages such as the thermal stability, insolubility and mechanical properties which need to be
addressed.*"In addition, hydrophobicity and antibacterial activity of the cured films of WDPU would
be of very useful since they are good for coating applications. Several researchers have used nanoscale
inorganic fillers which are dispersed into the polymer matrix to form a hybrid nanocomposite so that

the above properties can be achieved.'**

In Chapter 4, we have developed a novel method to prepare anionic water dispersible
PUs'®from HTPB (hydroxyl terminated polybutadiene) and modified HTPB in which DNB
(dinitrobenzene) is attached at the terminal position (called as HTPB-DNB) based polymer diols.2!We
have observed that HTPB-DNB based WDPU has got better properties in terms of thermal,
mechanical and hydrophobic character. In another work, (Chapter 5) we have further enhanced these
physical properties of HTPB-DNB based WDPU by preparing nanocomposite with various clay types
and by varying the clay loading in the nanocomposites. In addition to significant improvement in
thermo-mechanical properties, the clay nanocomposites of HTPB-DNB based PU display the contact
angle as high as ~110°. However, since the primary application of WDPUs is for coating and hence
antibacterial activity of WDPUs along with other properties would be more interesting, challenging
and useful.

The aim of the current work is to develop HTPB-DNB based WDPU with strong antibacterial
activity, high hydrophobic surface and good thermo-mechanical properties. To do this we need to
make nanocomposites with a such inorganic fillers so that these fillers can introduce antibacterial
properties in the nanocomposites along with other physical properties.

A literature search on antibacterial coating suggests that titanium dioxide (TiO,) nanoparticle
might serve our objective. However, it is also observed that TiO, particles coated with SiO, in which
TiO, acts as core and SiO, is a shell exhibit better antibacterial properties.**”*°In addition, SiO; is
known to have influence on thermo-mechanical properties of polymer. Several reports elaborated that
loading of SiO, in to the polymer matrix can significantly improve thermal, mechanical and chemical
stabilities.

Based on these observations in this Chapter we prepared nanocomposites of HTPB-DNB
based WDPU with TiO, (core)-SiO, (shell) nanoparticle. We have altered the loading of nanoparticles
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and characterised the nanocomposite by measuring their thermal, mechanical, surface hydrophobicity
and antibacterial activity.

6.2. SYNTHESIS
6.2.1. Preparation of TiO, (core)-SiO, (shell) nanoparticles

2g of TiO, nanoparticles dispersed in isopropanol and stirred for 30 min. Then 0.6 mL of
NH,4OH solution (pH=11) and 4 mL of water added and stirred for 12 h Then we added 20 mL of ethyl
alcohol and reaction mixture was sonicated for 30 min. After this we added 4 mL of tetraethyl
orthosilicate (TEOS) slowly drop by drop to the reaction mixture and stirring was continued for 24 h.
After the reaction, we separated nanoparticles by the centrifuge.?**Then, we washed the product
(nanoparticles) several times with water and EtOH until neutral pH was obtained in filtrate and we

kept the product in vacuum oven for 24 h at 70°C for complete drying.

6.2.2. Preparation of water dispersible PU (WDPU) nanocomposite with TiO,
(core)-SiO; (shell) particles

The WDPU/TIi0,-SiO, nanocomposites were prepared by using HTPB-DNB as polymer diol
source with different wt% of TiO, (core)-SiO, (shell) particles content. The process is quite similar to
our previous reported procedures.'®The preparation process is an in-situ nanocomposite preparation
method.”*The detailed reaction scheme is shown in Scheme 6.1. Briefly the procedure is as follows: the
polymer diol (HTPB-DNB), DMPA (dimethylol propionic acid), IPDI (Isophorone diisocyanate) and
catalytic amount (20 uL) of DBTDL were added into the reaction mixture. The reaction was continued
by stirring at 85°C in presents of N, atmosphere for 3 h With progress of reaction, a viscous liquid was
formed and to avoid further viscosity development ~3-5 mL of MEK (methyl ethyl ketone), at about 2
h during the reaction progress. After 3 h of reaction, -NCO terminated prepolymer was formed, which
was confirmed by the presence of urethane linkage and -NCO peak frequencies in the IR spectra of
the prepolymer sample. The whole reaction mixture containing —NCO terminated PU prepolymer was
cooled down to room temperature. Then (triethyl amine) TEA (1.2 equivalents of DMPA) was added
to the prepolymer to neutralize the carboxylic acid group because of DMPA present in the -NCO
terminated PU prepolymer and one hour stirring was continued. This prepolymer further chain
extended by adding required quantity of (3-Aminopropyltriethoxysillane) APTES and stirring was

continued for about 30 minutes.

