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Abstract 

 

 The research described in this thesis originated from an idea to develop new body 

protection for the sport of fencing. The ultimate goal is to develop body armour which would 

be flexible, wearable, washable, light and breathable, offer protection from injuries and cover 

the entire body of a sportsman. A new material which exhibits shear thickening behaviour has 

been specially developed for this purpose in the process of this investigation. The material 

was designed and synthesised as a soft polymeric system which is flexible, chemically stable 

and able to increase the value of its modulus of elasticity upon impact at a high strain rate, 

while remaining in its soft gel-like elastomeric state when low strain rate deformation is 

applied.  

The polymeric system that has been developed is based on interpenetrating polymeric 

networks (IPN) of immiscible polyurethane/urea-ester/ether and 

poly(boron)n(dimethylsiloxane)m (where on average m ≈ 16 n). In addition, as the 

polydimethylsilane (PDMS) based polymeric system strongly tends to phase separation, the 

siloxane polymeric network was chemically cross-linked to the polyurethane polymeric 

network through polyurethane chemical cross-link-bridges. In order to introduce 

polyurethane cross-links to a siloxane-based polymeric network, some of the attached methyl 

groups in the PDMS polymeric backbone were substituted by ε-pentanol groups. The 

resulting polymeric system combines properties of an alternating copolymer with IPN.  

 The actual substitution of the methyl groups of PDMS into alternating ε-pentanol 

groups was performed by Grignard reaction of trifunctional chlorosilane monomers, 

magnesium and 1,5-dibromopentane. Chemical analytical techniques like FT-IR, 
13

C NMR 

and 
1
H NMR spectroscopy were used to reveal the chemical structure of the synthesised 

polymeric network. The mechanical and dynamical properties of the obtained polymeric 

system were analysed by dynamic mechanical analysis (DMA). This part of the investigation 

indicated that the novel polymeric system exhibited shear thickening behaviour, but only at a 

narrow diapason of deformations (i.e., deformations between 2 to 3 % of the length of the 

sample). At this limited diapason of deformation an effective increase of the modulus of 

elasticity from 6 MPa (at lower frequencies, i.e., up to ≤6 Hz of the applied oscillating stress) 

to 65 MPa (at frequencies between 12.5 to 25 Hz) was obtained.  However, no increase in the 

modulus of elasticity was recorded at deformations below 1.5 % or above 3.5 % of length of 

the sample at the same frequencies (0 to 25Hz) of the applied oscillating stress. 
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 1 

1 Introduction 

 

 The research described in this thesis originated from an idea about new body 

protection for the sport of fencing. The ultimate goal is to develop body armour for 

fencing, which would be flexible, wearable, washable, light and breathable, offer 

protection from injuries and cover all the body of a sportsman. 

 A future development would be the ability to detect stress on its surface caused by 

a weapon of the opponent.  

 The first thing to consider for possible designs for body armour for use in modern 

fencing is the effect of a momentum pressure applied to a small section of the body’s 

surface and the role of body armour in offering protection. 

 

 
 

Figure 1: Application of a Pressure on a Surface 
 

 Following impact, the kinetic energy of a projectile will be transferred to the body 

armour it strikes. In order to effectively absorb the kinetic energy, the latter has to 

undergo deformation as suggested in Figure 1. In the absence of any body armour, the 

kinetic energy will be absorbed by the human body itself by undergoing elastic or 

permanent deformation, leading to possible rupture and penetration injuries. Needless to 

say, for the human body this could be life-threatening. The main aim of body armour is to 

spread the impact energy to effectively increase the surface area of the impact and thus 

decrease the applied pressure acting on the body to prevent possible penetration. In 

addition, it is also preferable that body armour should be able to absorb the impact energy 

by deforming [1, 2]. 
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 In the sport of fencing, the sharp edge of a foil, rapier or sword can impact with 

reasonably high speed on a very limited surface of application. The aim of the protective 

costume is to spread the pressure and also to reduce the speed of the foil’s edge. Without 

a protective costume the impact from an unsharpened foil or rapier for the sportsman 

would still be able to cause quite serious injuries during competition. 

 The current protective costume available, as shown in Figure 2, is a composite of 

a conductive layer that registers the touch of a foil or rapier. It is a combination of a soft 

thick textile to protect the torso from the front. Because the costume is so bulky it does 

not cover the entire body of the sportsman and it is limited just to the torso [3]. Also this 

costume is suitable just for protection from a relatively low magnitude impact caused by 

a foil or rapier and is unsuitable for a protection from heavier weapons like a sword or an 

axe, etc. 

 

              
 
 

Figure 2: Current Fencing Protective Costume 
 

 

 In the design of armour for sport applications, the main part of the sportsman’s 

body, such as the torso and shoulders, could be covered by a number of flexible 

polymeric sheets made from vinyls or aramides and held by soft connections in a way 

similar to body armour of the Roman Legionaries (lightweight and reasonably cheap to 

produce armour “Lorica Segmentata” [4], as shown in Figure 3). 

 The design and material selection for the protection of the flexible and vulnerable 

parts of the body (knees and elbows) presents many challenges. It is clear to see from 

comparison of Figures 3 and 4, that progress in the attempt to cover those parts of the 

body effectively and to avoid a bulkiness in the design has been quite limited [5]. 

http://en.wikipedia.org/wiki/Image:0408_USA_Olympic_fencing.jpg
http://en.wikipedia.org/wiki/Image:Fencing_foil_valid_surfaces.svg
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Figure 3: Roman Legionary’s Body Amour “Lorica Segmentata” 

 

 

 

 

Figure 4: Contemporary Armour of a Police Anti-Riot Detachment 

 

 Another ancient armour design to offer a possible solution for a flexible 

protection of elbows and knees is the “Chain Mail”, as shown in Figure 5. 
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Figure 5: Chain Mail 

 

 Chain Mail is flexible armour and it is almost impossible to penetrate using any 

conventional medieval weapon. This construction can ward off a slashing blow from an 

edged weapon, preventing it from cutting through to the skin. On the other hand the 

flexibility of mail means that a particularly strong blow would often be transferred to the 

user, often causing fractures or serious bruising but preventing more serious injuries [6].  

 Metallic Chain Mail still finds application as protective gloves and aprons for 

butchers. In addition, the design based on Chain Mail gives needed breathability to the 

armour. A limitation could arise from the heavy weight of such armour and the 

technology of Chain Mail which requires excessive and skilful labour. On the other hand, 

based on the experiences of the composites industry, it is possible to combine the original 

design of Chain Mail with sewing/knitting of polymeric fibres to form fibre-networks in 

polymeric composites [7]. 

 A recent patent and publication by the University of Exeter and Auxetix Ltd [8] 

can make a flexible design of the armour woven from yarns even more attractive. The 

idea is that a stretchy fibre provides the core of the yarn and a stiffer fibre is then wound 

around it, as shown in Figure 6.  

 

 

 

Figure 6: an Example of an Auxetic Material 

http://en.wikipedia.org/wiki/Blade


 5 

 When the stiffer fibre is put under strain, it straightens. This causes the stretchy 

fibre to bulge out sideways, effectively increasing the diameter of the yarn. Scientifically 

speaking, the yarn is an auxetic material - one that gets thicker when stretched [9]. 

 Also “Dragon Skin” as shown in Figure 7 is an ancient armour design which is in 

use for some of the latest bullet-proof armour. It is considered that “Dragon Skin” could 

be used in combinations of a segmented and a flexible part of the developing armour [5, 

6]. 

 

 

 

Figure 7: Dragon Skin 

 

 After reviewing the previous and current possible designs of suitable armour, it 

became apparent that a self-stiffening polymeric material or composite could be the best 

choice for this application, hence it would be possible to avoid unnecessary bulkiness and 

excessive difficulties in the final design.  

 Acceptable polymeric candidates were looked at, sourced from recent patents and 

publications. During the last few years there has been increased commercial interest 

coupled with a better theoretical understanding of dynamic polymeric behaviour. A 

number of variable relevant publications and industrial patents have been launched in 

polymers suitable for a mechanical impact absorption and body or goods protection. 

 Current applications vary from a recent combined patent from a group of the 

leading Japanese plasma TV screen manufactures, as a 70 μm polyoxyalkylene-series 

polymer (generally polyoxybutylenes) for producing impact absorption sheets for thin flat 

glass panel displays [10], and a patent of footballers’ shin protection by flexible sheets 

made from ethylene vinyl acetate (EVA) polymer [11]. Dow Corning has also published 

a patent of bikers’ flexible protective suit based on poly-(boron-siloxane) resins, as 

shown in Figure 8 [12, 13]. There is also a patent from a locally based company Design 

http://en.wikipedia.org/wiki/Image:Roman_scale_armour_detail.JPG
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Blue, which has developed protective foam based on a polymeric alloy of poly-(boron-

siloxane) gels and soft polyurethane foam “J-Foam” for a soft and flexible protective 

material for mountain skiers [14]. 

 

                    
 

                   Figure 8:  Poly-(boron-siloxane)       Figure 9: Ethylene Vinyl Acetate (EVA) 
 

 

 Despite progress in the area, currently only EVA based protective goods have 

been produced by Adidas commercially in an industrial scale [10]. All the other patented 

protective materials have been at a prototype stage. EVA, as shown in Figure 9, has been 

used as a drug delivery device polymer, even though the technological aspects of this 

material had been known [15]. 

 EVA is a semi-flexible plastic at room temperature and is suitable for making 

protective sheets covering large and non-flexible parts of a sportsman’s body like the 

shins, etc [16]. In the case of protecting such parts of a body as elbows and knees it is 

difficult to avoid a bulky design, as can be seen in the contemporary non-bullet-proof 

body armour designed for anti-riot police, shown in Figure 4. 

 After analysis of the contemporary market and patents on self-stiffening 

polymeric materials, it became apparent that none of the existing materials or patents 

entirely satisfies all the requirements, as none of the existing materials was able to 

provide a reliable and flexible protection for knees and elbows without serious 

compromises on wearability and bulkiness.  Hence the decision was taken to develop a 

new self-stiffening polymeric material. The new polymer should be soft and elastic at 

room temperature, and able to significantly increase its tensile strength during fast 

deformation. The new developing polymer should also have high diapason of working 

temperatures, be chemically resistant as be washable, and have high values of tear 

resistance. Also it is preferable that the new polymer would be able to absorb high 

amounts of energy from an applied mechanical impact. 
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 In addition, it was aimed to avoid already existing patents in the field. In the 

middle of the last century Bayer actively worked on nitrogen based rigid polyfibres not 

covered by the DuPont patent of Nylons and realized quickly that the new polymer could 

be a superior replacement of not just Nylon but also of natural rubber. This new polymer 

was polyurethane [17]. Research in this polymeric material is currently in a process of 

being patented as a novel semi-IPN (scarcely cross-linked Interpenetrating Polymeric 

Networks [18]) network of polyoxyalkenes (such as a combination of polyethylene oxide 

and polypropylene oxide) extended through urethane and urea links and cross-linked to a 

partly immiscible poly-(boron-siloxane) interpenetrating network. 

 It is expected that by using polymeric combinations of a few useful materials in a 

semi-IPN it is possible to avoid difficulties and limitations caused by these polymers and 

at the same time to have the best from the unique mechanical properties of both groups of 

those polymers [19]. 

 In addition to being costly, polysiloxanes often exhibit insufficient tear resistance 

and tensile strength [20], while the very narrow range of possible working temperatures 

for polyoxyalkylenes, polyoxyalkenes and vinyls could potentially restrict their operation 

as self-stiffening materials [21]. 

 In addition the use of scarcely cross-linked polymeric networks instead of non-

cross-linked IPN of those immiscible and very flexible polymers would prevent possible 

phase separation [17]. 

 In addition, we are expecting that the new developing polymeric material may 

have quite good damping characteristics. The benefits of such a light and effective shock 

absorbing polymer or foam could be welcomed by police forces in anti-riot detachments 

as flexible armoured material, or in the defence industry as part of body armour 

preventing soldiers from possible lethal shock wounds such as a blunt trauma caused by 

explosion, etc.   
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2 Literature Review 

 

 The topic of self-stiffening on relatively fast deformation polymeric materials 

which can be used for impact-protection is relatively new and covered in the existing 

literature just by a few recent patents and even fewer research articles. On the other hand, 

thorough analysis and investigation of data and models of known dynamic viscoelastic 

behaviour of polymers may lead this research towards developing material acceptable for 

body protection using self-stiffening on a fast deformation polymeric material. 

  

2.1    Physical Properties of a Relaxed (non-Dynamic) 

Polymer 

 

2.1.1     Effect of Intermolecular Secondary Forces 

 It is well known that some polymers at room temperature exhibit high tensile 

strength and are hard and brittle, while others are soft and very flexible. The variation of 

mechanical properties of different polymers lies in the affinity between the polymeric 

chains and in the ability of those chains to create interactions between them. It could be 

both kinds of interaction, such as chemical cross-links or physical cross-links - normally, 

the stronger the interaction between the chains the harder the polymeric material [22]. 

 The interaction between the polymeric/oligomeric chains is influenced by the 

ability of the chains to build a strong hydrogen bond between the neighbouring 

polymolecules or be kept just by relatively weak Van der Waals forces. (In a 

polymolecular material additional intermolecular interaction effects could be caused by 

free volume and also molecular configuration, for example, the formation of molecular 

loops [19].)  

 An example can be presented by comparison of a boiling point difference between 

short molecules of methane, chloromethane and methanol, as shown in Figure 10. All 

three molecules are quite similar in their molecular mass and shape, but have huge 

differences in their boiling temperatures and hence in the amount of internal or secondary 

forces which are attracting the molecules together. 
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 At atmospheric pressure, methane is a gas which boils at -161.6 °C, 

chloromethane boils at -24.2 °C and methanol just at 64.7 °C.  The boiling temperature of 

methanol is significantly higher even though its molecular mass and the polarity of the 

valence bond is lower than in chloromethane.  

 

 
 

Figure 10: Methane, Chloromethane and Methanol 
 

 

 Methane is a short covalent molecule which is attracted to a neighbouring 

methane molecule by a weak Van der Waals force of about 0.2 kJ/mole.  

In chloromethane, the chlorine atom is much more electronegative in comparison with 

carbon. Therefore, chlorine in the chloromethane covalent bond is attracting the bonding 

electrons much closer to it and creates an electrostatic dipole, as shown in Figure 11. 

 In chloromethane, the bonding electrons are closer to the electronegative chlorine 

atom and the positive charge to the carbon. Such dipoles create electrostatic attraction 

between neighbouring molecules. So the boiling temperature of chloromethane is 

significantly higher than in methane.  

 

 

Figure 11: Van der Waals Force between Molecules of Methane and Chloromethane 
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 The boiling temperature of methanol exceeds the boiling point of chloromethane, 

even though chlorine creates the bigger dipole with carbon than oxygen does, as shown in 

Figure 12. 

 

 

Figure 12: Hydrogen Force between Molecules of Methanol 

 

 The difference in the interaction between neighbouring molecules, and hence in 

the boiling temperatures lies in the possibility of a closer proximity of the electronegative 

charge to the positive charge of the neighbouring molecules. The electrostatic force of 

point charges has a reciprocal relationship to the square of the rising distance between the 

charges: 

   F = q1 q2 / 4πєє0 (rdq)
2
      (1) 

  

where F is the force of the bond, q1 and q2 are the electrical charges of both atoms, є is a 

dielectric constant, є0 is a constant called the permittivity of free space and rdq is the 

distance between the electrical charges.  

 Between two molecules of methanol, the hydrogen attraction is so effective 

because a small atom of electronegative oxygen effectively allows a hydrogen proton 

attached to the neighbouring oxygen from another molecule to come close enough to 

create a strong bond. The bond is about 5 kJ/mole, which in comparison is 25 times 

higher than the Van der Waals bond between molecules of methane [23]. 

 An atom of chlorine is much bigger in its size than an atom of oxygen and that 

effectively prevents chlorine from forming such a strong bond with hydrogen, as the 

comparatively small atoms of oxygen or nitrogen are able to. 
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 In bromomethane the interaction between polar bonds of neighbouring molecules 

is even smaller in comparison to that between molecules of chloromethane, but because 

of a significantly higher molecular weight, the boiling temperature is higher and reaches  

-4 °C [23, 24]. 

 Hence intermolecular interaction affects the physical properties of short 

molecules. It is possible to predict that it should be no less important for the mechanical 

properties of oligo/polymolecules. And therefore, the more polar the molecules, the 

stronger the connecting force. Polymers containing high numbers of polar groups in the 

chain normally exhibit much higher Tg, Tm and tensile strength at room temperature in 

comparison to those which are connected through weak Van der Waals forces [25]. 

 In addition, the stress relaxation of polymers containing hydrogen bonds is 

strongly influenced by it. For example, a hydrogen bond (such as a bond between two 

molecules of methanol) is generally keeping both molecules strung together during 

thermal oscillations. In the event the hydrogen bond is broken, the bond can be 

reconnected with one of the neighbouring molecules. Therefore, for a melt of longer 

molecules containing strong hydrogen bonds, relaxation is available by bond 

rearrangements [17]. 

 At room temperature for molecules of methanol, hydrogen bond rearrangement 

normally takes about 10
-10

 s and it is generally limited to receiving a suitable phonon of 

energy which is enough for such rearrangement [26]. For a longer molecule, a similar 

hydrogen bond rearrangement could take much longer, due to the fact that the molecular 

oscillations are limited by compression of the molecule into a “tunnel” of free volume by 

its neighbours. Therefore polymolecular materials containing high amount of hydrogen 

bonds in the chain normally exhibit very high values of Tg [17].  

  

2.1.2     Effect of Crystallinity on a Mechanical Properties of a Polymer 

 The physical properties of a polymeric material (not cross-linked chemically) 

strongly depend on the cohesive energy density (i.e., how easily the molecules are able to 

form a number of consecutive strong hydrogen bonds with the neighbours). However, 

examples such as the polar and simultaneously very soft and flexible polyurethane/urea 

Spandex, and the non-polar polyethylene fibres of Dyneema (used for bullet-proof 
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armour), show that other factors are also involved in influencing the possible mechanical 

properties of a polymer [21]. 

 Let us take polyethylene (PE) as an example, the repeating unit structure of which 

is shown in Figure 13. This polymer tends strongly to form a crystalline structure when it 

is slowly cooled from molten. If the crystalline structure of PE becomes ordered during 

its formation and the molecules are long and monodispersed enough (high density 

polyethylene HDPE), HDPE is able to form a material which is known as Spectra or 

Dyneema. This is the toughest thermoplastic material in existence and is extensively used 

in composite applications when exceptional toughness is required, as in the case of bullet-

proof armour [19].  

 
 

Figure 13:  the Repeating Unit of Polyethylene 

  

 More commonly polyethylene is used as a packaging material where its molecules 

are much shorter. Since the molecules of polyethylene tend strongly to crystallize, they 

are deliberately branched or copolymerized to some extent with other vinyls (low density 

polyethylene LDPE). Hence the polymer does not form a perfect crystalline structure, and 

Van der Waals forces are effectively reduced in the areas of molecular chain defects. At 

room temperature the material is semicrystalline with quite flexible molecules (parts of 

molecules) in the amorphic areas. The density of the material drops and so does the 

tensile strength. The resulting polymer is soft, flexible and leathery [25]. 

 Even more so, if ethylene is copolymerized randomly with 25 % of propylene in 

one resultant isotactic polymolecule, such molecules are effectively prevented from 

forming a crystalline structure and the polymer is elastic enough to be an elastomer, as 

shown in Figure 14. 

 

http://en.wikipedia.org/wiki/Image:Polyethylene-repeat-2D.png
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Figure 14: Polyethylene-polypropylene Rubber 
 

 

 In fact isotactic polyethylene-propylene normally forms a thermoplastic rubber 

which has enough crystalline areas to keep the polymer from flowing apart. It also has 

substantial amorphous areas which are able for easy flow on stress relaxation [17].  

 Other well known thermoplastic rubbers work on the same principle as 

polyethylene-propylene does. An example is the alternating copolymer of 

polydimethylsilane (PDMS) and polydiphenylsilane (PDPS), where PDMS does not form 

any crystalline structure at all until -40 °C and is kept together by the formation of some 

crystalline blocks of PDPS [20]. It is also possible to take the example of the alternating 

copolymer of Spandex, where long soft parts of the polymolecular chain stay in the 

amorphous stage when rigid and polar aryl-urethanes/ureas groups form effective 

physical cross-links to keep the material from flowing apart [25]. 

 

2.1.3    Geometry and Flexibility of a Polymeric Chain 

 In the example of high and low density polyethylene given below it is possible to 

see that if a polymeric chain is straight and free of possible defects it is able to form a 

crystalline structure and achieve high values of tensile strength. Therefore when a 

polymeric chain is not straight or includes a significant number of defects, such a chain 

would be unable to lie close enough to its neighbour (or itself in case of crystalline 

structure), hence its mechanical properties are lower [21]. As an illustration of this it is 

possible to consider the examples of two aramid materials: Kevlar, as shown in Figure 

15, and Nylon, as shown in Figure 16. 

 

http://en.wikipedia.org/wiki/Image:Polypropylene_tacticity.png
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Figure 15: Aramid Kevlar 

 

 Aramid Nylon (Figure 16) is a much more flexible polymer than aramid Kevlar 

(Figure 15). 

 
 

Figure 16: Aramid Nylon 
 

 

 Kevlar is stiffer than Nylon and has a higher Tm and Tg because the atoms of 

nitrogen are connected to the 1,4 (para) carbon of a phenyl group. This gives a much 

straighter molecular chain than in the case of the 1,3 (ortho) in Nylon [19]. The chain of 

Nylon tends to form coins and therefore the free polymeric volume is higher than in 

Kevlar. The straighter the chain, the closer to each other the polymolecules can lie in the 

polymer and so the stronger the secondary intermolecular force [17]. 

 Quite often in the polymers industry a small amount of an incompatible monomer 

is added to a polymeric mass. These small particles of immiscible monomer/oligomer 

prevent two/few affinitive polymeric chains from reaching maximum proximity (i.e., 

giving an increase in free volume) and so prevent the formation of strong secondary 

forces interaction. Hence such monomer/oligomer would effectively work as a polymeric 

lubricant [25]. For example, for polyolefins it is the monomer/oligomer of styrene. 

 The rigidity of the polymeric chain is another important factor in the polymer 

behaviour. Molecules of PDMS are the most flexible, the majority of polyolefins give 

reasonably flexible materials while polyphenyls, polystyrenes, aramides are always rigid 

at room temperature. The essential differences in the polymer behaviour lies in the 

flexibility of the valence bonds (i.e., how easy it is to change the molecular shape by 

molecular thermal oscillations (IR phonons) - the conformational change of a molecule) 

[17, 26]. 

http://en.wikipedia.org/wiki/Image:Kevlar_chemical_structure_H-bonds.png
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 Silicon gives a very flexible bond with oxygen. Oxygen also gives quite a flexible 

valence bond with carbon. In a single carbon to carbon bond, such as in polyethylene, the 

energetical barrier of conformational change is about 3 kJ and even this bond is slightly 

more rigid than the bond of carbon to oxygen, but it still provides reasonable flexibility to 

the chain at room temperature, with a usual bond-rearrangement time about 10
-10 

s (which 

is similar to a force and rearrangement time of hydrogen-bond between two hydroxyl 

groups). 

 The energetical barrier of conformational change in the double carbon-to-carbon 

bond is about twenty times higher than in a single valence bond, and hence the chain 

normally stays absolutely rigid [23].  

 In aramides, urethanes and ureas a single bond between nitrogen and carbon is 

rigid and the energetical barrier is effectively closer to a double carbon-to-carbon bond, 

than to the single one. This is caused by a resonance structure of the nitrogen bond in 

those polymers [17, 23]. 

 As an example, consider the fact that polyurethane can give a variety of flexible 

rubbers, while aramides just give stiff fibres, as shown in Figure 17. 

 

 

 

Figure 17: Molecules of Aramid and Polyurethane 

 

 Bulkiness and/or polarity of a polymeric chain are the factors which are normally 

reducing mobility of a chain and hence increase the tensile strength of a polymer. In the 

case of the alternating polyurethane copolymer, shown in Figure 17, polar and bulky 

groups of urethanes are affinitive to each other and effectively interact [21]. But in 

another example, shown below, the isotactic alternating copolymer of polyethylene-

propylene, the ethylene or propylene groups do not have enough consequent chain length 
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to achieve high values of intermolecular interaction, lowering affinity. The material is 

therefore soft and flexible. 

 Looking at alternating polymer/copolymer (for example, such like Nylon 6,6): 

where each part of the chain is identical to the following, such equal blocks of 

polymer/copolymer are able to build strong intermolecular interactions, as shown in 

Figure 15. When all the parts of a copolymer have different lengths and are random 

and/or have differences in geometry, such interaction is on a much lower scale [25]. 

 When blocks of a copolymer are quite different and have sufficient length, then 

such blocks of the copolymer start to behave as separate polymers and have different 

glass transition and melting point temperatures [21]. 

 In some cases bulkiness of the chain or its substitution lead to a more flexible 

polymer, however, in some cases this could lead to the reverse effect. Polydimethylsilane 

(PDMS) is known as a polymer with the most flexible polymeric chain. But when methyl 

groups attached to the main polymeric chain are substituted by an ethyl or longer groups, 

the polymer gradually loses its chain’s flexibility [20]. 

 

2.1.4     Copolymerization and Polymeric Compatibility 

 The majority of polymers are not compatible with other polymers, even when 

short molecules of the monomers or oligomers are absolutely miscible/compatible with 

each other [27]. This has found some useful engineering applications such as the creation 

of polyethylene-propylene rubbers from a blend of two reasonably rigid crystalline 

polymers, but it also brings enormous problems for the utilization of polymeric waste. 

Therefore it is impossible just to blend any polymeric waste and get something useful 

from it, as a careful separation of different polymers/polymeric-components is required 

before further processing. Unfortunately this is not always cost-effective and any polymer 

designer should consider this factor during the engineering of a new polymeric product 

[21]. 

 A useful approximation to polymeric miscibility is the Flory-Huggins model 

where the change in the Gibbs free energy upon mixing ∆G (at temperature T) should be 

negative:  

∆G = ∆H – T ∆S     (2)  
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In the Flory-Huggins model ∆H (the change in enthalpy) and ∆S (the change in 

entropy) can be considered separately from each other. Here enthalpy would be 

considered as a molar (also polymer’s chains fraction) fusion factor and entropy as a gain 

of freedom of the possible conformations of the molecule. Therefore when a polymer is 

dissolved in a short molecular solvent even with some losses in enthalpy, but a sufficient 

gain in entropy, it is immiscible with the polymer because two long molecular materials 

cannot give themselves a higher freedom of molecular movement [17, 27].  

 Even though the Flory-Huggins model is a quite effective and popular tool for a 

basic prediction of polymeric miscibility, and it is intensively used in the coating and dye 

industry, it is just a first approximation which does not include such factors as the 

specific polymeric geometry, strong hydrogen bond formation and most important a free 

volume of polymer. Later Freeman, Rowlinson and Siow [17] showed that polymers tend 

to a phase separation not just in lower temperatures, but also during high deformations or 

temperature increasing. This is due to the increasing difference in the free volume of the 

polymeric fractions. Therefore, each polymer has its different free volume and with 

increasing temperature or polymeric flow that difference in the free volume increases, 

and hence causes a polymeric phase separation [28, 29]. 

 Recent work by Majumdar et al [30] shows a possible effect on a loosely cross-

linked copolymer/semi-IPN of siloxane-urethane thermoset system formation by a 

solvent composition. PDMS is known as a polymer of the most flexible polymeric chain 

(and also the lowest after Teflon inter-chain adhesion [20]), because the energetic barrier 

of the chain conformation is extremely low, hence the time of the conformation is very 

short, therefore at any moment in time such a chain is able to take a conformation of the 

lowest possible energy [17]. 

 PDMS/siloxane and urethane (or polyoxyalkylenes/polyesters as chain extenders) 

are immiscible, because of a great difference in their solubility parameters and also 

because of the significant difference in their polymeric free volume. In the case of 

copolymerization, siloxane generally tends to create a surface layer of a much higher 

concentration than in the main body of the polymer [20, 30]. Majumdar et al [30] showed 

that when a solvent system used in polymerization is immiscible or partly miscible with 

siloxane (“bad” solvent), siloxane does not form a layer of higher concentration on the 
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surface, and instead the lowest concentration of siloxane was found in the surface area of 

the polymer. Because siloxane affects the formation of the surface microstructure of a 

polyurethane polymer polymerized in a solvent, by a combination of solvent systems it is 

possible to effectively regulate the surface morphology of the resulting product.  

  

2.1.5    Crystalline Melting Point Tm and Glass Transition Temperature Tg  

 Discussion of the crystalline melting point Tm and the glass transition temperature 

Tg cannot be separated from the dynamic properties of polymeric materials because of the 

similarities and strong co-influences of the processes [17].  

 The temperature at which the last standing and usually most perfect crystals are 

melted in a polymer is the crystalline melting point Tm. A semicrystalline or an 

amorphous polymer below this temperature tends to be leathery and rubbery, while above 

the melting point polymers are viscous liquids [25]. 

 The crystalline melting temperature Tm may be described by the Gibbs free 

energy from equation 2: 

Tm = ∆H / ∆S  (3) 

 

 In this case, the change in enthalpy ∆H represents the difference in cohesive 

energies between chains in the crystalline and liquid states, while the change in entropy 

∆S represents the difference in the degree of order between polymer molecules in the 

two states. A Schematic Representation of the free energy as a function of temperature is 

shown in Figure 18 [17, 31]. 

 Enthalpy is generally independent of molecular weight. But polar groups on the 

chain, particularly if dispersed regularly in the chain, so as to encourage regions of 

extensive cooperative bonding, would enhance the magnitude of enthalpy. For example, 

for Nylon which exhibits high values of hydrogen bonds, and therefore cohesive energy 

(enthalpy), Tm will be significantly higher than in polyethylene [25]. 



 19 

 

 

Figure 18: Schematic Representation of the Free Energy 

 as a Function of Temperature 

 

Table 1: Comparison of the Crystalline Melting Temperatures, Tm, of Common Polymers 

Having Quite Different Polymeric Chain Stiffness and Interchain Cohesive Energy 

 

  Tm °C   Tm °C 

polyethylene 

 

135 
polyethylene 
oxide 

 

66 

polydimethylsiloxane 

 

unknown Nylon 6,6 

 

265 

polypropylene 

 

165 ureas 

 

370 

polystyrene 

 

240 urethanes 

 

200 

 
 

 The ends of molecules, or defects in the molecular geometry are unable to fit in a 

perfect crystalline structure and so will have more free volume and higher values of 

entropy. Therefore Tm of such polymers will always be lower than nominal. This is 

illustrated below in section 2.1.2 [21] using examples of LDPE or polyethylene-

polypropylene rubber. 
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 Entropy depends not only on molecular weight and chain geometry, but also on 

structural factors like chain stiffness. Chains that are flexible in the molten state would be 

capable of assuming a relatively larger number of conformations that stiffen and therefore 

result in a large ∆S.  As shown in Table 1, polyethylene-oxide (PEO) has a more flexible 

chain than polyethylene (PE), and therefore Tm is significantly lower [25]. 

 Also bulkiness of the chain would reduce mobility of the molecular chain. As an 

example take polystyrene, as shown in Table 1, where bulky benzene rings make the 

chain stiff [19]. On the other hand in some cases the opposite can be true  (given as an 

illustration in section 2.1.2) as in a random copolymer of PDMS and PPMS, where bulky 

substitutions of phenyl groups in a main siloxane chain create more free volume and so 

increase the value of entropy. Hence Tm for the resulting polymer is 100 °C lower than 

for a linear PDMS [32]. 

 Now consider an example of a molecule of an “ideal rubber” (an “Ideal rubber” 

like an “ideal gas”, does not interact with its neighbours [17]). It has been shown 

experimentally that in an amorphous area, linear polymolecules do not lie straight but 

instead normally form coils, as shown in Figure 19. The overall coil size r or molecular 

end-to-end distance can be characterized statistically as the square root of the length of 

the molecule of its molecular length, the distance is given here in size of one polymeric 

segment  (i.e., one methylene group for polyethylene polymer, etc)  [33].  

 

 

Figure 19: Appearance of Real Linear Polymer Chains 

 

 Therefore when a linear molecule contains more than 10,000 chain members, the 

end-to-end distance is just about 100 members. In such a case the maximum possible 

reversible elongation of such a molecule is 100 times. The Boltzmann equation for 

entropy, where entropy is a function of the possible molecular conformation:  
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S = k ln Ω     (4) 

 

where S is the entropy, k, the Boltzmann constant and Ω , the number of possible 

molecular conformations. 

 For the Helmholtz free energy Э (for “ideal rubber” volume, adhesion and 

temperature T holding constant), therefore: 

 

Э = - T S  (5) 

 

The force F required to give an extension dl is related to the change in free energy dЭ 

by: 

F = (dЭ / dl)       (6) 

F = - T (dS / dl)  (7) 

 

For real materials which consist of a collection of chains this “ideal rubber” 

elasticity equation 4 will be quite different, because when entropy S is dropping then 

using the Gibbs Free Energy equation 3, the crystalline melting temperature Tm would 

rise: 

Tm = ∆H / ∆S       (3) 

 

For example, for a polyisoprene (PI) rubber elongation is impossible for more 

than 300 % because regular molecular chains tend to crystallize on elongation [34]. In 

reality just PDMS based rubbers are free from strain-induced crystallization at room 

temperature. Therefore this material is a natural choice for testing a new rheological 

hypothesis [35].  

 In contrast to crystallization, which is purely a thermodynamic process, glass 

transition is a kinetic process and is due to a free volume of molecular reconformations. 

The glass transition temperature, Tg, generally affects amorphous areas of polymer and 

pure crystalline areas stay virtually unaffected. Below Tg in amorphous areas, a 

polymolecule is fixed in place by secondary forces from neighbouring molecules in such 

way that only very short parts of the molecule are free enough for vibrational movements. 
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Such short parts of a polymolecule usually do not exceed more than a few atoms in a row 

[17]. 

 When the temperature is higher and vibrational movement of the molecules is 

sufficiently intensive then they can move from one another and the molecules can start to 

move or slide past each other. If in the molecule about fifty members of the chain are free 

for conformational movement, the molecule will normally be free enough to move 

independently from the neighbouring molecules, then the temperature is above the glass 

transition [21]. 

 For an ideally amorphous polymer a relaxation modulus dependence of 

temperature is shown in Figure 20.  

 

 
 
 

Figure 20: Schematic Plot of Relaxation Modulus vs Temperature  

for a Hypothetical Amorphous Polymer  

 

 When a linear amorphous polymer is frozen below Tg, relaxation is possible over 

a very long time. This is because for a chain reconformation of a polymolecule 

compressed between its neighbours, it is necessary for about fifty members of the chain 

to reconform and each such conformation requires a certain phonon of energy and also 

free volume [19]. Therefore the relaxation is exponential and the relaxation time τt at 

temperature T can be described through the Arrhenius equation where the activation 

energy of the reaction is substituted by the free energy barrier Ƃ and Rgk is the gas 

constant: 

τt  = f (exp ( - Ƃ / RgkT))      (8) 
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 At the point where molecular thermal oscillations create enough free volume and 

conformations of the molecular chain are fast enough for an independent flow from its 

neighbours, such material starts to flow under stress. But when some crystalline structure 

is still in place the flow will be limited and the material will behave in a leathery and/or 

rubbery manner. 

 When the polymer is further heated, the last areas of perfect crystalline structure 

melt and the flow is further unlimited [33]. 

 As molecules are squeezed in a “tunnel” of free volume, as in case of 

crystallisation, materials which have the most flexible molecular chain will have the 

lowest values of glass transition temperatures. A flexible chain would be able to 

reconform faster (and also use less heat on phonons of the reconformations) to slide 

through “open gates” between neighbouring molecules. Hence a polymolecule of PDMS 

which is the most flexible will have the lowest known Tg possible, as shown in Table 2 

[19, 20]. 

 

Table 2: Comparison of the Glass Transition Temperature, Tg, of a few Common 

Polymers based on the Presence of Bulky Polymeric Chain Substitutions 

 

  Tg °C  

polyethylene 

 

-120  

polydimethylsiloxane 

 

-123  

polypropylene 

 

-10  

polystyrene 

 

100  

  
 

Bulky chain substitution and the ends of a polymeric chain are also the factors 

which may strongly influence the glass transition temperature, because both molecular 
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ends and bulky substitutions inevitably occupy more space and so increase the free 

volume and therefore Tg normally becomes lower. The example of the influence of a 

molecular geometry on Tg is shown in Table 3 for polymethylacrylate [25]. But some 

opposite effects could be quite strong, because a bulky substitution may decrease the 

mobility of a polymeric chain, and also such a polymeric chain would inevitably require 

more empty space in order to be able to slide between its neighbours [20]. Hence 

polystyrene (PS), where a bulky benzene ring is attached to the polymeric chain, has a 

much higher Tg in comparison with polyethylene [25]. 

 

Table 3: Comparison of the Glass Transition Temperature, Tg, of Different 

Polymethylacrylate Polymers based on the Geometry Factors of the Polymeric Chain 

Substitution (i.e., lowering of Tg with Increase of the Free Polymeric Volume with Bulky 

Chain Substitution) 

 

 
 
 

 In the case of strong polar forces between molecules the mobility of a polymeric 

chain will have even more restricted movement. Such a chain cannot just slide through 

the “gates” between its neighbours but has to “jump” from one strong hydrogen bond to 

another (as was illustrated by the example of hydrogen bonding between molecules of 

methanol). Such hydrogen bond reconformation would require a very high amount of free 

volume. It is known that polymers containing hydrogen bonds have the highest glass 
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transition temperatures [17]. The example of aramid which exhibits strong hydrogen 

bond is shown in Figure 21. 

 

 

Figure 21: Example of Strong Hydrogen Bond in Aramid 

 

 

Table 4: Comparison of the Glass Transition Temperature, Tg, of a some Vinyl-based 

polymers on the Difference in the Interchain Attractive Forces (i.e., Presence of Polar 

Groups) 

 

  Tg °C  

polypropylene 

 

-10  

poly(vinyl chloride) 

 

87  

Polyacrylonitrile 

 

 103  
 

 

 An example of how the polarity of a group attached to a polyolefin chain changes 

its glass transition temperature is shown in Table 4 [25]. 