University of Hyderabad, 2015 118



K Malkappa WDPU/Ti0--SiO> nanocomposites I Chapter 6

NO, [5)
o e NCO
- I'\A/] /,f‘[ ‘r-.___\_‘, %LDH
2 I_, » e OM o +
HO \-._.—ﬁ,‘,l—x;,.-ﬂ-\, -,_,,-’ -
" [‘Ij»“”-- NGO oH CH
HTPB-DNB 5 Isophoron diisocyanate Dimethylol propionic acid
MO, (IPDI) ({DMPA)
MEK
DBTDL
85°C, 3hrs COCH
0
NO; []:“ ‘*”i\‘*OTNH..mwm NGO
Ly o Y S IS 1
{ leg-o e O T
}—r 1l A MOy Y
SRR <! |
HN ¥
GCN WHNAD,-\\l_,.\D,J o NCz
COOH
EtsN, lhr stirring
28
COOMELH
MO, 0O 0"/1\‘0"-NHI‘\NUV NCO _J
_NH a
i ¢ HzM si-0
HJ_H OI&«\,{WHJ{ n L. u—c‘ + N s N Sy
.a’ O :; A1
(o] H"J"’ I“r! APTES \-_‘
OGNMJHNAO‘\',.OAO O,
1/2 hr stirring
¢ 08
COONELH
> MO, O“ﬁb"‘(i\‘o]rNHﬂwN—fg—NH
a / (
— J -
s ¢
0-g; —l_'~ B _DI;NV{.WHJ{ r] L_, \H’ -, o-Si-g
{ ‘—‘ 5 9 0, \ s T
o HN :r;}
HN—C—NMN‘"OH\P‘D*O 2
0 COOMELH
©® @
1) Core-shellnanoparticles, Lhr stirring,
2) 40 ml of water, 3hrs stirring
Organic/lnerganic hybride nanocompaosite
of Water dispersable Polyurethane
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All the remaining -NCO, formed urethane urea bond with APTES which was confirmed by
the complete disappearance of -NCO peak in the IR spectra at 2270 cm™ of the reaction mixture. After
that, we added calculated wt% of TiO, (core)-SiO, (shell) nanoparticles to the PU polymer and
continued stirring for another one hour. Then we added 40 mL of water slowly to the reaction mixture
with vigorous stirring which resulted the milky water dispersion of PUs and continued for stirring
another 3 h. In this reaction scheme, we varied only wt % of (1 to 10 %) of the core-shell nanoparticles
of the reaction mixture and all other parameters kept constant. The calculated hard segment (HS)

content was 40 %.
6.2.3. Preparations of PU films from WDPU/TiO,-SiO, nanocomposites

The water dispersible nanocomposite samples were poured in a glass plate and dried at room
temperature for 24 h. After that, the glass plate with the sample was kept at 70° C inside oven for 2
days for further curing of PU chains. After 2 days, free standing elastic films were pilled off from the
glass Petri dish and the thicknesses of the films were about 200 uM. The films were stored in the
desiccator for all further characterization.

6.3. CHARECTERIZATION TECHNIQUES

All the information about the characterization techniques which include spectroscopic
characterization by fourier transform infrared spectroscopy (FT-IR) and solid state *C-NMR, X-ray
diffractions (WAX), transmission electron microscopy (TEM), particle size analyser (PSA), field
emission scanning electron microscope (FE-SEM), thermogravimetric analysis (TGA), differential
scanning coloremetry (DSC), dynamic mechanical analysis (DMA), contact angle measurement (CA),
antibacterial activity and universal testing measurement (UTM) analysis studies for all the polymer

samples are discussed in the Chapter 2.
6.4. RESULTS AND DISCUSSION

6.4.1. Synthesis of HTPB-DNB based WDPU and its nanocomposites with TiO»
(core)/SiO; (shell) particles

In our earlier work (Chapter 5), we have observed that the HTPB-DNB based PU and their
nanocomposites with clay can be readily made into water dispersible PU by introducing ionic
monomers in the PU chain. We also noticed that the terminal groups (DNB) of HTPB-DNB plays a
significant role in enhancing the several physical properties especially tensile strength and

hydrophobicity of cured WDPU films. In Chapter 5, we also demonstrated that clay nanocomposites
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of HTPB-DNB based WDPU display very high hydrophobicity with contact angle ~110°. Therefore,
we concluded that this type of WDPU may be suitable for aqueous based hydrophobic coating
applications. We also wish to introduce the antibacterial properties into this WDPU which may be
value added advantage for coatings. To do this we can introduce the TiO, nanoparticle, which is
known for its antibacterial activity and hence we can achieve the antibacterial WDPU. However, TiO,
nanoparticles will not interact with PU polymer unless we functionalize the TiO, surface. And for this
we made TiO, (core)/SiO, (shell) particles which may interact with PU provided PU chain has Si-O-
functionality.”*®Figure 6.1 show the TEM images of TiO, and TiO, (core)-SiO, (shell) particles. Dark
field image clearly proves the formation of TiO, (core)-SiO, (shell). The procedure for core-shell
particles synthesis has been described in the experimental part. The particle size of these particles is in
range of ~80 nm as obtained from TEM.

Figure 6.1. TEM images of (A) TiO, nanoparticle (B, C) TiO,/SiO, core-shell nanoparticles low and
high magnification and SAED pattern showed in the inset of image (C), (D) dark field image of TiO,
(core)/SiO, (shell) nanoparticles.

University of Hyderabad, 2015 121



Chapter 6 | WDPU/TiO2-SiO2 nanocomposites K Malkappa

To introduce the Si-O- groups in WDPU chain, in this chapter we followed the similar
reaction scheme as described earlier with a little bit modification in the second stage (Scheme 6.1). We
have chain extended the -NCO terminated prepolymer by reacting with APTES to form urethane-urea
linkage in the polymer chain and also this reaction allows us to introduce the silicon (Si-O-)
functionality in the main PU chain. After this in the 3™ stage, we added the TiO, (core)-SiO, (shell)
nanoparticles (Scheme 6.1) with a hope that silicate PU chain would be interacting with silica
modified TiO, and yield to homogeneous nanocomposite. The introduction of Si-O- in the PU chain
and their interaction with core-shell nanoparticles have been studied using spectroscopic techniques
and will be discussed in the next section. It is important to know the particle size and shape of WDPU/
Ti0O,-SiO, nanocomposite. Figure 6.2 and 6.3 represent the results obtained from the zetasizer and
TEM, respectively. Table 6.1 lists the size and PDI obtained from zetasizer. These results clearly
indicate the formation of particles with nearly spherical shape. It is to be noted that the particles size
increases with increasing TiO,-SiO, loading and the particle size is quite different from the TiO,-SiO,
particles. The PDI also increases with increasing loading of core-shell particles. We could not
separately identify only the TiO, (core)-SiO, (shell) particles may be because of either very low
loading of particle in the composite or the WDPU particles overshadowed the core-shell particles.

—
)

Intensity (Percent)
[y}

Size (d.nm)

Figure 6.2. Particle size and size distribution plots (obtained from Zetasizer) of HTPB-DNB based
WDPU/TiO,-SiO, composites with different wt% of TiO,-SiO, content.
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Table 6.1. Particle size and PDI of HTPB-DNB based WDPU/TiO,-SiO, nanocomposites with
different wt% of TiO,-SiO, nanoparticle content.

Sample Identification  TiO,-SiO, (Wt%)  Particle Size® (nm) PDI?

WDPU 0 152 0.176
WDPU composites 1 155 0.210
3 156 0.230

5 156 0.254

7 158 0.256

10 155 0.258

2 Measured from zetasizer

Figure 6.3. TEM images of HTPB-DNB based WDPU/TiO,-SiO, nanocomposites with different wt%
of TiO,-SiO; content. (A) WDPU (B) 1% (C) 5% (D) 10%
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6.4.2. Spectroscopic study of WDPU/TiO,-SiO, hanocomposites

Both IR and SS-NMR studies were carried out on the cured film of WDPU/TiO,-SiO,
nanocomposite to understand the nature of interaction between the PU chain and TiO,-SiO, particles.
IR spectra of nanocomposite PUs films with different wt% nanocomposites are shown in Figure 6.3.
The three peaks (1726, 1711 and 1695 cm™) owing to —C=0 region of pristine WDPU*? changes to
only one peak at 1704 cm™ in case of nanocomposites. This attributes that carbonyl groups are
involving in some kind of interaction with nanoparticles. The sharp peak at around 1048 cm™ in
nanocomposite samples is corresponding to O-Si-O stretching frequency®and the peak intensity
gradually increases with increasing TiO,/SiO, nanoparticles loading in nanocomposite PU films. This
indicates the insertion of nanoparticle in the composite.

—Pristine WDPU

1704 — 3%

Transmitance (arb.unit)

1000 1500 2000 2500 3000 3500

Wavenumber {cm'1)

Figure 6.3. FT-IR spectra of HTPB-DNB based WDPU/TiO,-SiO, nanocomposite with different wt%
as indicated in the figure.
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The pristine WDPU and nanocomposite samples were studied by recording **C solid state
NMR and the magnified portion of the spectra (6 100-200 ppm) are shown in the Figure 6.4. The
spectral characteristic peaks observed here are similar to our previously reported results.**'** The two
important peaks at around 156 and 175 ppm are corresponding to carbonyl carbon of urethane and
carboxylate, respectively. These two peaks are slightly shifted at lower side with peak broadness due
to interactions between the carbonyl carbon and shell part of the TiO,-SiO, nanoparticles. We
measured the full width at half maximum (FWHM)* of both peak regions at 156 and 175 ppm to find

out the broadness of peaks and listed in Table 6.2.

—Pristine WDPU
—3%
—10%
156.8
176 ‘
- s /\- A—-—)LA—\.
156.1
172-179 H

200 180 160 140 120 100
§ (ppm)

Figure 6.4. Solid state NMR of pristine WDPU and nanocomposite of different wt% of TiO,-SiO, as

indicated in the figure.