 So far the glass transition has been discussed only in relation to amorphous 

polymers. For a semicrystalline polymer, such as low density polyethylene (LDPE), 

possible crystallinity will strongly constrain the molecular mobility of the polymer, as 

shown in Figure 22 where fast rubbery stress relaxation is able to start just when the 

amount of crystalline structure is significantly reduced above 120 °C [17]. 

http://en.wikipedia.org/wiki/Image:Kevlar_chemical_structure_H-bonds.png
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Figure 22: Schematic Plot of the log of Relaxation Modulus 

 vs Temperature for a LDPE 

 

From section 2.1.5, it is possible to predict that at room temperature soft polymers 

based on polyalkenes or polyoxyalkenes tend to be self-stiffening upon the application of 

fast deformation due to an increase in volume of crystalline structure in the polymer 

caused by strain-induced crystallization [17, 35]. In the case of poly-(boron-siloxane) 

(“Silly Putty”, as shown in Figure 23) the polysiloxane flexible chain does not tend 

toward strain-induced crystallization at room temperature [20]. But it is possible to 

predict that during fast deformation a strong hydrogen bond, caused by an atom of boron 

[36], will be unable to reconform fast enough due to increasing compression of the 

siloxane polychains. As well as in a melt of Nylon (shown below) [17], during stress the 

chain of polysiloxane containing atoms of boron atoms in the chain will be unable to 

slide freely between its molecular neighbours. 

 

         
 

  

 Figure 23:  Poly-(boron-siloxane) (“Silly Putty”)         
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2.1.6     Polymerization, Copolymerization 

 As mentioned earlier, continuous blocks of immiscible copolymer which exceed 

certain lengths start behaving as a separate polymeric material and would have separate 

Tg and Tm for the different phases of the polymer. Usually values of Tm and Tg of a 

polymer included in a block copolymer tend to increase by a couple of degrees when 

another block creating the polymeric material has its Tm and Tg higher (or decrease in 

opposite) [20]. In section 2.1.3 examples were given in the use of blocks of PEO as a soft 

chain extender for a soft polyurethane copolymer. 

 Flory and Kienle [17] studied the process of gelation during polymerization of 

molecular structures with a reactivity higher than two. In the original model Flory did not 

include such factors as intermolecular reactions which would lead to ring-structure 

formation and the possibility that reactive ends of some molecules would have quite 

different reactivity, for example primary and secondary hydroxyl groups in glycerol. 

A gel does not form a molecule with an infinite weight, but rather a number of 

molecules with finite size existing in varying amounts, where a rate of termination would 

be a combination of factors, including such as solvent polarity, etc [17]. 

  During fast gel formation, molecules of a solvent are stuck in the forming network 

of polymer. Complete evaporation of a solvent from such a system is difficult. An 

excessive amount of solvent would reduce mechanical properties of the resulting polymer 

[20]. 

  

        2.1.7     Interpenetrating Polymer Networks (IPN) 

 The concept of interpenetrating polymer networks (IPN) is the subject of much 

research interest because of the numerous technological applications that are possible. 

IPN are usually a combination of two incompatible polymer networks, at least one of 

which is synthesized after another has already been formed. The content of IPN was first 

brought up by Mellar [37]. 

 Usually, no chemical reaction occurs among the polymers in the networks. On the 

contrary, the polymers are coupled and interweaved into one another by interpenetrating 

and locking [38]. Often in the case of IPN containing PDMS (or another such immiscible 

and flexible polymer as a second polymeric network) some degree of chemical cross-
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links between the networks is introduced. This prevents flow and produce of areas of 

different concentrations of polymeric components. Such cross-linked interpenetrating 

polymer networks are known as semi-IPN [39]. 

  So far, polymers made by IPN technology have been increasingly used in 

strengthening rubbers, toughening plastics and composites [7, 40]. Most recent 

publications on IPN include some application in such areas as a mechanically self-

supportive material for electro-active polymer [41] and electrolyte films [42] or proton 

exchange membranes [43].  

 Many studies are concerned with numerous medical applications of IPN. It has 

been shown that it is possible to build self-supporting porous IPNs of hydrogel [44] 

which would be able to deliver drugs as an oral drug device, which would not require any 

additional cover [45]. It is also possible to create a polymeric porous network of 

interpenetrating polymers of different miscibility with water (or stomach juice) where 

one of the components of the IPN would delay the solubility of the second. This way it 

would be possible to regulate the speed of drug absorption [46]. 

 Another medical area where IPN may be a promising solution is in 

ophthalmology. Today, many people use soft contact lenses for vision correction. 

However, it has been reported that about half of soft contact lens wearers suffer from 

clinical symptoms such as eye infections and dry eyes, demonstrating a requirement soft 

and light conductive material with higher biocompatibility. The possible solution may be 

available by using IPN of super-hydrophilic silicone hydrogels with interpenetrating 

biocompatible polymers. Such lenses would have at least the same optical and 

mechanical properties and also offer higher water absorption, oxygen permeability and 

biocompatibility [47]. 

 IPN also find applications as nano-composite sensors for temperature and pH- 

[48].  A recent publication by Wang et al [49] is concerned with pioneering research of 

three component IPN based on a nano- SiO2/polymethylmethacrylate 

(PMM)/cyanate(CE) composite. 
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2.2     Constrain Release and Viscoelastic Properties of     

Polymers 

 

2.2.1    Comparison of Viscoelastic Properties of Metals and Polymers 

 When discussing polymeric stress relaxation it is possible, and worthwhile, to 

start by comparing behaviour of a metal and a polymer under a stress. Uniaxial stress and 

elongation is shown in Figure 24, where the tensile stress σ, force F and cross section 

Acs: 

σ = F / Acs  (9) 

and ε is the strain:  

ε = ∆l / l0  (10) 

 

Here ∆l is the elongation and l0 is the original length. 

 Hooke’s law of the elastic behaviour says that strain is proportional to the applied 

stress: 

 

Stress ∕ Strain = constant       (11) 

 

 

 

Figure 24: Uniaxial Elongation 

 

where the constant E is a characteristic of the material and is called Young’s modulus: 

 

σ = E ε        (12) 
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It is possible to express equation 12 through a quantity called the tensile compliance D, 

where: 

D = 1 / E (13) 

D = ε / σ (14) 

 

When a material is stretched it does not just deform in the direction of the applied load, 

but also in directions perpendicular to the applied load, as illustrated in Figure 25.  

 

 

Figure 25: Contraction in the Perpendicular Direction upon Stretching 

 

The amount of this contraction is proportional to the extension in the direction of the 

applied load, so that if ∆w is the change in the width of the material and w0 is original 

width, then: 

 

∆w/ w0 = - υ ∆l / l0  (15) 

 

where υ is called Poisson’s ratio.  

 Considering homogenous and isotropic materials, the Young’s modulus E and 

Poisson’s ratio υ are the only constant values needed in order to completely specify the 

elastic properties. The stress-strain curve for a hypothetical ideal material which breaks 

under a stress without yielding or plastic deformation is shown in Figure 26. 
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Figure 26: Stress-strain Curve for a Hypothetical Material 

 

 Real materials do not behave like the material shown in Figure 26. Some ceramics 

or perfect crystalline structures come close and display linear behaviour until failure. In 

fact, most materials are naturally imperfect in their structure and therefore even highly 

crystalline materials such as metals have some deviations from linearity and display some 

yielding and plastic deformation [1, 2]. Polymolecular materials normally do not give 

straight linear response upon the application of a mechanical stress, except in the case 

where the applied stress is very limited. Also any kind of mechanical oscillations may 

change the momentum dynamic response of a polymeric material. Therefore, processing 

of a polymeric material or prediction of its full mechanical properties could be an 

extremely difficult task. On the other hand there is a constant demand from industry for 

an increase of the speed of technological processing. One known way to achieve this is to 

increase the temperatures of processing, but there comes a limitation to the maximum 

possible working temperatures above which polymeric materials start to disintegrate upon 

thermal degradation. Hence a model for predicting possible dynamic behaviour of a 

polymeric material is needed - something that will be a very useful guide for engineering 

and technological processing of polymers. In particular, non-linear polymolecular 

mechanical response is a problem that extends beyond the scale of just moulding 

polymers, for example, where the demand to increase speed of moulding operations of 

“shark-skin” was an on-going problem [50]. Currently such areas as polymeric matrix 

composites exposed to an oscillating stress, hydraulics [51] and even the food processing 

industry are looking for suitable technological solutions to problems caused by non-

linearity of dynamic behaviour of oligomeric and polymolecular materials [52].  
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 The task of creating a credible mathematical model describing different aspects of 

the dynamic response of a polymeric material is currently incomplete. This is mainly 

because of a variety of possible dynamic processes in polymers and also because some 

key aspects of polymeric behaviour are still quite unclear. But at the same time the 

existing semiempirical models have shown they are useful approximations in the analysis 

and are able quite successfully to explain a lot of the experimental data [53].  

 The main names standing behind the contemporary theory of a dynamic 

polymeric behaviour are Ferry, Rouse and Beuche [54]. Their model is able quite well to 

describe the possible behaviour of an oligomeric material, but does not encounter an 

effect which is due to entanglement of polymolecules. 

 The suggested model of polymeric relaxation is based on the suggestion that a 

molecular chain works as a set of beads linked by springs. The springs vibrate with 

frequencies that depend upon the stiffness or force constant of the spring, but these 

vibrations are considered to be modified by frictional forces between the chain and the 

surrounding medium. There are various types of vibrations of a molecular chain which 

are normal modes of IR oscillation of a molecular chain and each is characterized by a 

certain frequency at given temperature.  

 These can be calculated using straightforward classical mechanics. There is a 

characteristic relaxation time associated with each of these damped normal modes and 

each of these contributes to the viscoelastic properties. In terms of this model it was 

found that the flow behaviour of polymer melts is dominated by the vibrational mode 

with the longest relaxation time, corresponding to a coordinated movement of the 

molecule as a whole [26]. 

 This theory predicts that the viscosity η should be directly proportional to the 

molecular weight, which is only true to the entanglement limit, as shown in Figure 27 and 

equation 16: 

η = K (DP)w
1.0

 (16) 

 

here K is constant and (DP)w is the degree of polymerization, beyond which the 

viscosity becomes proportional to the molecular weight to the power 3.4, as shown in 

equation 17: 
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η = K (DP)w
3.4

 (17) 

 

 This is because in this model each chain is considered to be moving 

independently and it essentially allows chains to “pass through one another”, so 

entanglements are neglected. 

 

 

 

Figure 27: The de Gennes Model of Reptation; the Chain Moves among the Fixed 

Obstacles with a Snake-like Motions, but cannot Cross any of them 

 

 De Gennes [54] later suggested a different approach. He proposed a “reptation” 

relaxation model where he included the effect of polymolecular entanglement. In this 

model long flexible polymeric chains are deeply overlapping with each other to mutually 

constrain their large-scale motions. Therefore, a polymolecular chain is “trapped” by 

other chains that are considered to act as a set of obstacles, as shown in Figure 27. The 

chain is not allowed to cross these obstacles, but can slither through them with motion 

similar to a snake moving through the grass, hence the name reptation. Here de Gennes 

found that the diffusion coefficient Dk of a chain in the melt should depend inversely on 

the square of the molecular weight M: 

 

Dk ~ f (1 / M
2
)     (18) 

 

which it does. Also de Gennes obtained a relationship between melt viscosity η and 

molecular weight M: 

η ~ f ( M
3
)      (19) 
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which is not quite right, because η ~ f ( M
3.4

) from equation 17. At this time it is still 

not exactly clear whether this is just a minor problem that can be fixed by “tinkering” 

with the model, or if there is a more fundamental difficulty [17, 54]. 

 Therefore for describing dynamic polymeric relaxation of those polymers whose 

molecules on average do not reach certain values of a molecular weight (which is 

necessary for effective polymolecular entanglements) it is possible to use the relaxation 

model known as a Rouse-like constrain release (CR) relaxation. For a polymeric 

relaxation which involves the added effect of polymolecular entanglements the reptation 

model is used [17]. 

 Sawada et al [55] have worked on an experimental proof of some of the 

theoretical model of polymeric relaxation, suggested originally by de Gennes and later 

extended by Edwards, Graessley and other researchers [56]. The experiment was run on a 

series of binary monodispersed blends of linear polyisoprene (PI). Those binary blends 

contained high molecular weight probe component chains of PI with Mn ~ 626,000. 

Those high molecular weight probe component chains were diluted and entangled with 

series of blends of lower molecular weight PI (Mn varied from 14,000 to ~ 329,000) 

matrix chains. The PI/PI blends were exposed to an oscillatory stress of different 

frequencies. The probe exhibited the Rouse-like constrain release relaxation in the matrix 

chains which were much shorter than the probe. CR-dominant relaxation was gradually 

overwhelmed by competing relaxation mechanisms, such as reptation, when the matrix 

molecules moderately increased in their molecular masses.  

 Sawada also run a series quite similar to the PI/PI blends experiments for binary 

blends of linear polystyrene (PS). The blends of PI/PI and PS/PS showed qualitatively 

similar relaxation features, but quantitatively different. The CR-dominance was more 

easily achieved in PI/PI blends than in PS/PS blends. It was suggested that the 

entanglement dynamics are not uniquely determined by the numbers of entanglement 

segments per chain and the relaxation time within this segments, but is affected by 

additional molecular factors such as the local CR gate number. 

Takahashi et al [35] ran quite similar experiments to those which were performed 

earlier by Sawada et al [55] for blends of PI/PI and PS/PS. Takahashi used scarcely cross-

linked gels of monodispersed polydimethylsiloxane (PDMS). PDMS is a particularly 
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useful material for such experiments, because it the only known polymeric material 

which is free from a strain-induced crystallization at room temperature [17]. 

  The results of those series of experiments was that Takahashi and Sawada came 

to a similar suggestion, that constrain release (CR) gates and its number are affected by 

the heterogeneity of polymeric probes, although this hypothesis has not been entirely 

proven yet [55]. 

 

        2.2.2     Relaxation in Polymers 

  For this discussion it may be useful to restate some fundamental principles of 

polymeric behaviour given above in previous sections. First perhaps it is necessary to 

rephrase the meaning of temperature, which is a measure of the mean kinetic energy of a 

molecule. So if heat is added to a material the molecules start to move faster on average. 

Second, in polymer molecules there are energy barriers inhibiting bond rotation, so that at 

low temperatures the atoms largely vibrate around their mean positions, but at higher 

temperatures they might have sufficient energy to rotate over these barriers and adopt 

new conformations. Therefore if there is sufficient thermal energy then it is possible to 

predict that each bond “clicking” between each of these conformations, but on average 

more bonds will be found in the lowest energy conformation (trans) than in higher energy 

arrangements (gauche) at any instant of time. If the energy of each of these states is 

known, then it is possible to use methods of statistical mechanics to calculate the relative 

population of the conformational states. This distribution will change with temperature, 

where more bonds will be found in the higher energy states at higher temperatures rather 

than at lower temperatures. 

 Now consider a hypothetical single chain, isolated in space, in equilibrium at a 

given temperature. There is a certain distribution of trans and gauche states and an 

average distance between the ends of a chain as it flops around over time. Now imagine 

that it were possible to grasp the ends of the molecular chain and apply a stretching force. 

The chain would no longer be at equilibrium, in that a more stretched-out overall chain 

conformation would be now favoured. This, in turn would favour a new distribution of 

trans and gauche local bond conformations. 
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 However, for a molecular chain sitting in a viscous medium that approximates the 

effect of the other chains, then because of frictional forces it would not be able to follow 

the applied load immediately, as it would take time for the bonds to rearrange themselves 

to the new equilibrium population of states. The chain relaxes to this new equilibrium 

state. If rotations around each backbone bond in a polymer chain were totally 

independent of one another, and if in addition it was necessary to consider only the 

transition between two local states such as trans and gauche, then the relaxation process 

could be described in terms of a single relaxation time, which characterizes the time scale 

necessary for the rearrangements to take place [57]. 

 Of course, in a real polymeric material the situation is far more complex. It is only 

an approximation to consider two allowed bond conformational states. Bond rotations are 

not independent of one another but are affected by both short and long range static 

interactions. The polymeric chains are not isolated and those are acted on by simple 

viscous forces, while the effect of entanglements needs to be considered, and so on. 

 Therefore there are various types of complex coupled motions or relaxation 

processes and these are usually referred to as “modes”. Each of these modes will have a 

different characteristic relaxation time or range of times. Even this is a simplification and 

it has been argued by de Gennes [55, 58] that the actual concept of modes might be 

invalid. The various relaxation processes that occur in entangled chains may be so 

complex and coupled that only smooth distribution or spectrum of relaxation times may 

actually exist. 

 Relaxation of a polymer is a strong function of temperature. In low molecular 

weight liquids relaxations are very fast and normally reach about 10
-10

 sec. In a polymeric 

melt (the temperature is much higher than Tg) the relaxation is much slower. In neutron 

scattering experiments to detect the relaxation time for polystyrene samples  

(Mn - 144,000) the result was about five minutes to approach completion. At temperatures 

close to the Tg or below the Tg, relaxation times are obviously much longer [17]. 

 In the glassy state, conformational changes involving coupled bond rotations are 

severely inhibited, although they can occur over very long time periods, and local 

conformational transitions and side chain motions can occur. Nevertheless, for small 

strains and short times the response can be regarded as essentially elastic. 
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 In the region of the glass transition there is now sufficient thermal energy that 

various cooperative motions involving longer chain sequences occur. Frictional forces are 

such that motions are sluggish, however, and retarded or inelastic responses are observed. 

In dynamic mechanical experiments there is severe mismatch between the imposed 

frequency of oscillation and the time scale of the relaxation process. Frictional losses then 

rise to a maximum. 

 As temperature is raised the time scale of conformational relaxation processes 

becomes shorter. In other words the chains can adjust their shape to an imposed 

deformation in the material as a whole more rapidly. The time scale for disentanglement 

of the chains is longer than the time scale for these conformational adjustments, however, 

so in this region the entanglements act something like cross-links. The chain can stretch 

out between the entanglement points and a rubbery plateau is observed in the appropriate 

experiments. Finally, as the temperature is increased still further, the time necessary for 

disentanglement decreases, chains diffusion becomes faster than the measurement time of 

the experiment and the material enters to a terminal flow [59, 60]. 

Similar results are obtained if the stress relaxation time is made variable and the 

temperature is held constant. A schematic representation of the modulus versus time is 

shown in the right-hand part of Figure 28. 

 At short time periods (how short depends on the nature of the polymer, for 

example rubber or glassy polymer, at the temperature of the experiment) the measured 

stress relaxation modulus is high, characteristic of the glassy state and the polymer is 

characterized by the modulus, usually larger than 10
9
  Pa. As time goes on, the stress 

required to maintain the given strain starts to decrease sharply until it reaches the rubbery 

plateau. 