The value of FWHM at 156 ppm, region for pristine WDPU is 450 Hz, 3 wt % composite of
WDPU is 456 Hz and highest nanoparticle content, i.e. 10 wt % composite is 473 Hz. The value of
FWHM increases from pristine WDPU to composite WDPUs and hence, clearly indicates the
broadness of the peak with increasing nanoparticle content in the composite. Similarly, the peak at 175

ppm shows significant line broadening and the values of FWHM at that peak region for pristine
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WDPU is 640 Hz, 3wt% composite WDPU is 768 Hz and 10 wt% is 989 Hz. This attributes that with
increasing the TiO,-SiO, nanoparticle content in the WDPU matrix the value of FWHM also increases
and line broadening takes place. Both the peak regions from WDPU to nanocomposite PUs, the peak
broadness was observed and with increasing wt% of the TiO,-SiO, nanoparticle content the broadness
also increases because of the broad distribution of the carbonyl group in the PU chain.

Table 6.2. The calculated FWHM values of HTPB-DNB based WDPU and nanocomposites of WDPU

with different wt% of TiO,-SiO, nanoparticle content.

FWHM (Hz)
Sample
Peak at 156 ppm Peak at 156 ppm
WDPU 450 640
3% 456 768
10% 473 989

6.4.3. Wide angle X-ray diffraction (WAXD) studies

The diffraction pattern of bare SiO, TiO, and silica coated TiO, core-shell nanoparticles are
shown in Figure 6.5(A). A series of characteristic peaks of TiO, nanoparticles are observed and all
peaks are in good agreement with the standard diffraction pattern of TiO, as reported
previously.**?**However, the intensities of SiO, coated nanoparticles decreases little than that of bare
TiO, because of the amorphous SiO, which shows broad amorphous peak at around 26 = 23°. After
coating of SiO, on surface of TiO, nanoparticles, the characteristic peaks of TiO, in TiO, (core)-SiO,
(shell) nanoparticles did not change.®* **This indicates that the crystal structure of TiO, is not effected
due to the presence of amorphous SiO,. The WAXD pattern of HTPB-DNB based WDPU and its
nanocomposite with TiO,-SiO, nanocomposites are shown in Figure 6.5(B). We observed some
diffraction peaks owing to DNB moiety*’and also in the nanocomposite of WDPU with different wt%
core-shell nanoparticles display several diffraction peaks. These peaks include all the characteristics
peaks of TiO,-SiO, along with pristine WDPU peaks. The peak at 26 = 25, which is corresponding to
TiO,-SiO, nanoparticles and the peak intensity increases with increasing wt% of nanoparticle loading.

This clearly shows that the TiO,/SiO, core-shell nanoparticles are dispersed in WDPU matrix.
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Figure 6.5. WAXD pattern (A) TiO,, SiO, and TiO, (core)-SiO, (shell) nanoparticles (B) HTPB-DNB
based WDPU/ TiO,-SiO, nanocomposite with different wt% as indicated in the figure.

6.4.4. FE-SEM studies

FESEM studies along with EDX analysis was carried out to confirm the presence of added
TiO,-SiO, nanoparticles in the nanocomposite WDPU films and the images are shown in Figure 6.6.
EDX spectra of one of 10 wt % nanocomposite along with the elemental analysis are also presented in
Figure 6.6 (E and F). Comparison of the surface morphology of pristine WDPU and the different
nanocomposite of WDPU films clearly indicating the presence of nanoparticles. In all the composites,
we could see that the small white dots corresponding to the nanoparticles are present and dispersed in
the PU which we could not see in the pristine WDPU.? And also with increasing nanoparticles content
the amount of white dots increases. The images confirm that a homogeneous and well dispersion of
the nanoparticles in the WDPU matrix. This uniform dispersion of nanoparticles has taken place in the
WDPU matrix plays an important role to enhance the thermal and mechanical properties of
nanocomposite WDPU films which we will discuss in the later section. Figure 6.6 (E and F), clearly
shown the presence of Si and Ti along with C and O. These analyses prove the presence of TiO,-SiO,

nanoparticles present in the WDPU matrix.
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Figure 6.6. FESEM images of HTPB-DNB based WDPU/TiO,-SiO, nanocomposites: (A) Pristine
WDPU and nanocomposite with loading (B) 1wt% (C) 5wt% (D) 10wt% and (E) EDX spectra of 10
wt% nanocomposite. The bar diagram of different elemental wt% are presented in (F).