For a glassy polymeric sample which is below its Tg at the temperature of the 

experiment, the time required for the stress to relax to the point that is considered to be 

rubbery could be exceptionally long and could reach an order of hundreds of years [17, 

56]. 
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Figure 28: Schematic Diagram of log of Relaxation Modulus vs Temperature (left) and 

Relaxation Modulus vs log of Time (right) for a Hypothetical Amorphous Polymer 

 

Perhaps one of the most useful methods for determining viscoelastic behaviour is 

the measurement of dynamic mechanical properties. In this type of experiment an 

oscillatory stress is applied to the sample. The frequency of the oscillation can be varied 

over an enormous range. If the sample happens to be perfectly elastic and if the applied 

stress varies sinusoidally, then the strain γ would be completely in-phase with the applied 

stress and would vary as: 

 

γ = γ0 sin (ω t) (20) 

 

where ω is the angular frequency of the applied stress, t is the time and γ0 is the original 

strain. If we are to consider experiments involving shear stresses and strains and small 

amplitudes of vibration then it possible to write Hooke’s law as: 

 

τ (t) = G γ0 sin (ω t) (21) 

 

where the symbol τ (t)  indicates that the applied shear stress varies with time. 

 For a Newtonian viscous liquid with viscosity η, the resulting strain γ will be 

exactly 90° out-of-phase with the stress, because: 

 

τ (t) = η γ (τ ) = η d/dt [γ0 sin (ω t)]     (22) 
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 It follows that for a viscoelastic material the response expected to be characterized 

by a phase angle somewhere between 0° and 90° should be related to the dissipation of 

energy (viscous type response) relative to its storage (elastic type response). If a 

sinusoidal stress is applied to a viscoelastic material such as a polymer it should be 

expected for the resulting measured strain to lag behind by some degree, which is 

possible to define in terms of phase angle δ, so it is possible to express the stress in terms 

of an in-phase component and an out-of-phase component with respect to the strain. The 

relationship between stress and strain can now be defined in terms of these in-phase and 

out-of-phase components by: 

 

τ (t) = γ0 [G’ (ω) sin (ω t) + G” (ω) cos (ω t)]          (23) 

where: 

G’ (ω) = τ0 / γ0 cos δ (24) 

and: 

G” (ω) = τ0 / γ0 sin δ (25) 

 

 The in-phase component, G’ (ω) is called the storage modulus, while the out-of-

phase component, G” (ω) is called the loss modulus: 

 

tan δ = G” (ω) / G’ (ω)     (26) 

 

A schematic representation of the dependence of G” (ω), G’ (ω) and tan δ upon 

the frequency of oscillation ω is shown in Figure 29 for an amorphous polymer. This is 

an idealized representation and real data can often appear more complex. Nevertheless, 

the key features correspond to those observed for all amorphous polymers. At a constant 

temperature, firstly, at low frequencies the storage modulus G’ (ω) is characteristic of 

that found in rubbers. As the frequency increases this modulus increases several orders of 

magnitude and levels out at a value of the modulus characteristic of the glassy state. At 



 40 

room temperature both a glassy polymer and a rubber would give this type of curve, and 

these curves would be shifted along the frequency axis to one another. 

 

 

 

Figure 29: Schematic Diagram of log of the Frequency Dependence of 

log of the Modules G’, G” and their Ratio tan δ 

 

 It can also be seen that the loss modulus G” (ω) starts at low values and also 

increases with frequency, while tan δ goes  through a maximum and displays a peak in 

the range where G’ (ω)  is changing its value from one characteristic of rubber to one 

characteristic of the glassy state [54, 57]. 

 Clearly tan δ is showing a maximum at a position that is characteristic of a Tg. If 

a sample was subjected to an oscillatory stress at a specific frequency and the 

temperatures were allowed to vary, then a typical result would be shown as in Figure 30 

[59]. 

 

 
 

Figure 30: Schematic Diagram of the Temperature Dependence of log of 

the Modules G’, G” and tan δ for an Amorphous Polymer 
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 So far relaxation in a purely amorphous polymer has been discussed and one 

would expect similar relaxation processes to occur in the amorphous domains of semi-

crystalline polymers, but here motion is suppressed and constrained by crystallites. The 

viscoelastic behaviour of semicrystalline polymers is far more complex, because of the 

superposition of behaviour of the crystalline and amorphous domains. In some polymers, 

where the degree of crystallinity is not too high, transitions characteristic of amorphous 

state can be observed superimposed upon those due to the crystalline domains. This 

superposition is not necessarily linear (as mentioned in section 2.1.5), however, and 

coupling of responses can occur, particularly as the degree of crystallinity of a sample is 

increased and the amorphous regions become constrained by the crystalline domains. 

Because of these factors the behaviour of semicrystalline polymers is much less uniform 

than those that are purely amorphous, displaying individual idiosyncrasies that often have 

to be described separately. There is one generalization that it is possible to make, 

however, and that concerns the large change in the modulus that is observed at the 

crystalline melting point Tm. 

 

 

 

Figure 31: Temperature Dependence Schematic Diagram of log of the Storage Modulus 

(top) and tan δ (bottom) of High Density Polyethylene (HDPE) and Low Density 

Polyethylene (LDPE) 

 

 Figure 31 displays schematically the type of storage modulus and tan δ versus 

temperature behaviour for high and low density polyethylene polymers, which are highly 

crystalline polymers [17]. There are small regions of amorphous material that are 
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constrained by hard crystalline domains, so at low temperatures both samples display a 

high modulus. As discussed in the previous sections, melting of smaller and less perfect 

crystals can occur at temperatures below the melting of the bulk of the crystalline 

domains, so the modulus decreases somewhat as the temperature is raised, but the largest 

change in modulus occurs at what is define as Tm. At this temperature the polymer 

becomes entirely amorphous and subsequently displays a rubbery plateau. 

 More advanced contemporary mathematical models have been developed, for 

example that proposed by Gotlib et al [61, 62] for IPN of two scarcely cross-linked 

networks. A possible spectrum of relaxation process in IPN is inevitably much more 

complicated and diverse than for a network of monodispersed linear polymeric chains 

which are taking a Gaussian conformation (where the distance from end-to-end of a 

polymolecule is equal on average to a square-mean of the full molecular length, as 

discussed in section 2.1.5). Also in his model Gotlib suggested that when one polymeric 

network is formed on the top of the existing cross-linked polymeric network, 

polymolecules of the second network would be effectively prevented from taking 

Gaussian confirmations and would stay further stretched. This and some other factors, 

such as the number, bulkiness and distance between junctions in both polymeric 

networks, may affect the dynamics of entanglements during relaxation. In his model for 

IPN, consisting of two homogenous networks with junctions of both networks of 

functionality equal to six, Gotlib suggested that the relaxation for a couple of different 

junctions would give a spectrum of relaxation time. But the spectrum of relaxation times 

would still exhibit some quite narrow possible time limits. 

 

2.2.3     Some Other Contemporary Theoretical and Experimental Models of 

Polymeric Viscoelasticity of Interest of this Project 

 During a flow of melts of polymolecular materials, shear thinning is generally 

observed. Shear thickening phenomena are rarer and often just observed in cases of flow 

of melts of polymers which tend to stress-induced crystallization, such as polyethylene. 

In some cases polymeric melts which exhibit strong hydrogen bond formation, for 

example PDMS based Silly Putty, tend to form an associated gel-network during flow. 

Such telechelic associated polymers are able to increase their viscosity during a 



 43 

deformational flow. But if the speed of flow of a polymeric melt exceeds certain values, 

the viscosity of polymeric melt can only decrease further - and during very fast flow all 

known polymeric materials tend only to shear thinning [63]. 

 Indei [64] studied shear thickening phenomena on examples of telechelic 

associating polymers on the basis of the transient network theory. He investigated how a 

nonlinearity of the tension along the middle chains affects the stationary shear viscosity 

of the network under different conditions (i.e., when a dissociation rate of the end chains 

from the network junctions was coupled to the middle-chain tension) and also when a 

generation rate of the chain-in-loop conformation was enhanced by middle-chain tension. 

 On the basis of the transient network theory Indei introduced nonlinear models for 

the elongational properties of the middle chain with the (unitless) tension along the 

middle chain ч (ř): 

 

ч (ř) = 3 ř [ 1 + (2A / 3)  ř
2
 / (1- ř

2
)]        (27) 

 

where ř = r / L and represent the reduced end-to-end length of the chain (r is the length 

and the L is the contour length, as it was mentioned previously), and A represents the 

nonlinearity strength of the tension. He also introduced the breakage rate of the bridge 

chain β (r) (i.e., the elastically active chain that sustains the stress of the network), which 

is given as follow: 

β (r) = β0 [1 + g (ч (ř))
2
]        (28) 

 

where g represents the coupling intensity between the breakage rate and the middle-chain 

tension, and β0 represents the dissociation rate of the end chains resulting from their own 

thermal agitation. Equation 28 shows that the higher the tension in the active chain, the 

higher the probability that the end chains will dissociate from the network. 

 Telechelic polymers are able to take a closed-loop conformation, when their two 

ends connect to form flower-like micelles, as shown in Figure 32.  For simplicity, pL is 

the generation rate of the loop chains (where p is the transition rate from the dangling 

chain to the active chain and pL0 is a constant which represents the original generation 
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rate of the loop chains) were assumed in this model by Indei to be constant. Also he 

assumed that the strong nonlinearity of the tension in the active chain, caused by a large 

value of A, leads to shear thickening, if the dissociation rate is weakly coupled to the 

tension. However, if A exceeds a certain value, the active chains break before sufficient 

elongation occurs to cause thickening. This is because the nonlinear term of the tension is 

strongly coupled to the dissociation rate even for a small g value. Therefore, only 

thinning occurs in this case. 

 

 

Figure 32: Three States of the Chain. Ends Chains Associated with Junctions are Shown 

in Black. The Transition Rates between the Different Chains States are Shown beside 

each Arrow 

 

 A chain having a large value of A tends to shrink due to the strong tension along 

the middle chain. Since the end-to-end distance is narrow, there is a high probability that 

such a chain might take a loop conformation. A high generation rate of the loop chain 

diminishes the population of the active chains in the networks and therefore affects the 

viscoelastic properties of system (i.e., a high generation rate of the loop chain caused by a 

high value of A) and influences the necessary conditions for thickening and the viscosity 

profile of the telechelic polymer networks on the basis of the transient network theory. 

 Indei in his theoretical model considered polymeric networks comprised of n 

(where n is the number of chains involved) primary chains carrying short “sticky” chains 

at both their ends, where the primary chains are monodispersed and each primary chain is 

comprised of N statistical segments. The molecular weight of a primary chain is assumed 

to be lower than the entanglement molecular weight, so that the reptation dynamics of the 

chains are not dominant. Further, he assumed that the specific time of deformation 

applied to the system is much longer that the single-chain Rouse relaxation time. 
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 The primary chains in the network were categorized into three types according to 

the manner in which their end chains are connected to the network junctions: active 

chains, dangling chains and loop chains, as shown in Figure 32. The active chains bridge 

two distinct junctions in the network. They are components of the network backbone and 

hence sustain the stress stored in the network. Indei assumed the affine deformation for 

active chains. If one end of the active chain is disconnected from the junction, it becomes 

a dangling chain with only one end connected to the junction. The probability of the 

occurrence of this event per unit time Ф0 (i.e., dissociation rate) is give by equation 28. 

The dangling chains are practically always in the equilibrium state despite the 

deformation applied to the system. The probability distribution function for a dangling 

chain with end-to-end vector r = (x, y, z) is expressed as: 

 

Ф0 = C exp [ -1/ kB T ∫ dr f (r)] = C (1- ř
2
)

NA
 exp [ - (3 / 2 – A) N ř

2
]       (29) 

 

where r = ( x
2
 + y

2
 + z

2
)

½
  represents the end-to-end chain length; and 

 f (r) = (kB T / a) ч (ř) represents the tension along the middle chain (a = l / N is the 

length of the statistical segment and ч (ř) is given by equation 27); kB the Boltzmann 

constant; T the temperature. The normalization constant C is given by: 

 

C = ( 4π ∫ dr r
2
 (1- ř

2
)

NA
 exp [ - (3 / 2 – A) N ř

2
])

-1
      (30) 

 

The loop is formed by incorporating both ends of the chains into the same junction, and it 

is created from a dangling chain if an unbound end of the dangling chain is connected to 

the other end. It was assumed that the probability of the occurrence of this event per unit 

time (loop generation rate pL) is given by: 

 

pL = pL0 a
3
 Ф0 (0)     (31) 

 

where pL0 is a constant, and a
3
 Ф0 (0) represents the probability of an unbound end of 

the dangling chain being inside the volume a
3
 around the other end. Figure 33 shows the 

loop generation rate expressed by equation 31 as a function of the nonlinearity amplitude 
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A of the middle-chain tension with N varying from curve to curve. The loop generation 

rate pL increases with A, because the dangling chain with a high A tends to have a short 

end-to-end length and hence a large value of Ф0 (0) due to the high tension along the 

backbone. It was also observed that that the magnitude of pL decreases as N increases, 

because the longer the chain, the lower the probability that the chain will form a loop. 

 

 

 

Figure 33: Log of the Loop Generation Rate Plotted vs log of the Nonlinearity Amplitude 

of the Middle-chain Tension for Several Molecular Weights 

 

 For simplicity, isolated chains were ignored because they contribute only 

indirectly to the viscoelastic properties of the system. Then, the total number density n of 

the chain can be expressed as: 

 

n = ν
A
(t) +  ν

D
(t)  +  ν

L
(t)         (32) 

 

where ν
A
(t), ν

D
(t) and ν

L
(t) represent the number density of the active chains, dangling 

chains and loop chains at time t, respectively. 

 Now let Ƒ(r, t) dr be the number density of active chains having an end-to-end 

vector r ~ r + dr at time. The time development equation for Ƒ(r ,t) dr, ν
D
(t) and 

ν 
L
(t) are given follows: 

dƑ(r,t) / dt + ∆ (k(t) r Ƒ (r,t)) = - β Ƒ(r,t) + p ν
D
(t) Ф0 (r)       (33) 
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dν 
D
(t) / dt = - p ν

D
(t) + ∫ dr β Ƒ (r,t) - pL ν

D
(t) + βL ν 

L
(t)        (34) 

dν
L
(t) / dt = - βL ν

L
(t) +  pL ν

D
(t)          (35) 

 

where k(t) is the velocity gradient tensor applied to the system, kxy(t) = γ (where γ is 

the strain) and the other components are 0 for a steady flow along the x-axis (the 

direction of the velocity in this model is along y-axis); p is the transition rate from the 

dangling chain to the active chain and βL is the transition rate from the loop chain to the 

dangling chain, as shown in Figure 32. 

 So, if for a very limited time p and βL are assumed constant, a momentum shear 

stress τxy at time t + dt is expressed: 

 

τxy = ∫ dr xy / r f(r) Ƒ(r, t) = ν
A
 kB T/a f(γ) [(xy / r) (ч (ř)) ]        (36) 

 

Then the shear viscosity is: 

η = τxy / γ   (37) 

 

 

 

 

Figure 34: The Nonlinear Stationary Viscosity Plotted vs log of the Shear Rate, the 

Nonlinear Amplitude of the Middle-chain Tension Varies from Curve to Curve 
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 Figure 34 shows the (unitless) nonlinear stationary viscosity as a function of the 

(unitless) shear rate with the nonlinearity strength A varying from curve to curve for  

pL0 = 1000 βL.  

 When A is close to zero as shown by line a, only thinning occurs; however, peaks 

appear in the viscosity curves for a higher value of A (lines b, c, d and very limited peak 

for line e). Thus, the transition from thinning to thickening occurs with an increase in A, 

indicating that the cause of thickening is the nonlinear strong tension in the middle chain. 

But also the number of active chains ν
A

 decreases linearly with an increase in A, because 

more dangling chains tend to become loop chains rather than active chains. Therefore, the 

line e shows almost shear thinning alone. 

 In other words, shear thickening can occur if the nonlinearity strength A 

overcomes the coupling intensity, when dangling chains prefer to become loop chains 

rather than active chains and hence the population of active chains is small for a large 

value of A. Hence, the thickening conditions are mainly determined by the coupling 

intensity between the tension and the dissociation rate of the end chains for a given 

nonlinearity strength. 

 Indei et al [64] ran an experiment where they measured the dynamic viscosity of 

an aqueous solution of telechelic polyethylene oxide (PEO Mn~10,000) and an aqueous 

solution containing a comparable number of repeated units of a telechelic oligomer  

N-isopropylacrylamide. In this experiment PEO exhibited strong shear thickening, when 

N-isopropylacrylamide (which has very polar amide groups in the chain) showed only 

shear thinning. 

 Sunarso et al [65] investigated a complex rheology of associative polymers on an 

example of an aqueous solution of urethane containing hydrophobic ethoxy groups in the 

molecular chain. In their numerical simulation model Sunarso et al [65] tried to simplify 

the existing mathematical model of transient networks where molecules are represented 

by a network of beads and spring chains, because a simulation of the original model is 

computationaly very intensive even for a quite simple calculation of rheological 

properties. Therefore, they replaced, for example, the different populations of active 

chains given in the original model (i.e., active chains, dangling chains and loop chains) 
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by a simplified model containing just two sets of populations, active chains and dangling 

chains, where the sizes of both sets of populations and the constant rate of association and 

dissociation is a function of velocity of the flow. 

 The suggested model quite successfully predicted a steady shear viscosity 

characterized by a Newtonian plateau at low shear rates, followed by shear thickening at 

moderate shear rates, and shear thinning at high shear rates. The model showed quite 

remarkable agreement with experimental data, but also the model had some qualitative 

disagreement with the data obtained in the experiment in the area of the curves where 

shear thickening of moderate rates is changing to a shear thinning of the high rates. 

 Because the goal of this project is in a developing an IPN or a block copolymer 

with a specific viscoelasticity, another area of a great interest for this work are models 

which predict a possible viscoelasticity of a heterogeneous polymeric system. 

 The models given above in this section describe viscoelastic behaviour of 

homogenous entanglements-free polymeric materials. In the case of a sample of a 

polymeric material which consists of longer than average molecules, which are 

sufficiently long to form entanglements and tend to a reptation relaxation, viscoelastic 

behaviour of such a polymeric sample may be significantly different. This is particularly 

true if a sample of polymeric material is not homogenous. For example, the introduction 

of a small quantity of solvent into a physically entangled polymeric matrix will lead to a 

swelling of the polymer chains and hence an increase in the number of chain-chain 

interactions. Therefore, viscoelastic behaviour will differ with a greater probability of 

polymer-polymer contacts and reflects the growth rather than depletion of interactions. 

When there is a further increase in the amount of solvent this leads to a decrease in the 

observed viscosity with there being a reduction in the number of chain-chain contacts 

[66]. 

  In the case when a polymeric matrix interacts with a material containing longer 

molecules than a solvent a possible viscoelastic relaxation will differ more strongly than 

in the case of interaction with relatively short molecules of a solvent. (As it was shown 

earlier, the majority of polymeric materials are immiscible with other blends of 

polymers.) 
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 In the case of a polymeric blend of two immiscible Newtonian polymeric liquids, 

the resulting polymeric blend will exhibit a non-Newtonian viscoelasticity. 

 In a blend of two polymeric liquids, molecules of one of the polymers will be in 

the form of droplets of a different size in a matrix of another polymer. In the case of a 

deformation (a flow) of such material, molecules of the polymeric matrix will be unable 

to obtain a new position freely because of obstacles caused by the droplets. Chains of 

polymolecules of the polymeric matrix will be unable to pass through the droplets 

dispersed in the polymeric matrix, as shown in Figure 35. On the other hand during a 

deformational flow of such material, the droplets will be constantly exposed to a shear 

stress caused by frictional forces at the interface. And it was shown experimentally that a 

distribution of populations of sizes of the droplets will change during a deformation 

towards an increase in the population of smaller droplets and a significant decrease in the 

population of larger droplets. 