6.4.5. Tensile properties of WDPU/ TiO,-SiO, nanocomposites

The stress-strain profile of all nanocomposite films with different wt% of TiO, (core)-SiO,
(shell) are shown in the Figure 6.7. and we measured the tensile strength (o), elongation at break (g),
toughness and young modulus (E) from these tensile plots. All these values are summarized in Table
6.3. The tensile strength (o) and elongation at break (g,) of nanocomposite films increases for 1 and 3
wt% loading because of good interactions between the nanoparticles and WDPU matrix. However,
beyond 3 wt % loading the elongation at break (g,) decreases and tensile strength (o) increases with
increasing wt % of the TiO,/SiO, nanoparticles in the WDPU matrix. The young modulus and
toughness which are responsible for materials resistance to fracture when stressed are calculated
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stress-strain profile and Tableted in Table 6.3. Toughness value increases till 3 wt% and then
decreases. On the otherhand Young modulus value gradually increases with increasing filler wt % in
the matrix. In addition, the effective crosslinking (N) is calculated from the Figure 6.7. using the
rubber elasticity theory,** in which the number of network stands for unit volume (N, effective
crosslinking density) can be estimated from the relation E = 3NKgT, where the E is the young
modulus obtained from the stress-strain plots, Kg the Boltzmann constant and T is the absolute
temperature in kelvin. N values are listed in Table 6.3, for all hanocomposites and are showing an
increasing trend with loading. All these above results clearly attribute the influence of TiO, (core)-

SiO, (shell) nanoparticles on the nanocomposite mechanical properties and microstructure.

10
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Figure 6.7. Stress-strain profile of all HTPB-DNB based WDPU/TiO,-SiO, nanocomposite films with
different wt% of core-shell nanoparticles as indicated in the figure.
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Table 6.3. Various mechanical data obtained from stress-strain plots of all nanocomposite films.

Sample TiO, (core)-SiO, Tensile Elongationat  Toughness Young Effective
Identification (shell) nanoparticle strength break (MPa) modulus crosslinking
(%) (MPa) (%) (MPa) (/M%) x10%
Pristine WDPU 0 6.24 307.79 1298.65 0.179 1420
Nanocomposite 1
6.63 303.11 1377.28 0.186 1480
PUs
3 7.64 360.17 1840.14 0.193 1540
5 7.22 285.84 1373.59 0.227 1810
7 7.94 267.25 1396.47 0.239 1900
10 9.24 240.80 1543.72 0.463 3700

6.4.6. Thermo-mechanical studies of WDPU/TiO,-SiO, nanocomposites

The influence of TiO, (core)-SiO, (shell) nanoparticles on the thermos-mechanical properties
of the HTPB-DNB based WDPU nanocomposite films was evaluated by DMA analysis. The storage
modulus (E"), Loss modulus (E”) and tand of these samples as a function of temperature are shown in
the Figure 6.8. The important data like T, E’ at -100° C obtained from these figures are summarized in
Table 6.4. The storage modulus (E') of all the nanocomposites are more compared to the pristine
WDPU and also shows increasing trend with increasing nanoparticles loading. This increase in E’
values is because of reinforcement of WDPU matrix with the TiO, (core)-SiO, (shell) nanoparticle.
With increasing wt % of nanoparticles, the interaction between the PU chain and particle surface
become stronger and hence the final nanocomposite becomes mechanically stronger and this data is in
agreement with previous tensile data (Table 6.3.). The T, values of all the nanocomposite PUs are
shown in the Figure 6.8(B) and (C). The T, values are shifted to somewhat higher T, (Table 6.4) with
decreasing the peak intensity than pristine WDPU because of restricted chain mobility in the PU with
silica fillers. Observation on T, values from both E” vs temperature and tand vs temperature are almost

similar in nature.
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Figure 6.8. (4) Storage modulus (B) tan ¢ and (C) Loss modulus as a function of temperature plots for
the HTPB-DNB based WDPU/TiO,-SiO, nanocomposite with different wt% of TiO,-SiO,

nanoparticles.

University of Hyderabad, 2015 131



Chapter 6 | WDPU/TiO2-SiO2 nanocomposites K Malkappa

Table 6.4. Various thermo-mechanical data of all nanocomposite films obtained from DMA, DSC, and
TGA studies.

Sample TiO,/SiO, % Storage Tand® T TGA data ('C)
Identification i dul ° °
nanoparticle modulus (C) (C) T, Ty Toa
(%) (MPa)
Pristine PU 0 3160 -63.54 -76.12 290 318 464
Nano‘;,olj‘spos'te 1 3615 -62.83 75.42 312 339 481
3 3698 -63.42 -74.84 305 340 478
5 3731 -63.42 -73.14 307 362 524
7 4065 -63.81 -73.64 313 366 526
10 3879 -62.51 -72.38 309 358 549

® measured storage modulus at -100° C, ° obtained from tand vs temperature plot of DMA study,
® measured from DSC thermograms, temperature at which ¢20% weight loss and ® 30% weight loss are

obtained. " Temperature of maximum weight loss.