 

 

Figure 35: Schematic Representation of Blend of Two Immiscible Polymeric Liquids 

 

  During a deformation the average size of droplets will became smaller, so the 

average size of obstacles will be smaller. The chains of the polymeric matrix will be able 

to obtain a new position faster and hence, the effective viscosity of the polymeric blend 

will be lower during a deformation. When the blend is left for a sufficiently long 

relaxation time the droplet will gradually obtain their original sizes [67]. 

 Okamoto et al [68] studied this model using experimental data of a blend of 

polyisobutylene and polydimethylsiloxane while Takahashi et al [69] used copolymers of 

immiscible blocks, polystyrene-block-polyisoprene-block-polystyrene and polystyrene-

block-polyisoprene-block-poly (2-vinylpyridine). Both groups of researchers obtained 
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quite similar results in that the viscosity of samples decreased during a first shear stress, 

when the viscosity of pre-sheared sample was closer to the viscosity of Newtonian liquid.  

 Some qualitative disagreement was found in both models between the theoretical 

prediction and the experimental data which may be caused by some additional factors 

involved, such as interactions between adjacent droplets. 

 Xu et al [70] studied viscoelastic behaviour of hydroxyl-terminated 

polydimethylsiloxane (PDMS) filled with calcium carbonate (CaCO3), with diameter of 

particles about 50 nm.  

 In contrast to the system of colloidal droplets presented earlier, the particles of 

calcium carbonate did not change their geometry during deformational stress. Some shear 

thickening was obtained during low frequency oscillating stress deformations, whilst 

during a high frequency stress a shear thinning was observed. 

 The initial shear thickening area may be explained by the fact that during 

deformation, polymolecular chains of PDMS were forced to obtain a new position but 

also to avoid the obstacles (particles of calcium carbonate filler). Therefore, in the areas 

between the filler particles, the polymolecular chains were somewhat compressed 

together which caused an increase in the number of entanglements and in strain-induced 

crystallization. Also it is believed that particles of the filler are able to create some sort of 

a gel-matrix due to entanglements between adjacent calcium carbonate particles.  

Shear thinning during a high frequency stress can be explained by the fact that the 

gel-matrix of calcium carbonate particles effectively disappeared when the particles were 

covered by substantial number of PDMS polymolecules (chains of PDMS were forced to 

change their initial geometry due to the stress). Hence the stress-relaxation was 

dominated further by a flow of a polymolecular matrix of PDMS and the particles of 

calcium carbonate did not play such a significant role as that during low frequency 

deformation. 

 See et al [71] came to a similar conclusion as Xu et al [70] when they studied a 

response under step changes in the magnetic flux density of a magneto-rheological 

suspension consisting of carbonyl iron particles in silicone oil, where the sample was 

subjected to a constant stress. It was found that the magnetic suspension showed 

significant changes in shear rate under a strong magnetic field in comparison to the shear 
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rate without the field, just when a fraction of the magnetic particles was higher than 30 % 

of the volume of the suspension. The change of shear rate under a constant magnetic field 

was increased just for a short period and then reduced to the original value. 

 The result is in agreement with a suggestion of Xu et al [70] that on the first step 

of the stress caused by magnetic particles a gel-matrix of the dispersed particles appeared 

which is soon replaced by a flowing matrix of polychain siloxane.  
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2.3    Review of Possible Chemistry behind the 

Polymerization Process of the Developing Polymer 

 

 The polydimethylsiloxane (PDMS) based polymer poly-(boron)n-

poly(dimethylsiloxane)m [where m ≈ 15 n] is known as a shear thickening polymeric 

material at room temperature during low intensity deformation. So far in this research 

polyboron-PDMS (commonly known as a “Bouncy” or “Silly Putty” [72]) oligomeric 

material has been considered as a main polymeric candidate for further polymerization or 

copolymerization to form a foam or an elastomer suitable for the final application as a 

protective material. 

 Due to a significantly higher than average cost of an elastomeric material, 

possible insufficient tear resistance and also some technological difficulties in the 

production of a rubber based on a pure polyboron-PDMS, it was decided that the best 

possible application may be by introducing polyboron-PDMS into a kind of a block 

copolymer where polyboron-PDMS would be able to exhibit high shear thickening and 

the final material be able to obtain an acceptable level of tear resistance. 

 

      2.3.1     Chemistry of Siloxanes 

 PDMS has the most flexible bond of the main polymeric chain amongst all known 

polymers. As pointed out earlier in this work, a polymeric chain of PDMS at room 

temperature is able almost momentarily to obtain a position of minimum energy. Usually 

oligomers of PDMS tend to form cycles. However, when in polymolecules the 

probability of obtaining a ring form is always lower and polymolecules of PDMS take a 

coil form, where the end-to-end distance can be characterized statistically as the square 

root of the molecular length [20].  

 The main polymeric bond of a siloxane polymer consists of a continuous line of 

silicon-oxygen bonds (368 kJ/mol and 1.64 Å), as shown in Figure 36 [23]. 

 Siloxane polymers are chemically very stable polymers and are normally able to 

withstand a temperature of 200 °C without breaking the silicon-oxygen bond even though 

the bond is quite long and polar (60 % polarity of the silicon-oxygen bond). The 

explanation lies in the fact that a flexible polymeric chain normally obtains a coil position 
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where the silicon-oxygen chain is effectively hidden, by the attachment to the main chain, 

from the methyl groups outside. 

 

 

 

Figure 36: Chain of Siloxane 

 

 Normally PDMS is immiscible with water and strongly tends to a phase 

separation which is energetically much more efficient. But when a small amount of 

PDMS forms a film on the water surface, it tends to lie by exposing its polar silicon-

oxygen bond towards the water molecules. In such a case the PDMS chain is very 

vulnerable to a cationic or anionic attack on its polar silicon-oxygen bond. In fact a 

PDMS chain in the presence of water is vulnerable at reasonably mild acidic conditions 

of pH 4 or basic conditions of pH 9. In the absence of water molecules PDMS is normally 

able to withstand quite harsh conditions of pH lower than pH 3 or higher than pH 11. 

Water vapour with acidic or basic traces is particularly effective in breaking the silicon-

oxygen bond of siloxanes [20]. 

 The main starting monomer for the polymerization of a PDMS chain is 

dichlorodimethylsilane, as shown in Figure 37. 

 

 

 

Figure 37: Siloxane Monomers, Chlorotrimethylsilane,  

Dichlorodimethylsilane and Methyltrichlorosilane 

 



 55 

 A polycondensation reaction between dimethyldichlorosilane Si(CH3)2Cl2 and 

water (H2O) is fairly fast and exothermic. The relevant final product of the reaction is 

PDMS, as shown Figure 36. 

 

n [Si(CH3)2Cl2] + n [H2O] → [Si(CH3)2O]n + 2n HCl (37) 

 

In reality this is the result of two condensation reactions: the first is a fairly fast reaction: 

 

ClSi(CH3)2Cl + H2O → ClSi(CH3)2OH + HCl (38) 

 

The second is a slow polycondensation reaction: 

 

 RSi(CH3)2OH + R
1
Si(CH3)2OH → RSi(CH3)2O Si(CH3)2R

1
 + H2O  (39) 

 

 This polycondensation reaction results in just about half of the silane producing 

the linear form of the polymer (as shown earlier, short siloxane molecules tend to form 

rings). Without additional solvent, about half of the silane is a cyclic silane, as shown in 

Figure 38, where half of the formed short cyclic siloxanes are octamethyltetrasilane and 

the rest is a mix of five, six, seven, eight or more atoms of silicon members rings (where 

lower numbers are predominant). If the polycondensation reaction is run in a non-polar 

solvent, particularly in dimethylether, about 80 % of the resulting product is cyclic. 

Instead, when the reaction is run in an excess of water, it may reach a much higher 

proportion of the straight polymer form. 

 In industry polymers with monodispersed molecular weight are normally made 

from separating cyclic silanes by careful evaporation and following with a further ring-

opening reaction. The ring-opening reaction is usually carried out in a small amount of 

base or acid catalyst and/or at elevated temperatures of 160-220 °C. A high concentration 

of a strong base or acid leads to predominantly cyclic compounds, however, a lower 

concentration gives a higher amount of straight molecular chain polymers. Boric acid is 

one of the Lewis acids used in a chain opening reaction, the result being a polyboron-

PDMS [73]. 
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Figure 38: The Cyclic Polysiloxane, Molecule of Decamethylcyclopentasiloxane 

 

 In order to stop the growth of the polymeric chain for monodispersed weight 

polymers or to increase the chemical stability of the resulting polymer (for example, 

silicone oil for high temperature baths or lubricants for a jet engine, etc), one-side 

reactive chlorotrimethylsilane is often added to the polymerization bath. 

 In order to obtain a cross-linked resin, three-side reactive methyltrichlorosilane or 

four-side reactive tetrachlorosilane are often used [20]. 

 The use of other halo-silanes instead of chloro-silanes is normally limited to a 

specific synthesis, such as the formulation of tetraorgano-silane (for example, it is 

impossible to obtain tetraorgano-silane by Grignard reaction of tetrachlorosilane), 

because of their much higher price. 

Monomers of halosilanes are used as starting materials for the synthesis of PDMS 

other siloxanes. For example, polydiphenylsilane (PDPS) is synthesised from 

dichlorodiphenylsilane, as shown in Figure 39 [71]. 

 

 

 

Figure 39: Dichlorodiphenylsilane 

 

 A block copolymer of PDPS and PDMS is able to form a thermoplastic siloxane 

elastomer. A copolymer of polymethylphenylsilane (PMPS) and PDMS is also used in 

the synthesis of new synthetic lubricants. As a pure linear oligomeric PDMS is almost a 

Newtonian liquid. With the addition of PMPS or PDPS to the polymeric chain the 
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resulting polymer is slightly shear thickened. This can be used to improve adhesion to 

heavy duty parts of engines during the compression of the polymeric lubricant between 

moving parts. 

 Simultaneous polymerization can be achieved in one bath (in order to obtain a 

random copolymer) by reacting together dichlorodimethylsilane and other monomers of 

organohalosilanes. All monomers of organohalosilanes, (for example 

dichlorodiphenylsilane) with a group larger than the methyl group attached to the silicon 

atom, will have higher reactivity. Therefore, during simultaneous polymerization in one 

bath of dichlorodimethylsilane and dichlorodiphenylsilane, dichlorodiphenylsilane will 

tend to react first, and will also form blocks of polymer first and dichlorodimethylsilane 

will follow. The resulting copolymer may not be absolutely random, as 

dichlorodiphenylsilane would have been able to form quite substantial blocks before 

dichlorodimethylsilane would be introduced to the polymerization [20]. 

 In general, the rule for the reactivity of organohalosilanes is as follows: the 

stronger electron the withdrawing group (i.e., the reactivity is promoted by the decrease 

of electron density at the silicon atom) that is introduced into the organohalosilane (i.e., 

directly attached to the silicon atom), the stronger the reactivity of the monomer of that 

organohalosilane. Therefore, dihalo-ethylmethylsilane will be more reactive than dihalo-

dimethylsilane, while dichlorodiphenylsilane will be more reactive than 

dichloromethylphenylsilane, etc [73]. (In the case of the difference in the reactivity of 

different vinyls, the rule of the reactivity is quite similar to the organohalosilanes. Hence, 

the stronger the electron withdrawing group attached to the monomer, the more reactive 

the resulting vinyl monomer. For example, vinylidene-acetate or styrene-vinyls react 

much more readily than propylene-vinyl, etc [23].) 

 The chemical stability of a bond between carbon and silicon of a polymeric chain 

of organosiloxane may significantly differ with different kinds of groups attached to the 

silicon. The methyl group attached to the silicon in polyorganosiloxane (about 

290 kJ/mol
 
and 1.89 Å) will be even more chemically stable than the methyl group 

attached to a carbon in polypropylene (about 373 kJ/mol
 
and 1.54 Å), and a silicon-ethyl 

bond in the ethyl group attached to a siloxane chain will be much more reactive [20, 23]. 
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 The long and polar bond between the carbon of the ethyl group and silicon is 

quite open and can be cleaved quite readily by the SN2 mechanism by either nucleophilic 

attack on the silicon, or electrophilic attack on the carbon, where nucleophilic attack on 

the silicon by a strong anion is particularly effective, as shown in Figure 40 [23, 74]. 

 

 

 

Figure 40: Mechanism of Nucleophilic Attack on a Silicon Atom 

 of a Siloxane Chain 

 

 In general, the more electronegative the α-carbon atom (directly attached to the 

silicon on the polychain), the lower the stability of such a bond. Therefore, if a strongly 

electron withdrawing group is present (for example amine or hydroxyl) and is close 

enough to the α-carbon, such a bond may be quite readily cleaved [75, 76]. 

 In addition, the reactivity of hydrogen atoms attached to the α-carbon, as shown in 

Figure 40, will differ strongly with an attachment to the group. For example, if on the  

β-carbon of this group one of the hydrogens is substituted with an electron withdrawing 

group such as chlorine or hydroxyl, the reactivity of the α-carbon will be much higher 

and substitution of a hydrogen will be easy available by the SN2 mechanism. But because 

of the extremely high reactivity of the resulting bond between the α-carbon and silicon of 

a polychain such syntheses have not found any practical use in polymeric siloxanes. As a 

result any organofunctional attachment to the silicon should have an aliphatic bridge of at 

least three carbon atoms in a row between the silicon and a strongly electron withdrawing 

group to be stable enough for practical use in a polymer. Any organofunctional group, 

such as a double carbon-carbon bond, can be attached to the silicon, however it should be 

no closer than to γ-carbon atom [20, 71]. 
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       2.3.2    Possible Alternatively Polycondensation Reaction of PDMS 

 During the polycondensation reaction of an organochlorosilane with water, 

hydrochloric acid is a byproduct of the reaction. In some cases it is preferable to avoid 

the formation of corrosive hydrochloric acid. Alternatively, for polymer extension, it is 

possible to use reactive α, ω hydroxyl groups attached to a silicon atom of an 

organosiloxane molecular chain. Siloxane-hydroxyl groups are quite reactive and readily 

perform polycondensation reactions giving a silicon-oxygen-siloxane bond and a water 

molecule. This occurs even in the presence of very small traces of cations or anions (for 

example the polycondensation reaction of PDMS between MeSi(CH3)2OH and 

MeSi(CH3)2OH which occurs readily in the presence of hydrochloric acid as a catalyst) 

[20]. 

 Siloxane methoxys RSiOMe (or sometimes ethoxys RSiOEt, etc) are much 

more stable than hydroxyl-ended siloxanes because of the required presence of water for 

the reaction to occur. Siloxane-methoxys are the most stable, and the longer the alkoxy 

group, the more reactive is the alkoxy-siloxane. 

 

RSiOMe + H2O → RSiOH → RSiOSiR (40) 

 

Therefore, it is much easier to store and/or to mix in a blend of these polymers 

than hydroxyl-ended-siloxanes. The polymerization conditions are mild; the reaction 

requires water (moisture from air) and often some catalyst (either cationic or anionic), 

and/or elevated temperature to start [71]. 

 In recent years it has been increasingly popular to use this mild reaction of 

hydrating the alkoxy-silanes moiety for copolymerization or polymer prolongation of 

modified organic polymers, where another possible reaction may be considered 

technically less desirable. Other reactions are less desirable for reasons such as the need 

for high temperatures or that the byproduct of the reaction (or the required catalyst, etc) 

could be too corrosive and hence may cause decomposition of polymer. One of the 

commercial applications was SIOPLAS technology which involves the grafting of 

triethoxy-silane functionality onto linear polyethylene. The resulting modified 

polyethylene undergoes cross-linking on exposure to moisture which increases its 
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operating temperatures and allows its use in hot water piping and superior cable 

insulation applications which are outside the range of unmodified linear polyethylene [20, 

77]. 

 Thus, in general, incorporation of siloxane condensation cross-linking into 

organic thermoplastic polymers will increase the operational range of these materials. A 

similar approach has been employed by a Japanese corporation to develop a range of 

curable polypropylene oxide polymers by incorporating a trifunctional alkoxy-silane 

moiety into the polypropylene oxide polymers by hydrosilylation. α, ω allyloxy 

polypropylene oxides and hydridosilane functional alkoxy-silanes or siloxanes were 

reacted to produce a functional polypropylene oxide polymer which cross-linked on 

exposure to moisture. These materials have been formulated into very satisfactory room 

temperature curing sealants [78].  

 In the case of reaction of alkoxy-silanes with chlorosilane the resulting byproduct 

of siloxane polycondensation reaction is non-corrosive chloromethane or chloroethane, 

which are quite easily vaporizable from the polymer and can be recycled [20, 71]. 

 

       2.3.3     Introduction of Cross-links into Polysiloxanes 

 In order to obtain a polymeric siloxane matrix from a mixture of linear 

polysilanes some cross-links are introduced. It is possible to introduce some monomers 

with functionality higher than two, such as methyltrichlorosilane or tetrachlorosilane, in a 

stage polycondensation reaction of organohalosilanes.  

 In some applications it is more convenient to first obtain a linear oligomeric 

mixture which is further able to react by exposure to atmospheric moisture to form a 

cross-linked product. In such a linear oligomeric mixture (usually with α, ω reactive 

allyloxy ends) it is possible to add some amount of trifunctional alkoxy-silane or 

tetrafunctional alkoxy-silane for polycondensation curing [20, 71]. 

 Another popular way to obtain a cross-linked polysiloxane matrix is the use of a 

peroxide-induced free radical reaction. In this case three quite different kinds of 

vulcanization of polysilicones by organo-peroxides are possible. 

 The first method uses such highly reactive organo-peroxide as 
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2,4-dichlorobenzoyl peroxide, which is able to break the bond between the carbon and 

hydrogen in the methyl group attached to the siloxane chain. Two siloxane chains will be 

cross-linked through random ethylene bridges, where the number of cross-links will be 

proportional to the quantity of the peroxide used. 

 

ArOOAr → 2ArO·         (41) 

2ArO· + CH3SiR → ArOH + ·CH2SiR   (42) 

RSiCH2· + ·CH2SiR → RSiCH2CH2SiR    (43) 

 

 The problems caused by this method of peroxide-induced free radical 

vulcanization are the inability to control it and more importantly, an excessive use of 

highly reactive peroxide which gives volatile byproducts. These volatile byproducts 

should be removed by post-curing to prevent a decomposition of polymer. 

 Alternatively it is possible to use organo-functional polysiloxanes, where some 

reactive vinyl groups are attached to a polysiloxane chain. These are able to react in the 

presence of a milder organo-peroxide such as di-t-butyl peroxide. Free radicals of such 

organo-peroxides as di-t-butyl peroxide are unable to break a carbon-hydrogen bond of a 

methyl group of polysiloxane on its own, but readily break a double carbon-carbon bond 

of the attached vinyl group. 