To reconfirm the T, values and elastic nature of nanocomposite films, we further carried out
differential scanning colorimetry (DSC) experiment to measure the T, values. The DSC thermograms
of nanocomposite films of different wt % loading of TiO,-SiO, nanoparticles are represented in Figure
6.9 and the T, values are summarized in Table 6.4. From the results it is clear that the T, values is in
the subambient range at around -75° C suggesting that the rubbery nature of our composite and similar
to the DMA results as explained in the previous section. From the results it is evident that T, values
increase with increasing loading though change is not very significant. This is because of the
interaction between the nanoparticles and PU matrix which alters the segmental motion by changing

the free volume of PU chains resulting in the higher T, in case of nanocomposites.
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Figure 6.9. DSC thermograms of HTPB-DNB based WDPU/TiO,-SiO, nanocomposite films.

The TGA curves of the WDPU and its nanocomposite film samples are shown in Figure 6.10.
It is clear from the TGA plots and Table 6.4 data that the thermal stability of all the composite are
more compared to pristine WDPU and with the increasing nanoparticles loading in composites the
thermal stability also increases. From Figure 6.10, we could observe that the thermal degradation of
nanocomposites started at around 225 "C for all the nanocomposite films. The other important weight
loss at different percentage are summarised in Table 6.4 and the data clearly attributes to the higher
thermal stability of nanocomposite compared to pristine WDPU. Hence, it can be concluded that the
TiO,-SiO; nanoparticles enhances thermal stability by acting as barrier layers and inhibiting heat and

mass transfer.®
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Figure 6.10. TGA curves of HTPB-DNB based WDPU/ TiO,-SiO, nanocomposite films.

6.4.7. Surface hydrophobicity of WDPU/TiO,-SiO, nanocomposite films

As discussed in the previous section, it has been found that nanocomposite WDPU films show
good thermal, mechanical, elastic behaviour. To find out the hydrophobicity of the film surface, we
have measured the surface water contact angle of all the nanocomposite PU films. The results are
shown in Figure 6.11 along with the contact angle data. Although we expected increasing contact
angle in nanocomposite as we have observed previously with clay nanocomposite (Chapter 5)
however, the data presented in Figure 6.11 display decrease in contact angle with increasing loading of
nanoparticles. This may be due to the surface SiO, on the nanoparticle which contains -OH functional

groups which has moderate hydrophilic nature.**%
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Figure 6.11. Contact angle images of of HTPB-DNB based WDPU/TiO,-SiO, nanocomposite films
with different wt% TiO,-SiO, nanoparticle loading.

6.4.8. Antibacterial activity

The antibacterial activity of the nanocomposite films was evaluated against Escherichia coli
(gram-negative) and Staphylococcus aureus (gram-positive) bacteria after 16 h of incubation period
using the disc diffusion method. All the composite films antibacterial activity measurements are shown
in the Table 6.5. and Figure 6.12. The antibacterial activity of the composite films was determined
based on the formation of a zone which is inhibiting bacterial growth surrounding the film and beneath
the films placed on a nutrient agar medium. The antibacterial activity of the composite films increases
with increasing nanoparticle loading in the composite films as observed from the Figure 6.12 and
Table 6.5. The zone of inhibition increases in both the cases with increasing loading. It is to be noted
that the zone of inhibition is more clear and bigger in size in case of gram positive than gram negative.
So the results indicate that these nanocomposites have strong affinity to the cells of S. aureus than E.

coli. This may be due to difference in membrane structure of bacteria.?®%3%43
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Figure 6.12. The antibacterial activity of HTPB-DNB based WDPU/ TiO,-SiO, nanocomposite films
with two types of bacteria: (A) Staphylococcus aureus (B) Escherichia coli.

Table 6.5. Zone of Inhibition data of antibacterial activity of all nanocomposite films

Sample TiO,-SiO, Zone of Inhibition
Identification nanoparticle diameter (mm)

(%) S. aureus E. coli

Pristine PU 0 6 6
Nanocomposite PUs 3 8.30 7.60
5 10.70 8.30
7 11.20 7.40
10 11.30 8.10

University of Hyderabad, 2015 136



K Malkappa WDPU/Ti0--SiO> nanocomposites I Chapter 6

6.5. CONCLUSION

TiO, (core)-SiO, (shell) nanoparticles were prepared by sol-gel process and this particles have
been used as inorganic nanofillers to prepare the nanocomposites of modified HTPB (HTPB-DNB)
based water dispersible PUs. We identified the strong interactions between the TiO,-SiO,
nanoparticles and the carbonyl group of PU matrix with FTIR and solid-state "*NMR study. From
WAX study, it is clearly proved that TiO,-SiO, is present in the composite WDPU. From UTM
analysis, we found out the mechanical strength of the nanocomposite PUs and quantified based on
Young modulus, toughness, and tensile strength of the cured films. It has been observed that with
increasing TiO,-SiO, nanoparticles in composite, tensile strength and young modulus increases but
elongation at break decreases. Similarly, thermal stability and glass transition temperature increases
with increasing TiO,-SiO, content in the nanocomposite. The antibacterial activity studies were carried
out using disc diffusion method with two microorganisms: Staphylococcus aureus and Escherichia
coli and found that the nanocomposite samples inhabit S. aureus more compared to E. coli, because of
its different cell structures and also we could observed the clear zone of inhibition circles in case of S.
aureus. Therefore, these WDPU/TiO,-SiO, nanocomposites are useful for antibacterial hydrophobic
coating and biomedical applications.
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7.1. SUMMARY