 

t-butyl OO t-butyl → 2 t-butyl O· (44) 

t-butyl O· + CH2CH(CH2)3SiR → t-butyl OH + ·CH2(CH2)4SiR        (45) 

RSi(CH2)4CH2· + ·CH2(CH2)4SiR → RSi(CH2)10SiR             (46) 

 

In such a case the number of cross-links will be practically proportional to the 

number of vinyl groups attached to the polymeric siloxane chain and less proportional to 

the amount of the peroxide used. Such a method is more expensive, but allows control of 

the length of the polychain between cross-links and also requires a significantly smaller 

amount of peroxide, hence the post-cure is faster. The problem of this method is the 

higher level of organic incorporations into the polysiloxane polymer, where the higher 

proportion of purely organic parts of the polymer can significantly change possible 
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mechanical properties of the resulting polymer. But in applications where this factor is 

not important such vinyl-through free radical siloxane vulcanization may be very useful. 

 The third method is a combination of the two methods described above. Here 

alongside the use of vinyl groups attached to a polysiloxane chain, a strong organo-

peroxide is used, such as 2,4-dichlorobenzoyl peroxide, which is able to break a carbon-

hydrogen bond. Therefore, a cross-link between siloxane polymolecules can be 

introduced from a broken double bond of a vinyl attached to the methyl radical of the 

second molecule. Such a polysiloxane vulcanization method requires less vinyl 

substitution. 

 It was also observed experimentally that the introduction of short organic vinyls 

into a mixture of PDMS and a mild organic-peroxide, such as di-t-butyl peroxide gives a 

cross-linked polymer. The exact mechanism is not understood entirely, but it is thought, 

that a vinyl radical is able somehow to break a carbon-hydrogen bond of a methyl group 

attached to a polysiloxane chain. Hence, in a polysiloxane cross-linked through vinyl 

groups and a mild organo-peroxide there will always be an insignificant amount of cross-

links caused by carbon-hydrogen bonds broken by methyl radicals. 

 In spite of much research and development, covering a whole range of peroxides, 

no single peroxide has yet been identified which will satisfy all the various requirements. 

 The silicone rubber technologist, therefore, normally employs a range of siloxane 

polymers and a limited range of peroxides, typically, 2,4-dichlorobenzoyl peroxide, 

dicumyl peroxide and di-t-butyl peroxide to achieve the required rubber properties [20, 

74]. 

 It is also important to notice here that a pure cross-linked PDMS rubber does not 

give a product with satisfactory mechanical properties because of the near total absence 

of an intermolecular force between the molecules of PDMS. Mechanical properties of 

such PDMS polymer will be more a function of the amount of reinforcing filler, such as 

silica fines or calcium carbonate, rather than proportional to the number of cross-links 

introduced into the pure polymer [73]. 
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       2.3.4     Organofunctional Siloxanes 

 In order to modify a semi-organic siloxane polymer to be a part of an organic 

polymer or to introduce an organic polymer into a siloxane chain it is necessary to 

introduce some organofunctional groups into the siloxane chain. A good example of such 

an organofunctional siloxane may be a vinyl siloxane. This is able to react further with 

organic compounds having a double carbon-carbon bond, etc, where the chemistry of the 

possible reaction for the vinyl group attached to the siloxane chain will be similar to that 

of the purely organic polymers. 

 A convenient reaction to obtain a vinyl-functional siloxane is a hydrosilylation 

reaction, which involves the addition of a hydrogen-silicon bond (where hydrogen is 

attached straight to a silicon atom of siloxane chain (R3SiH)) to an unsaturated carbon-

carbon bond, catalyzed by a noble metal, typically Pt. This is a well-known and versatile 

reaction in organo-silicon chemistry. It has been widely used in the synthesis of different 

kinds of organofunctional siloxanes as an organic group attached to a silicon of a siloxane 

chain may contain different kinds of functional groups, for example amine or halogen, 

etc. 

 As a starting monomeric material for the polycondensation of siloxane containing 

hydrosilanes (R3SiH) in the polymeric chain, hydrohalosilane monomers are used which 

often contain one methyl group, such as dichloromethylsilane (Cl2MeSiH). The 

polycondensation reaction should be run in mild acidic conditions, as the hydrogen 

attached to the silicon is slightly acidic and can be readily cleaved in basic conditions [20, 

72]. 

 Another useful method to achieve organofunctional silanes is by Grignard 

reaction [23]. In such a reaction the halogen of a monomeric organohalosilane can be 

substituted to the organic group: 

 

CH3SiCl3 + ClMg(CH2)2CH3 → CH3SiCl2(CH2)2CH3 + ClMgCl          (47) 

 

 Using this method for the introduction of organofunctional groups, it is possible, 

selectively, to displace the halogen from the Si-X bonds of halosilanes in preference to 

the halogen from the C-X bonds of organohalosilanes simply because the Si-X bond is 
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more reactive in organo-metallic substitution than the C-X bond. In fact, if a substrate 

contains both types of bond, it is possible to replace the halogen in the C-X bond only 

after all the Si-X bonds have been similarly reacted. This difference in the reaction rates 

has made it possible to attach both halogen-substituted aromatic and halogen-substituted 

aliphatic groups to the silicon: 

  

CH3SiCl3 + ClMg(CH2)2CH2Cl → CH3SiCl2(CH2)2CH2Cl + ClMgCl      (48) 

 

 The mechanism of Grignard reaction is best expressed as involving coordination 

between the magnesium atom and the halogen linked to the silicon, resulting in the 

formation of a four-centre transition state, as shown in Figure 41. 

 

 

 

Figure 41: The Formation of a Four-centre Transition State in Grignard Reaction 

 

 The rigid four-centre complex explains the strong steric effects observed in 

Grignard reactions. These steric effects are caused not only by bulky atoms or groups on 

the silicon, but also by those linked to magnesium. Steric hindrance may necessitate the 

use of elevated temperatures, as is the case in the synthesis of bulky aromatic silanes such 

as naphthyl-chlorosilane. 

 Grignard reactions are promoted by a decrease of the electron density at silicon, 

so that tetra-halosilanes X4Si and tri-halosilanes X3MeSi have their reactivity much 

higher than the reactivity of di-halosilanes X2Me2Si or particularly mono-halosilanes 

XMe3Si ( i.e., chlorophenyldimethylsilane is more reactive than chlorotrimethylsilane) 

[23, 72]. 

 Grignard reactions result in a mixture of silanes invariably containing the mono- 

and di-substituted products and often also tri- and, some cases, even tetra- substituted 

products. The product containing halogen atoms always subsequently reacts with the 
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Grignard reagent. The relative quantities of the various products can be altered by 

appropriate choice of the reagents’ molar ratios. The amount of the di-substituted silane 

obtained is, however, often appreciably greater than expected on the basis of the 

statistical distribution of the products [20]. Also, many tetraorganosilanes have been 

synthesized by the use of an excess of Grignard reagent. Similarly to the rate of reaction, 

the distribution of the product is greatly influenced by steric effects, as exemplified by 

the alkylation of a silicon tetrahalide by methyl, ethyl and propyl magnesium halide. 

Steric effects also operate in the alkylation of trichlorosilane by isopropyl or tert-butyl 

magnesium chloride. The tri- and tetra-substituted silanes are then often difficult to 

prepare. The preparation of tri-organohalosilanes is easier when the starting material is 

tetrafluorosilane, though the presence of bulky groups again leads to products with a 

smaller number of alkylgroups, for example diisopropyldifluorosilane. 

 Owing to its availability, tetrachlorosilane is often used as the starting material, 

although tetrafluorosilane also has a wide application. Bromides and iodides are 

employed as well, but they react slower than tetrachlorosilanes [72, 75]. 

 Halosilanes containing hydrogen linked to the silicon can also be used as the 

starting material for Grignard synthesis, because the Si-H bond is hardly ever affected in 

this reaction. This enables one to carry out reactions of the type: 

 

SiHCl3 + 2RMgX → R2SiHCl + 2MgClX   (49) 

 

 Alkoxides are also suitable starting materials for Grignard synthesis, and 

tetramethoxysilane is in fact often used. The advantage of these starting materials is that 

it is possible to dispense with solvent properly since the excess of tetra-alkoxysilane itself 

can act as such. By doing this, it avoids the complications associated with the use of ether 

as the solvent. The use of alkoxysilanes also facilitates filtration of the resulting 

magnesium salts. The poisonous nature of many alkoxysilanes is, however, inconvenient. 

Alkoxysilanes react somewhat more slowly than the chlorosilanes and the steric effects 

exert a greater influence on their reactions. It is often difficult to substitute the last group. 

The reactivity of the alkoxysilanes decrease along the series Et > n-Pr > n-Bu > iso-Bu 
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> sec-Bu. The advantage of the use of partially substituted alkoxysilanes is that 

hydrolysis leads to non-corrosive alcohols instead of hydrochloric acid. 

 Grignard synthesis can be carried out either in one stage or in two stages. In the 

second case, the Grignard reagent is prepared first. The solvent is usually diethyl ether, 

but other ethers may also be employed if a higher temperature is required or if diethyl 

ether would present difficulties in the distillation products. Tetraethoxysilane and 

chlorobezene can act simultaneously as reagent and solvent. A solvent other than ethers, 

benzene or petroleum ether may also be used provided that tetraethoxysilane is present as 

a catalyst in small quantities. The Grignard reagent and the silane are brought together by 

the dropwise addition of one to the other, the order of the addition being suitably chosen. 

In the alternative method, the synthesis is carried out in one step by suspending the 

magnesium in an ethereal solution of the silane and by adding the organic halide 

dropwise to an ethereal suspension of magnesium from two dropping funnels. After the 

reaction has reached completion, the liquid product can be separated from the solid 

magnesium salts by distillation, or the salt can be filtered off. 

 Certain properties of Grignard reagents and the halosilanes may interfere with the 

success of the synthesis. An example of considerable importance is the ether-splitting 

action of the halosilanes, which is strongly promoted by traces of aluminium chloride and 

ferric chloride. Bromosilanes and iodosilanes in particular react rather quickly with ethers 

in some cases. Tetrahydrofuran (THF) is prone to reacting with halosilanes and reacts 

with bromides and iodides even at room temperature: 

 

THF + SiBr4 → Br(CH2)4OSiBr3 (50) 

 

Halogen-exchange takes place with the chlorosilanes when the Grignard reagent contains 

bromine or iodine. Under these conditions, THF is cleaved as well. If bromine or iodine 

is absent from the system, the chlorosilanes react only at 65 °C. Hence, under somewhat 

more vigorous conditions (refluxing for a few hours) the use of THF leads to a practically 

quantitative conversion of trimethylhalosilane into 4-halo-butoxytrimethylsilane [72]. 

 For the preparation of Grignard reagent the reaction of a metal (normally Mg, but 

often Zn or Hg) and an alkyl halide is used. The reaction should be run in a solution 
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where the alkyl halide must react with magnesium on the surface of solid metal. In such a 

reaction the surface area and its character are important in allowing maximum contact 

between the elemental magnesium and alkyl halide. In the preparation of Grignard 

reagents, the magnesium is usually in the form of metal shavings or lathe “turnings”. The 

reaction mechanism consists of the following steps: 

 

R-X + -Mg-Mg-Mg- → -Mg-Mg-Mg + R· + X· (51) 

-Mg-Mg
+
-Mg- + R·  +  X

-
 → -Mg

+
-Mg

+
-Mg- + R

-
   - X

-
       (52) 

R
-
 + Mg

2+
 + X

-
 → RMgX (53) 

 

 Reaction of RX at the magnesium surface produces an alkyl radical and Mg-X 

species, probably still associated with the metal surface. The resulting free radical R· 

then reacts with the ·Mg-X to produce the Grignard reagent. The principal side reactions 

involve alternative reactions of organic radicals, mostly dimerization and disproportion: 

 

CH3(CH2)2CH2· + CH3(CH2)2CH2· → CH3(CH2)6CH3   (54) 

CH3(CH2)2CH2· + CH3(CH2)2CH2· → CH3(CH2)2CH3 +  

CH3CH2CH=CH2        (55) 

 

 However, for simple alkyl halides the yield of alkylmagnesium halides is quite 

high and normally is above 90 %.  The reaction works well with chlorides, bromides and 

iodides. Reaction with chlorides is frequently somewhat sluggish and iodides are 

generally expensive. Hence, alkyl bromides are common laboratory reagent in Grignard 

synthesis. 

 A suitable amount of the solvent is essential for the success of Grignard synthesis, 

because in dilute ether solution (about 0.1 M) alkyl-Grignard reagents exist as monomers 

in which the magnesium is coordinated to two solvent molecules. However, in more 

concentrated solutions (0.5-1 M) the principal species is a dimer in which two 

magnesium atoms are bridged by two bromines, as shown in Figure 42. In this structure 

each magnesium acquires its octet by additional coordination with one bromine from the 

other RMgBr and ether oxygen [23]. 
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Figure 42: Methylmagnesium-bromide Dimer in Ether 

  

 In order to obtain a siloxane-prepolymer suitable for a possible further 

copolymerization with organic polymers, the alkyl group attached to a siloxane polymeric 

chain by Grignard synthesis should contain some reactive ends which can be readily 

transformed to a suitable organic group. For example, a halogen group is quite easily 

replaceable by SN2 by a hydroxyl (therefore this is suitable for polyester or polyurethane 

polymerization), etc. Here a bond between the carbon of the alkyl group and the 

hydrogen may be too stable to be considered for a modification of the attached alkyl 

group into an appropriate reactive end. This is because the alkyl group could be 

potentially cleaved from the siloxane chain by harsh conditions of the possible reaction 

[72]. 

 As pointed out earlier, a Grignard reagent first selectively reacts with Si-X and 

starts to react with C-X only when Si-X has disappeared from the reaction. Hence, it is 

relatively easy by Grignard synthesis to introduce a halogen-ended alkyl group into a 

siloxane polychain. In the case of the preparation of the Grignard reagent, the reaction 

between short α,ω-dihaloalkyl and magnesium will always be faster on one side of 

α,ω-dihaloalkyl (in the case where the alkyl group is short enough for the electron 

withdrawing effect, 2 < n < 7), as the ω-haloalkyl is able to form a much more stable 

cation. So 
+
CH2(CH2)n-1X forms faster than 

+
CH2(CH2)n-1MgX, because MgX 

group (in contrast to a halogen) is not an electron withdrawing group. Hence, the first 

halogen in such a short α,ω-dihaloalkyl group will be a much easier leaving group and 

therefore, will be more reactive [72, 74]. 
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       2.3.5     Heterosiloxanes 

 Heterosiloxanes are polysiloxanes in which some of the silicon atoms in the 

siloxane chain have been replaced by other atoms. One of the best known examples is the 

boron-silicon polymer whose extraordinary rheological properties are applied in this 

work. 

 Also the following hetero-atoms and groups are known to have been incorporated 

in the siloxane polymeric chain: B, Al, Ga, Ti, Ge, Sn, Pb, P, As, Sb, V, Nb, Ta , 

Cr, W and most recently Ar. These polymers show a certain resemblance to silicates and 

may be regarded as their organic derivatives. The thermal stability of heterosiloxanes is 

generally good and occasionally better than that of the siloxanes. Heterosiloxanes 

containing V, Nb, Ta, Cr, W, P, Sn or Ar are stable between 300-600 °C. Efficient 

heat resistance has also been observed in the case of heterosiloxanes containing 

aluminium, phosphorus and boron atoms [72, 79]. 

 Recently heterosiloxanes based on boron-silicones have found additional 

applications as precursors of amorphous SiBCO ceramics, where SiBCO ceramics are 

obtained by pyrolysis of the polyorgano-boron-siloxane gels under inert atmosphere at 

1200-1300 °C. The main advantage of such a novel method is the formation of ceramics 

with well-defined molecular units controlling the structure. Moreover, the final ceramics 

can be significantly lower in price than existing ones [80, 81]. 

 Boron is just slightly more electronegative than silicon, so the polarity of the 

boron-oxygen bond reminds us of the silicon-oxygen bond of siloxane [82, 83]. But in 

contrast with silicon, boron gives a planar structure with a bond angle of 120° when it is 

bonded to three neighbouring oxygen atoms. Also, the boron-oxygen bond is just 1.365 Å 

in comparison with 1.64 Å for the silicon-oxygen bond. Additionally this bond is less 

flexible [84]. Hence the structure of the backbone of polyboron-siloxane may 

significantly differ from the original structure of pure siloxane, and the difference will be 

greater as the proportion of boron rises. As shown earlier in section 2.2.3, the rheological 

properties of heterosiloxane may differ with the amount of substitution in such polymeric 

chain, because of the increasing rigidity of the main backbone. 
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 The rheological properties of boron-siloxane polymer can be explained by the fact 

that boron is much less shielded to intermolecular interaction than silicon, and moreover, 

boron does not have a full octet of electrons and has only 3 pairs of electrons on the 

valent (p) orbital. Hence boron incorporated in a siloxane polymeric chain is always 

attracted to a strong intermolecular bond with a neighbouring nucleophile, such as 

oxygen (or nitrogen) [85]. 

 This strong affinity of boron when incorporated in a polysiloxane has recently 

found some applications in electronics as a film-forming material able to show selective 

cation permeability, when an anion is left trapped by the polymer [86]. Also such a 

polymeric film may be potentially used as a proton fuel cell, where acidic anions can be 

effectively trapped by the boron atoms of such a heterosiloxane [87]. 

 Kurono et al [86] have been investigating the electro-permeability of amorphous 

boron-siloxane, where the ratio between silicon and boron Si:B was varied from 1:2  to 

2:1. The electro-conductivity of such an amorphous polymer was directly related to the 

ability of this material to trap an anion, and was governed by the WLF equation. Because 

of the poor mechanical properties of the amorphous polyboronsiloxane with the ratio of 

Si:B ~1:1, Kurono et al [86] introduced a polyethylene-oxide (PEO) to the polymer. As a 

result, the mechanical properties of such a film-forming polymer improved, but the 

electro-conductivity was no longer a function governed by the WLF equation, and was 

much more the function of polymeric entanglements. 

 Poly-boron-siloxane can be synthesised by the hydrolysis of alkoxy-siloxanes and 

alkoxy-borates in catalyzed conditions in the presence of hydrochloric or hydrobromic 

acids [88]. Alternatively it can be prepared by the polycondensation reaction between 

boric acid and silanol or halosilanes. Also poly-boron-silane can be obtained by the 

incorporation of boron (at elevated temperatures ~180-220 °C and/or under harsh 

catalyzing conditions) into an existing polysiloxane chain, where an existing siloxane 

polymeric chain is no longer stable. Therefore, a broken polymeric chain of poly-siloxane 

readily undergoes a polycondensation reaction with boric acid and gives a more stable 

polyboron-siloxane product [73, 89]. 

 Poly-organo-boron-silanes can be characterized by the typical Fourier transform 

infrared spectroscopy (FT-IR) bands associated with the Si-O bonds at 1120-1020 cm
-1
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and 840-790 cm
-1

, Si-O-Si 460-400 cm
-1

. Absorptions at 920-950 cm
-1

 (Si-OH) and at 

1620 cm
-1

 (H-O-H) and 3600-3100 cm
-1

 (O-H) suggest the presence of terminal 

hydroxyl groups as well as absorbed water. The presence of boron gives rise to peaks at 

1500-1300 cm
-1

 (B-O) and at 1195 cm
-1

 (B-OH), and also bands due to borosiloxane 

bridges at 930-915 cm
-1

 (B-O-Si) and at 675 cm
-1

 (B-O-Si) [93]. Also, weaker peaks of 

the resonance area of the second harmonic of the infrared (B-O-Si) oscillations at 2430-

2580 cm
-1

 may often be more informative, because of the absence of another strong 

absorption in this spectrum [20].   