Thesis entitled “Studies of Polybutadiene diol based Water Dispersible Polyurethanes and
their Nanocomposites” describes the methods to prepare polyurethane, water dispersible
polyurethanes and their nanocomposites using HTPB and modified HTPB (HTPB-DNB) as a polymer
diols. The thesis contains the seven chapters. The summary of the contents of each chapter are

described below.
Chapter 1

This chapter deals with the brief introduction of about different types of polyurethanes that is
in solvent based and water based PUs, described the different types of water dispersible PUs,
described about different polyols and diisocyanates, about HTPB and modified HTPB, history of the
polyurethanes, briefly discussed about their applications in various fields, and physical and chemical
properties. A brief introduction about hydrophobic water dispersible PU coating materials and other
applications like antibacterial applications and challenges involved to improves the hydrophobicity of
the PU coating material and antibacterial activity for the use of hydrophobic antibacterial coating

applications. Finally the aim of the present work is given.

Chapter 2

Describes the details the source of all the materials which were used for all the working
chapters and the details instrumentation methods for characterization, and properties evaluation of the

synthesized different types of polyurethanes and their nanocomposites.

Chapter 3

Chemical modifications of hydroxyl-terminated polybutadiene (HTPB) with hydrogen bond
forming functionalities were used as tactics to improve both tensile strength and elongation of
polyurethanes (PUs) simultaneously. PUs were prepared using various diisocyanates with modified
HTPB in which dinitrobenzene (DNB) groups are attached to terminal carbon atoms. The
spectroscopic studies revealed the presence of an additional hydrogen-bonding network between DNB
and the urethane backbone, which resulted into supramolecular cross-linking and was found to be
responsible for significant improvement in mechanical properties of HTPB-DNB-PUs. Also,
substantial improvement of elongation at break was observed in the case of HTPB-DNB-PUs. Small

angle X-ray scattering (SAXS) and thermodynamical studies indicated a strong segmental mixing
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between the hard and soft segments of HTPB-DNB-PUs. Growth of partial crystalline character in
HTPB-DNB-PUs was believed to be responsible for “fibrous-assembly” morphology. In summary,
modification of HTPB induced extra cross-linking through supramolecular hydrogen bonding which in
turn concurrently enhanced both strength and elongation of PUs.

Chapter 4

Preparation of stable, freestanding elastic film with hydrophobic surface from water
dispersible polyurethanes (WDPUs) is a challenging task. Here, we have prepared WDPUs from
Polybutadiene based diols and the resulting PU films are satisfying the requisites. Two types of diols,
namely, hydroxyl-terminated polybutadiene (HTPB) and terminal-functionalized HTPB with
dinitrobenzene (DNB) [HTPB-DNB], were used to make WDPUs and the effects of diol structures
were investigated. The synthesized WDPUs displayed particle morphology with size in the range of
~130-270 nm and more than 1 year storage stability. WDPUSs yielded stable and free-standing films
upon curing and the resulting films showed high thermal and mechanical stabilities. The contact angle
of the films is in the range of ~80—100°, attributing the hydrophobic nature of the surface. Hard
segment content of the PU varied from 30 to 40% (by weight) to tune the properties of WDPUs and

the resulting films.
Chapter 5

In this chapter, we wish to further enhance the hydrophobicity and mechanical properties of
HTPB-DNB-WDPUs. To do this we have chosen two different organically modified clays, such as
Cloisite-30B and Kaolinite (OKao) and we observed that the effect of clay structures on the
nanocomposite morphology and other properties. The structure of the clay composites were analysed
using PXRD and FESEM, TEM microscopic studies, and suggested that different morphological
structures from different clays. In case of Cloisite-30B composite PUs, at lower percentage of clay
intercalated structure and at higher percentage of clay, exfoliated structures were obtained. In case of
OKao composite PUs, we could expect one of the situations either intercalated or exfoliated
nanocomposites. However, in this case, we observed one of the interesting observations that are the
displacement of DMSO from the interlayer space without intercalation of the polymer and it forms
aggregated structure (microcomposite). The tensile properties of all elastomer clay composite PU
films, with organically modified different types of organo clays with different wt% loadings were

found to have remarkable reinforcing effect in both composite PUs because of good interaction
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between the silicate layers and the PU matrix. The prepared clay composite PU samples displayed
very high water contact angle, which indicates the hydrophobicity of the composite PU films.