 Another group of FT-IR absorption bands which are of a great importance in this 

work is the spectrum of infrared absorption of organic compounds directly attached to a 

silicon on an organo-siloxane. So, Si-Me moieties lead to a sharp peak at 1275 cm
-1

, 

800 cm
-1

 (Si-C) and 780 cm
-1

 (Me-Si) [91]. Moreover, in the area of FT-IR absorption 

at ~3000-2900 cm
-1

 due to the C-H bond, there are normally no other strong peaks 

present. Hence, it is possible to recognize this as a fingerprint (CH2-H) - a sharp peak at 

2965-2960 cm
-1

 and a less intensive peak 2860 cm
-1

 from the Si-Me bond. Additionally 

a carbon-carbon double bond (C=C) gives an increase in (C-H) frequency, moving it to 

a 3100-3000 cm
-1

 absorption [24]. Also important in this work is an absorption spectrum 

of olefin groups attached to a silicon (Si-(CH2)n) of a siloxane, where the normal 

absorption spectrum of hydroxyl attached to a methylene (CH2) of an olefin gives rise to 

a sharp peak at 2926 cm
-1

  and a less intensive one at 2853 cm
-1

. In addition it can be 

characterized by the bands at 1463 cm
-1

 (CH3-C), 1410 cm
-1

 (CH2-Si), 1255 cm
-1

 

(CH2-Si), 960 cm
-1

 (Si-C2H5), 760 cm
-1

 (Si-C) and due to vibrations of the (CH2-Si) 

697 cm
-1

 [92]. In the case where such an olefin group is stretched (i.e., for example is 

formed a closed cycle, etc) therefore, the bond will be additionally stretched, and this will 

give an absorption band slightly higher (at ~10 cm
-1

 higher than normal) [23, 93]. 

 Another popular analytical technique for heterosiloxanes is NMR spectroscopy. 

Both1
13

C NMR and1
1
H NMR are known as the most important analytical tools of 
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contemporary organic chemistry. In analysis of heterosiloxanes, as well as1
13

C NMR 

and1
1
H NMR, are often involved relatively novel techniques of1

11
B NMR and 

29
Si NMR [20]. 

 In siloxanes both1
13

C NMR and1
1
H NMR would normally show quite similar 

chemical shifts to their analogous purely organic compounds, with the greater exception 

to those carbon atoms (and also for1
1
H NMR, hydrogens atoms attached to such carbon 

atom) which are directly attached to the silicon. Such carbon normally will have a 

significantly smaller chemical shift (usually close to 0) as the neighbouring silicon will 

effectively supply the carbon with the shielding electrons. For those carbon atoms which 

are situated further from the silicon, this effect gets smaller with the distance, and on a 

γ-carbon atom it usually does not have any significant effect. 

 However, a precise identification of the various components is quite difficult due 

to the large overlap of the signals, as well as the broadening mechanism due to polymeric 

entanglements [20, 86-92]. 

 

      2.3.6    Polymeric Copolymerization Candidates 

 PDMS based polysiloxanes have already successfully formed the base of soft 

elastomers for a number of decades, but the mechanical properties are often significantly 

lower than in purely organic rubbers, because of the near-absence of intermolecular 

attraction at room temperature between polymolecules. The main technological approach 

to achieve an acceptable level of such mechanical properties as tensile strength in PDMS-

based polymers was the introduction of reinforcing filler (usually silica fines). Also, such 

a siloxane polymer should be built on a base of polymolecules much larger than in 

conventional organic polymers. For example an effective polyurethane elastomer may 

contain molecules on average of only ~5,000 g/mole, when for a PDMS-based elastomer 

a molecular mass of ≥100,000 g/mole is essential. Also, if any rheologic heterogeneity is 

introduced to PDMS (say the formation of poly-(boron)n-(siloxane)m) this makes the 

resulting polymer significantly less processable). Hence, the final price of such 

elastomeric material may be too high to be competitive. 
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 A possible option to obtain a polymer with simultaneously acceptable rheological 

properties, mechanical properties and convenient technology is the copolymerization of 

polyboron-PDMS with a conventional organic polymer to form an elastomer. Alternating 

“hard block” - “soft block” structures have already proven to be suitable to increase the 

mechanical properties of many polymers. Generally, a polymer containing bulky and 

polar junctions could play the role of a reinforcing filler in a soft PDMS polymer [94]. 

But as shown earlier, in an organic-siloxane copolymer, siloxane normally loses its 

unique mechanical properties, in proportion to the amount of the organic phase of the 

polymeric segment in the resulting copolymer. 

 Alternatively, it may be possible to form an effective IPN based on a cross-linked 

poly-(boron)n-(siloxane)m network with an acceptable cross-linked network of polymer 

with suitable mechanical properties. In such IPN, the network of polyboron-PDMS would 

be free enough to exhibit the unique rheological properties, where the second polymeric 

network would play a role of the polymeric matrix with sufficient mechanical properties. 

But since PDMS is highly incompatible with any other existing polymer and also exhibits 

enormous flexibility in the backbone chain, such PDMS based uncross-linked IPN may 

undergo to a phase separation [20]. 

 Therefore at this stage, an achievable option looks like the formation of a scarcely 

cross-linked IPN (semi-IPN) of poly-(boron)n-(siloxane)m network with a flexible cross-

linked polymeric network, which is able to perform the role of a polymeric matrix with 

suitable mechanical properties. 

 Currently, polyurethane is the most prominent candidate to form the matrix 

polymeric network for such semi-IPN. This polymer is slightly more expensive than 

other similar polymers (i.e., natural rubber), but instead it forms an enormous variety of 

products (i.e., forms a very soft and flexible elastomer, or a fibre comparable with an 

aramid, etc). Also this polymer is relatively easy to form into a flexible cross-linked 

elastomeric network, which can exhibit a very high tear resistance up to 1 GPa [95]. 

  

       2.3.7     Chemical Properties of Polyurethanes 

 Generally all polyurethanes are based on a reaction between reactive isocyanate 

RN=C=O and R
1
OH reactive hydroxyl ends. 
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 The reaction occurs at elevated temperatures from 70 °C to 180 °C and depends 

on the isocyanate reactivity, geometry and choice of catalyst.  

 Another important reaction for the formation of polyurethane polymer is that of a 

primary amine with an isocyanate, which gives a substituted urea: 

  

R
1
NH2 + RN=C=O → R

1
NH-CO-NH-R (substituted urea)      (56) 

 

No less important is the reaction of isocyanate with water: 

 

RN=C=O + H2O → R-NH-CO-OH → RNH2 +CO2         (57) 

 

where a molecule of unstable carbamic acid breaks readily and gives a molecule of 

carbon dioxide and a molecule (reactive end) of primary amine, which is able to further 

react with an isocyanate to give a urea link, as shown in Figure 43: 

 

R
1
NH2 + RN=C=O → R

1
NH-CO-NH-R (substituted urea)      (56) 

 

This is a basic reaction for any foam production. In some foams where it is necessary to 

achieve a higher level of bubbles, low-temperature boiling point liquids are added to the 

pre-polymer [96]. 

 

 

 

Figure 43: Carbon-dioxide Gas and Polyurea Link Formed  

by Reacting Water and Isocyanate 

 

 A secondary amine such as substituted urea is also able to react with isocyanate. 

The reaction normally requires a higher temperature than for the reaction between 

isocyanate and hydroxyl groups. But in the case of the reaction of substituted urea with 
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isocyanate group, the result is a cross-linked polymer. Therefore, in foam production, it is 

usual to use a stoichiometry of 1 mole of water to 3 mole of isocyanate [97]. 

 

R
1
NH-CO-NH-R

2 
+ RN=C=O → R

1
NH-CO-N(R)-R

2
    (58) 

  

 FT-IR is a convenient method for the analysis of these reactions. As an isocyanate 

gives a finger-print oscillating frequency at 2273 cm
-1

 [98], these spectra progressively 

decrease, until it disappears upon completion of the reaction. These spectral changes are 

normally accompanied by the growth of a series of new bands produced by urethane in 

the 1760-1510 cm
-1

 spectral region [99]. Frequencies at 1760-1720 cm
-1

 spectral region 

are due to carbonyl C=O vibration absorption, while peaks at ~1580 cm
-1

 and 1510 cm
-1

 

are characteristic of the amide C-N stretching vibration and the in-plane N-H bending 

respectively. Urea instead can be easily recognized by spectra at 1630 cm
-1

 and 1577 cm
-1

 

[100], and also by UV and visual spectra. Because urea has a strong absorption in the 

visual spectra up to ~460 nm, it gives an intense yellow colour to a polyureas/polyureas-

urethane polymer [92, 95]. 

 The reactivity of isocyanates is higher in more electro-negative aromatic 

isocyanates ArN=C=O and lower in aliphatics AlN=C=O. The reactivity of amines is 

opposite to this. The aliphatic is more reactive than the aromatic amines since the 

isocyanate nitrogen accepts hydrogen and the amine donates it [95]. 

 Also different reactive groups have very different ranking orders of the reactivity 

of compounds towards isocyanate: primary amine > water/primary alcohol > 

carboxylic acids > ureas > phenol > active CH2 groups. Additionally, the 

geometric factors of isocyanate may also play a role in reactivity. For example, toluene 

2,4 diisocyanate (2,4-TDI) as shown in Figure 44, has a much higher reactivity for 

isocyanate 4 than 2. In 2 isocyanate the access is closed by the methyl group attached to 

the ring. When a hydroxyl reacts with isocyanate it works as a self-catalyst. In the case of 

2,4-TDI the access to 2 is more difficult than to the open isocyanate 4 [97]. 
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    Figure 44: 2,4-TDI                                         Figure 45: DABCO  

 

 The use of a suitable catalyst can increase the reactivity of a group by hundreds of 

times. The most suitable catalysts for polyurethanes are tertiary amines and metal-organic 

salts, such as organo-tin salts. In some cases the organo-metal salts can speed the reaction 

a couple of thousand times. (If the reaction is reversible the catalyst accelerates the 

reaction in both directions.) The reaction mechanism catalyzed by a tertiary amine is 

shown in Figure 46. 

Since the experiments in this work used reasonably unreactive aliphatic 

diisocyanates, such as hexamethane diisocyanate (HDI), which normally requires 

elevated temperatures (about 160-180 °C) to start the reaction, a catalyst was needed.  

1,4-diazabicyclo(2,2,2)octane (DABCO) catalyst was used, as is shown in Figure 45. 

With the use of an acceptable catalyst (or often group of catalysts) aliphatic HDI may be 

as reactive as aromatic TDI (about 80 °C) [96]. 

 

 

 

 

 

Figure 46: Polyurethane Reaction Mechanism Catalyzed by DABCO 

 

http://en.wikipedia.org/wiki/Image:DABCO.svg
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 The limitation of the thermal and chemical stability of polyurethanes and 

polyureas also may not be ignored. An aromatic diisocyanate such as TDI (i.e., without 

catalyst) requires just ~80 °C to start the endothermic reaction, in comparison with the 

elevated temperatures required to start the reaction of aliphatic diisocyanates such as HDI 

or isophorone diisocyanate (IPDI). Also, TDI-based polyurethane links tend to undergo 

thermal degradation at temperatures of 180-200 °C (in the absence of catalyst), hence it is 

technologically advisable to avoid formation of a prepolymer built on a base of aromatic 

diisocyanates (particularly TDI) with a prospect of the further polymerization through 

aliphatic isocyanates [101]. 

 The presence in the reaction bath of a weak anion such as a tertiary amine will 

normally speed the polymerization reaction of polyurethane, whereas the presence of a 

cation may facilitate decomposition of the isocyanate to carbon dioxide and amine [102]. 

Hence, the presence of 1 molecule of strong acid would be able to decompose up to 500 

isocyanate reactive ends [96]. 

 

       2.3.8     Mechanical Properties of Polyurethanes 

 The mechanical properties of polyurethanes depend on the isocyanate group. An 

aromatic isocyanate would normally give more rigid polymers because of the bulkiness 

and polarity of the ring. A comparably flexible aliphatic group, such as IPDI would give 

a more flexible polymer. 

 

 

 

Figure 47: 4,4-MDI 

 

Polymers based on different aromatic isocyanates show different mechanical 

properties. In general, the most rigid polymers are based on phenyl 1,4-diisocyanate 

because of its flat and straight molecular geometry. This provides the possibility to obtain 

a maximum degree of secondary intermolecular forces. While a molecule of 4,4-diphenyl 

methyl diisocyanate (4,4-MDI), as shown in Figure 47, is not as entirely straight as a 
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molecule of phenyl 1,4-diisocyanate, 4,4-MDI gives more flexible products due to the 

presence of a 60° angle on the connecting methylene group. 

 

 

 

Figure 48: HDI 

 

 TDI is a monomer well suited to form soft and flexible foams and elastomers, 

because it cannot give straight polymeric chains and reduce the degree of crystallinity in 

the resulting polymer [95]. This is a similar effect to that seen between Kevlar and Nylon, 

as was discussed in section 2.1.3. Therefore, in some cases a relatively straight molecule 

of aliphatic HDI, which is shown in Figure 48, can give a resultant polymer with higher 

tensile strength than a similar polymer based on aromatic TDI [104]. 

 

Figure 49: Spandex 

Also it is possible to vary the mechanical properties of the polymer by simply 

varying the proportion (length) of the soft block-copolymer (segment). Hence, a 

polyurethane polymer containing a higher proportion of bulky and polar urethane 

segment will have a higher value of tensile strength and lower Tg and Tm than a similar 

polymer containing a lower proportion of polyurethane and a higher proportion of a soft 

segment in it. Also urea gives significantly less flexible polymeric link than urethane 

[103]. A suitable example is Spandex fibres developed by DuPont, as shown in 
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Figure049. Spandex has quite a complicated structure, with both urea and urethane 

polymeric linkages in the backbone chain [96]. 

 An appropriate choice of a suitable soft segment for a polyurethane backbone 

chain would be no less important for the final mechanical properties, as a flexible 

isotactic copolymer of polyethylene oxide (PEO) and polypropylene oxide (PPO), shown 

in Figure 50, will give at room temperature a soft and rubbery product. While long 

segments of polyether or polyester with repeatable units in the backbone, which tend to a 

give strong intermolecular interaction (such as tetra-octamethyl polyester) will give a 

harder and less flexible polymeric material [95]. 

 

 
 

Figure 50: Polyethylene Oxide and Polypropylene Oxide 

 

 It is not a general rule in polyurethanes that a polymer with high values of tensile 

strength or heavily cross-linked product gives a better tear resistance than a soft linear 

polymer, as in the case of linear soft Spandex which exhibits outstanding tear resistance. 

It is often convenient to introduce some polyols into the formulation, therefore, to 

increase the degree of cross-links and to improve the tear resistance and solvent 

resistance of a final product. A number of such polyols have found applications in 

polyurethanes. So far, the most important are castor oil, glycerol and sorbitol, as shown in 

Figure 51. For example, an addition of just 15 % of castor oil by the mass of all the 

components of the polymerization usually gives about a 50 % rise in the tear resistance 

[96]. 

 

Figure 51: Sorbitol 
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 In the case of an elastic polyurethane polymer, short polyols, like sorbitol or 

glycerol, with a number of attached urethane groups on it, create “hard” heterogeneous 

centres in a flexible and amorphous body of a polymer. Therefore, such cross-linked 

polyurethane polymer would normally behave in a dynamically similar way to a soft 

polymer with a reinforcing filler. The relaxation spectrum of the resulting polymer is 

usually relatively wide, but limited to certain values. In the case of stress relaxation above 

its Tg, such soft heterogeneous polyurethane would also often exhibit relatively high 

values of tan δ (~0.3) [104].  

 A major technological difficulty with such heavily cross-linked polyurethane 

structure may be the fact that some bulky urethanes (particularly TDI 4) cannot 

effectively reach all hydroxyl reactive ends of a hydroxyl-ended polyol R(OH)n. Hence, 

the right stoichiometry would not be obtained. The right stoichiometry would be even 

less achievable in the case of the designed reaction between hydroxyls of a polyol 

R(OH)n and oligomeric prepolymer isocyanate-ended molecules (O=C=N-R
1
)n, where 

a gelation has taken place. 

R(OH)n + (O=C=N-R
1
)n → R(O(CO)NR

1
N=C=O)n-m + unreacted R(OH)m + 

unreacted (R
1
N=C=O)m (59) 

 

  In some cases it is possible to prepare a prepolymer built on a polyol and the 

number of diisocyanates equal to the functionality of the chosen polyol (i.e., if the polyol 

is glycerol then it should react with 3 diisocyanate molecules). 

 

R(OH)n + (O=C=N-R
1
N=C=O)n → R(O(CO)NR

1
N=C=O)n (60) 

 

 In such a case a multi-functional isocyanate-ended prepolymer can be obtained [101].   

  

2.3.9    Existing Copolymers and IPN Materials of Poly-(urethane/urea-siloxanes) 

 Copolymers of polyurethane and siloxane are a group of reasonably novel 

polymeric materials. Now such “soft” and “hard” segmented polyurethanes have found 

commercial applications as coatings, adhesives, gas and liquid selective permeability 



 81 

membranes, cosmetics and are particularly important as biomaterials because of their 

biocompatibility, elasticity and possible high mechanical stability [105]. (Also, a fine 

example was given in section 2.1.7 in the discussion of the existing novel IPN, i.e., the 

recent Japanese research on a novel siloxane based IPN material for application in 

ophthalmology [43].) 

 Riess et al [106] have developed a polyurea-siloxane segmented copolymer for 

use in the cosmetic industry based on a reaction between silane γ-primary amine and an 

isocyanate of HDI.  

 

H2N(CH2)3SiMe2(OMe2Si)n(CH2)3NH2 + 2(O=C=N(CH2)6N=C=O) → 

O=C=N-R-N=C=O         (61) 

 

 The polymerization was completed by the introduction of aliphatic di-amines and 

the formation of a poly-(urea-siloxane) polymer: 

 

n(O=C=N-R-N=C=O) + n(H2NR
1
NH2) → -R(N(CO)NR

1
N(CO)n-    (62) 

 

Riess et al [106] used a number of aliphatic di-amine polymer extenders of different 

lengths, from short 1,6-hexane di-amine to long prepolymers with molecular mass about 

2,000 g/mole. The influence of a “hard” urea segment was reported as gradually 

decreasing in the obtained block-copolymers with the rise in the proportion of the “soft” 

aliphatic or siloxane segment. 

 Epoxy-ended siloxanes are often used in order for a siloxane prepolymer to be 

chemically attached to an organic copolymer. (An epoxy group is shown in Figure 52.) It 

is a convenient way to copolymerize an epoxy-ended siloxane with ureas or urethanes, as 

epoxy readily reacts with primary and secondary amines. The reaction with secondary 

amines is slower, but gives a cross-linked polymer/prepolymer [107]. 

 Huag et al [20] have synthesized a semi-IPN of siloxane-polyurethane by 

introducing triethoxysilil groups into polytetramethylene oxide by the reaction of 

isocyanatopropyl-triethoxy silane with the free hydroxyl-groups on the 

polytetramethylene oxide. This material was further mixed with tetraethoxysilane and 
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hydrolyzed under careful conditions in a sol-gel system to produce a range of novel 

organic/inorganic hybrid materials. 