Chapter 6

In this chapter, we have prepared the organic/inorganic hybrid nanocomposites of HTPB-
DNB-WDPUs with TiO,/SiO, core-shell nanoparticles to improve the thermo-mechanical properties
along with to use as an antibacterial applications. The nanocomposite of HTPB-DNB-WDPU/TiO,-
SiO, core-shell nanocomposites displays high mechanical strength and more thermal stability than
pristine WDPU. The FT-IR and *C-NMR, analysis revealed that the existence of strong hydrogen-
bonding interactions between the carbonyl carbons of WDPU chain and TiO,-SiO, core-shell
nanoparticles resultant that significant improvement in mechanical properties such as Young modulus,
tensile strength and toughness and also all these properties increases with increasing TiO,-SiO,
nanoparticles content in WDPU matrix because of reinforcement. The DMA study showed that all the
composite WDPUs are elastic and those T, values around at -68° C. The entire composite PU films
shows contact angle around 90° indicates these are hydrophobic and all the WDPU/TiO,-SiO,
nanocomposites showed antibacterial activity. Therefore, all the studies revealed that the WDPU/TiO,-

SiO, composite PUs could use as an antibacterial coating material in the field of coating applications.
7.2 CONCLUSION

The following conclusions are drawn from the “Studies of Polybutadiene diol based Water

Dispersible Polyurethanes and their Nanocomposites. ”

1. A series of HTPB and modified HTPB (HTPB-DNB) based PUs were synthesised using
different types of diisocyanates and characterized.

2. The terminal modification of HTPB highly influences the properties of the PUs such as
thermal, mechanical and other properties.

3. The soft and hard segmental mixing of all the PUs were studied with the help of SAXS and
DMA studies. The DMA study clearly demonstrates the presence of two T4 values from all the
HTPB-DNB-PUs because of segmental phase mixing.

4. The partial crystalline nature was obtained in case of HTPB-DNB-PUs because of fibrous-
assembly like morphology then ordering.

5. A series of HTPB and modified HTPB (HTPB-DNB) based water dispersible PUs were
synthesised with varying the percentage of hard segment content and the required properties
for coating material were characterized using different instrumental techniques.
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6. All the water dispersible PUs are longer time stable (more than a year) with nanoparticle
morphology. The TEM and PSA (particle size analyzer) study revealed that spherical
nanoparticle morphology and narrow PDI distribution.

7. The hydrophobic properties of the PU films surfaces were studied based on contact angle
measurement. All the PU film surfaces shows around 90° contact angle indicating
hydrophobic character and with increasing percentage of HS content the contact angle also
increases.

8. The tensile strength of the PU films increases with increasing % HS content while elongation
decreases.

9. The surface roughness of the films was studied with AFM, the surface roughness increases
with increasing the % HS content of the PUs which is responsible to increases the contact
angle.

10. The properties of WDPUs can be efficiently controlled by varying the percentage of HS
content such as varying the weights of initial monomers during the synthesis of water
dispersible PU.

11. The nanocomposite of PU with two types of organically modified clays (Cloisite-30B and
OKao), have been developed by in-situ method and characterized.

12. The morphology and properties of the WDPU/Clay nanocomposites were found to be
governed by the structure of the clay and the percentage of the clay loading.

13. The incorporation of the nanoclay in the WDPU matrix resulted into highly improvement in
mechanical, thermal and hydrophobic properties.

14. The incorporation of TiO,.SiO, core-shell nanoparticles into the WDPU matrix enhanced
thermal and mechanical properties compared to pristine WDPU and with increasing
nanoparticle content the thermo-mechanical properties also increases.

15. All the WDPU/Ti0,-SiO, composite PU films displayed antibacterial activity.

7.3 SCOPE OF FUTURE WORK

The present thesis has addressed various issues in the synthesis of polyurethanes from HTPB
and modified HTPB (HTPB-DNB) used as polymer diols in different mediums such as solvent and
water based PUs. The effect of terminal modification of HTPB polymer diols, the structure property
relationship of the PUs, soft and hard segmental mixing, particle morphology, mechanical and
hydrophobic properties of PUs play a significant role. Throughout this study, we have experienced
several issues which need to be addressed and more importantly, the thesis work has been motivated
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us to think in the new directions. Overall, the thesis has following outcome and the potential, which

may be addressed by the researchers in future.

1.

Different types of modified HTPB based water dispersible PUs and solvent based PUs can be
synthesized using established methods in this thesis.

More systematic efforts must be given to understand the simultaneous improvement of tensile
strength and elongation at break in PU chemistry.

The structure property relationship and segmental phase mixing need to be studied with the
help of SAXS, microscopy and DMA studies.

Efforts can be made to synthesis water dispersible PUs with the help of established methods in
this thesis.

A variety of water dispersible PUs can be synthesized.

Flame retardant HTPB based water dispersible PUs can be synthesized.

Efforts may be made to synthesis of super hydrophobic HTPB based water dispersible PUs
through introducing fluorine containing functionalities into the PU backbone.

Efforts must be made to understand the longer time stability of water dispersible PUs.

Efforts must be made for the use of varieties of nanofillers into the PU matrix to improve the

properties such as thermal, mechanical, hydrophobic and antibacterial properties.
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