 

 

 

Figure 52: Epoxy Group 

 

 More recently, Pathak et al [108] synthesized a siloxane-polyurethane waterborne 

coating for protecting the surface of metallic alloys from the aggressive conditions of sea 

water. The short siloxanes chosen for this polymerization had 3 functional methoxy 

groups (-Si(OMe)3) and 1 epoxy group  ((OMe)3Si(CH2)5OCH2(C2H3O)) attached 

to a silicon atom through the δ-ether bridge. Those epoxy-ended siloxanes were allowed 

to react with amine groups of the polyurethane prepolymer. The obtained siloxane-

urethane prepolymer was further hydrolyzed to form a coating. But also, even where a 

siloxane polymer is not predicted to come into contact with water (i.e., electronics), there 

are other applications for some polyester materials containing siloxy-bridges (-SiMe2-

O-CH2-) in their backbone [109]. 

 Nunes et al [110] studied vibrational IR spectra and the microstructure of 

polysiloxane organic hybrids doped with metal-organo salts. The results of these 

experiments on polysiloxane organic/inorganic hybrid IPN/semi-IPN materials led to the 

formation of an entire range of different polymers, from clear and light-transparent 

polymers to absolutely opaque ones. A homogenous polymer tends to be clear and light 

transparent, while heterogeneous polymers are opaque because of light dispersion by the 

numerous phase separations in such a polymeric body. 

 Also the IR spectra of the carbonyl and amine groups in the urethane cross-links 

of the polymer had slightly different oscillating frequencies than in a purely amorphous 

polymer. Normally the C=O bond of urethane has an absorption at 1762 cm
-1

 band 

where no hydrogen bond is present, 1720 cm
-1

 in the presence of a hydrogen bond and 
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finally at 1692 cm
-1

 in ordered hydrogen/(cation)-bonded aggregates. In a secondary 

amine of a urethane group the normal absorption frequency of amide C-N stretching 

drops from 1737 cm
-1

 to a 1714 cm
-1

, and the in-plane N-H bending drops from 

1574 cm
-1

 to a 1520 cm
-1

 in the presence of strong hydrogen bond. 
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3  Experimental Strategy behind this Research Project 

 

The work conducted during the process of the investigation consisted of a group 

of interconnected studies. The overall experimental strategy that was undertaken to 

achieve the project aims is summarised in Figure 53. The aim of the Experimental 

Phase 1 (as shown in Figure 53) was to form an effective shear thickening poly-(boron-

siloxane) polymer. Heterogeneous polysiloxane normally includes a cross-link that 

involves the incorporated tri-functional boron atoms. Therefore, boron-polysiloxane tends 

to create a polymeric network when the number of boron substitutions in the polymeric 

backbone is sufficiently high. The heterogeneous boron-polysiloxane polymeric network 

gives a soft “liquid like” material under the application of relatively slow deformations. 

However, during fast deformation this material exhibits a non-Newtonian liquid 

behaviour and shows complex relaxation dynamics including molecular entanglements 

and hydrogen bond rearrangements. 

 The literature review has shown some critical cases where a high number of 

heterogeneous substitutions (i.e., incorporation of bulky, inflexible or polar groups) in a 

flexible polymeric backbone could significantly decrease flexibility of such a polymeric 

backbone (i.e., in this project PDMS). Therefore, such a resulting polymer can be 

predicted to no longer to give a soft and flexible polymer with “liquid like” behaviour. 

Additionally, according to the theoretical model of Indei and others [64, 65], such 

polymers may also no longer be able to exhibit shear thickening behaviour, as a 

significantly increasing tension of the polymeric backbone could lead to strictly shear 

thinning behaviour. Therefore, in order to be an effective shear thickening polymeric 

material, poly-(boron-siloxane) should be a soft and a flexible polymeric material able to 

exhibit “liquid like” behaviour at slow deformation rates.  

 As siloxanes often give polymeric materials with insufficient tear resistance [20], 

it was decided that such a poly-(boron-siloxane) soft polymeric network could be further 

incorporated into a non-siloxane based polymeric network in order to give the acceptable 

final mechanical properties. Such a protective non-siloxane based polymeric network 

should not restrict the “liquid like” behaviour found in a poly-(boron-siloxane) network, 

as it would inevitably restrict its shear thickening effect. Therefore, both polymeric 
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networks may be incorporated into interpenetrating polymeric networks (IPN), where 

both polymeric networks are not chemically cross-linked, but also are unable to undergo 

a separation [37]. 

 
 

Figure 53: Schematic Diagram Representation of the Key Stages of the  

Experimental Strategy behind this Research Project 
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 An essential requirement for the formation of a successful IPN is the fact that at 

least one of the polymeric networks must be at least partially formed before the formation 

of IPN (i.e., final polymerisation/copolymerization) [38]. As polyurethane soft block 

polymers are able to exhibit high tear resistance and readily form soft polymeric 

networks at an acceptable temperature range under mild chemical conditions (i.e., for 

PDMS based polymers), a soft polyurethane cross-linked network was selected to be the 

second component of the IPN in Experimental Phase 2. (Analytical technique which was 

used in order to compare possible mechanical properties of the obtained 

polyurethane/urea elastomers is discussed in section 3.1.) 

A number of attempts in Experimental Phase 2 to synthesise the IPN based on 

fully cured polyborosilane and partially cured polyurethane (where polyurethane was 

finally cured during formation of the IPN) proved unsuccessful, as the soft and 

immiscible polyborosilane (based on PDMS) tends to phase separation. Hence, the 

decision was taken to introduce some chemical cross-links between these two immiscible 

polymeric networks of the IPN. 

The chemical cross-links were successfully introduced by modification of the 

PDMS based polyborosilane, where some of the methyl groups that were attached to the 

polymeric siloxane backbone were substituted by ε-pentanol groups by using Grignard 

reaction, as shown in Figure 53, in Experimental Phase 3. The ε-pentanol groups are 

active hydroxyl groups attached to olefin and are therefore suitable for use for further 

copolymerization reaction with isocyanates of a polyurethane polymeric network. The 

resulting polymeric structure was confirmed by FT-IR analysis (FT-IR chemical 

analytical technique is discussed in section 3.2). 

In Experimental Phase 4 (as shown in Figure 53), boron polymeric chain 

substitutions were successfully incorporated into the polymeric backbone of the poly-

(alkyl-siloxane) with attached alternating ε-pentanol groups (that was obtained in 

Experimental Phase 3). FT-IR analysis showed that there was no visual decrease in the 

magnitude of the absorption in the fingerprint of ε-pentanol groups in the infrared 

absorption spectrum of the obtained oligomeric/polymeric borosiloxane material. Hence, 

the proportion of the lost ε-pentanol groups can be neglected. Additionally, this novel 
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polymeric structure was confirmed by 
1
H NMR and 

13
CiNMR spectra (NMR chemical 

analytical technique is discussed in section 3.2). 

In Experimental Phase 5, the resulting polyborosiloxane with the attached 

polychain alternating ε-pentanol groups and soft polyurethane/urea polymeric networks 

were successfully copolymerized in THF/methyl-ethyl ketone solvent system, where the 

solvent system was then slowly evaporated at room temperature. This approach was 

adopted in order to avoid producing a foam-like polymeric system (i.e., the presence of a 

solvent with low-boiling temperature may act as a blowing agent leading to the creation 

of a foam). 

The obtained scarcely cross-linked IPN was further analysed by dynamic 

mechanical analysis (DMA, this analytical technique is discussed in the Literature 

Review, section 2.2.2). The DMA test was used to analyse dynamic behaviour of the 

obtained samples of poly-(boronn-dimethylsilanem-urea/urethane) from Experimental 

Phase 5, a sample of polyurethane soft elastomer which is appropriately similar to the 

polyurethane matrix used in the formation of those semi-IPN samples and, in addition, a 

random sample of silica-fines reinforced natural rubber (i.e., natural rubber reinforced by 

silica-fines is a heterogeneous polymeric system). By the comparison of the dynamic 

behaviour of the pure polyurethane matrix with the scarcely cross-linked IPN containing 

high polyborosilane proportion (up to 50 % of the polymer’s mass) it was possible to 

estimate the actual effect in the polymeric relaxation caused by the polyborosiloxane 

incorporation. In addition, the comparison of the dynamical behaviour of the pure 

polyurethane matrix and the sample of a reinforced natural rubber shows very strong 

similarities in the relaxation processes in those chemically different soft and 

heterogeneous polymeric systems (i.e., conglomerates of rigid urea and urethane groups 

normally behave as a kind of reinforcing filler inside soft polyurethane elastomers [101]). 
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3.1   Analytical Techniques Used in Order to Compare Mechanical Properties of 

the Obtained Polyurethane/urea Elastomers  

In order to compare the essential mechanical properties of the number of the 

polyurethane/urea elastomers obtained in Experimental Phase 2 were introduced two 

separate mechanical tests. 

The first mechanical test was designed to compare possible tear resistance of the 

obtained polyurethane samples. In the Literature Review was discussed that possible tear 

resistance of a soft elastomer depends on the number of introduced cross-links into the 

polymer. Chemical cross-links tend to be permanent and usually stay until the polymer 

starts to disintegrate chemically. By contrast physical cross-links are polymolecular 

entanglements which tend to disintegrate (or rearrange in a case of a strong polar bond) 

with time. An elevated temperature accelerates such a process of disintegration and/or 

rearrangement of polymeric entanglements [19]. 

Therefore, a possible tear resistance of a soft polyurethane elastomer cross-linked 

predominantly by chemical cross-links tends to be higher than in a polymer 

predominantly cross-linked by physical cross-links [101]. Hence, introduced in this 

research tear resistance test was designed to compare possible tear resistance of the 

obtained polyurethane elastomers under a uniaxial stress applied for a relatively long time 

(120 s). Therefore, it was possible to estimate the proportion of the introduced into the 

polymer chemical cross-links (i.e., degree of polymerization [17]). Therefore, all the 

obtained (synthesised) in this project polyurethane elastomers after been fully cured and 

dried out of solvent, were cut in 20 mm length and 5 mm / 5 mm cross-section strips and 

a vertical load was applied for 120 s, as shown in Figure 54. 

 

 

 

Figure 54: Schematic Drawing of the Introduced Tear Resistance Test 
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The polyurethane samples with a high proportion of physical cross-links (i.e., 

based on short polymeric chain extenders [97]) and reasonably low degree of 

polymerization tended to tear (at room temperature) at very low magnitude stress  

≤ 0.058 MPa (150 g of the applied load). By a contrast, when later on in the research, the 

proportion of physical cross-links was effectively reduced (i.e., introduction of long and 

flexible polymeric chain extenders based on polypropylene-oxide and/or polyethylene-

oxide, etc) and the degree of polymerization was sufficient, such samples tended to 

deform but withstood without tearing up to 3.14 MPa (8 kg of the load) of the applied 

uniaxial stress. These results are in good agreement with literature [101]. 

The second mechanical test was designed to compare the possible hardness of the 

obtained polymeric samples. As the final application of the developing polymer is a soft 

and flexible polymeric material which is suitable for a body protection in the sport of 

fencing, a hardness test based on the standard industrial A Shore durometer test was 

chosen. This hardness test measures the depth of an indetation in a polymeric soft 

elastomer created by a hardened steel rod (1.1 mm diameter, with a truncated 35° corner, 

and a spherical edge of 0.79 mm diameter, as shown in Figure 55) and applied force of 

8.064 N [111]. The depth of indentation is dependent on the hardness (i.e., storage 

modulus G’, as discussed in the Literature Review, section 2.2.2) of the material. In 

order to eliminate/minimize possible polymeric viscoelastic effects (i.e., loss modulus 

G’’) during this test, the force was applied in a consistent manner, without shock and the 

force was continuously applied for 30 s before the measurements were taken. These 

samples of the material were uniformly 6.4 mm thick. 

 

 

Figure 55: Steel Rod of A Shore Durometer’s Test 
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This durometer test gives quite limited information, as it gives only information 

of the possible storage modulus values. In addition, the experimental data obtained from 

the A Shore test (where Sh is the obtained A Shore hardness) was converted into the 

storage modulus G’ data by semi-empirical approximate relation: 

 

G’ = 0.0981(56 + 7.6234 Sh) / 0.1375(254 – 2.54 Sh)         (63) 

 

This gives quite limited information of the possible mechanical properties of the 

obtained polymers. On the other hand, it was the most time-effective method (due to the 

time-limitation of the project), which enable to compare the properties of the numerous 

polyurethane samples obtained in Experimental Phase 2. (Therefore, the final samples of 

semi-IPN obtained in Experimental Phase 5 were fully analysed by DMA [111].) In 

addition, those two chosen mechanical test have limitation - as cannot be applied to 

compare mechanical properties of soft gels (i.e., polyborosiloxanes) [112]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91 

       3.2   Main Chemical Analytical Techniques Used in this Research  

      Infrared spectroscopy (IR spectroscopy) deals with the infrared region of the 

electromagnetic spectrum that is light and has a longer wavelength and lower frequency 

than visible light. A Perkin-Elmer Varian 800 FT-IR spectrophotometer was used in this 

investigation. This equipment was capable of recording a mid-infrared spectrum of a 

wavelength range from 4000 cm
−1

 to 400 cm
−1

.  

     Infrared spectroscopy exploits the fact that molecules absorb specific frequencies 

that are characteristic of their structure. These absorptions are resonant frequencies (i.e., 

the frequency of the absorbed radiation matches the frequency of the bond or group that 

vibrates). The energies are determined by the shape of the molecular potential energy 

surfaces, the mass of the atoms and the associated vibronic coupling. The simplest and 

most important IR bands arise from the "normal modes," the simplest distortions of the 

molecule. In some cases, "overtone bands" are observed. These bands arise from the 

absorption of a phonon that leads to a doubly excited vibrational state. Such bands appear 

at approximately twice the energy of the normal mode and are always much smaller in 

magnitude, but sometimes could be very informative as often lay in the area free of other 

absorption peaks. 

      The infrared spectroscopy technique works almost exclusively on samples with 

covalent bonds and if the molecule is symmetrical, for example such as N2, the band is 

not observed in the IR spectrum, but only in the Raman spectrum. 

Fourier transform infrared (FT-IR) spectroscopy is a measurement technique that 

allows one to record such infrared spectra. Infrared light is guided through the sample 

and then through an interferometer. A moving mirror inside the apparatus alters the 

distribution of infrared light that passes through the interferometer. The signal directly 

recorded, called an "interferogram", represents light output as a function of mirror 

position, as shown in Figure056. Here a beam of infrared light is produced, passed 

through an interferometer, and then split into two separate beams. One beam passes 

through the sample and the other through a reference sample. The beams are both 

reflected back towards a detector, however first they pass through a splitter which quickly 

alternates which of the two beams enters the detector. The two signals are then compared 
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and a printout is obtained and such a "two-beam" setup in the result gives very accurate 

spectra [5, 26]. 

 

 

Figure 56: Schematics of a Two-beam Absorption Spectrometer 

 

Nuclear magnetic resonance (NMR) spectroscopy is no less an important 

analytical tool in this project. NMR spectroscopy is a research technique that exploits the 

magnetic properties of certain atomic nuclei which can absorb radio-frequency energy 

when placed in a magnetic field of a strength specific to the identity of the nuclei. 

Resonant absorption by nuclear spins will occur only when electromagnetic radiation of 

the correct frequency is being applied to match the energy difference between the nuclear 

spin levels in a constant magnetic field of the appropriate strength. When this absorption 

occurs, the nucleus is described as being “in resonance”. Different atomic nuclei within a 

molecule resonate at different frequencies for the same magnetic field strength. The 

observation of such magnetic resonance frequencies of the nuclei present in a molecule 

allows the chemical and structural identification of the molecule. So, when placed in a 

magnetic field, NMR active nuclei, such as 
1
H or 

13
C (about 1 % of all C) absorb 

electromagnetic radiation at a frequency characteristic of the isotope. The resonant 

frequency, energy of the absorption and the intensity of the signal are proportional to the 

strength of the magnetic field. 

It might appear from the above that all nuclei of the same nuclide would resonate 

at the same frequency. However, this is not the case. The most important perturbation of 

the NMR frequency for applications of NMR is the “shielding” effect of the surrounding 

electrons. In general, this electronic shielding reduces the magnetic field at the nucleus 
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(which is what determines the NMR frequency). This shift in the NMR frequency due to 

the electron molecular orbital coupling to the external magnetic field is called chemical 

shift and it explains why NMR is able to probe the chemical structure of molecules which 

depends on the electron density distribution in the corresponding molecular orbitals. If a 

nucleus in a specific chemical group is shielded to a higher degree by a higher electron 

density of its surrounding molecular orbital, then its NMR frequency will be shifted 

"upfield" (that is, a lower chemical shift), whereas if there is less shielding by such 

surrounding electron density, then the NMR frequency will be shifted "downfield" (that 

is, a higher chemical shift). 

Depending on the local chemical environment, different protons in a molecule 

resonate at slightly different frequencies. Since both this frequency shift and the 

fundamental resonant frequency are directly proportional to the strength of the magnetic 

field, the shift is converted into a field-independent dimensionless value known as the 

chemical shift. The chemical shift is reported as a relative measure from some reference 

resonance frequency. (For the nuclei 
1
H, 

13
C and 

29
Si, tetramethylsilane is commonly 

used as a reference.) This difference between the frequency of the signal and the 

frequency of the reference is divided by the frequency of the reference signal to give the 

chemical shift. The frequency shifts are extremely small in comparison to the 

fundamental NMR frequency. A typical frequency shift might be 100 Hz, compared to a 

fundamental NMR frequency of 100 MHz, so the chemical shift is generally expressed in 

parts per million (ppm). 

By understanding different chemical environments, the chemical shift can be used 

to obtain some structural information about the molecule in a sample. For example, for 

the 
1H-NMR spectrum for ethanol (CH3CH2OH), one would expect three specific 

signals at three specific chemical shifts: one for the CH3 group, one for the CH2 group 

and one for the OH group. A typical CH3 group has a shift around 1 ppm, a CH2 

attached to an OH has a shift of around 4 ppm and an OH has a shift around 2-3 ppm 

depending on the solvent used. The shape and size of peaks are indicators of chemical 

structure too. In the example above: the proton spectrum of ethanol, the CH3 peak would 
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http://en.wikipedia.org/wiki/Chemical_shift
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be three times as large as the OH. Similarly the CH2 peak would be twice the size of the 

OH peak, but only 2/3 the size of the CH3 peak, because of number of H involved. 

In addition, some of the most useful information for structure determination in a 

NMR spectrum comes from a spin-spin coupling between NMR active nuclei. This 

coupling arises from the interaction of different spin states through the chemical bonds of 

a molecule and results in the splitting of NMR signals. And coupling to n equivalent 

(spin ½) nuclei splits the signal into a n + 1 multiplet with intensity ratios following 

Pascal's triangle. For example, in the proton spectrum for ethanol described above, the 

CH3 group is split into a triplet with an intensity ratio of 1:2:1 by the two neighbouring 

CH2 protons and the CH2 is similarly split into a quartet with an intensity ratio of 

1:3:3:1 by the three neighbouring CH3 protons [5, 23]. 
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4 Experiments 

 

4.1   Experimental Phase 1: Synthesis of Heterogeneous 

Poly-(boronn-siloxanem) Network 

 Experimental: All chemicals were purchased from Sigma-Aldrich Fluka Europe 

supplier and used without further purification, the FT-IR analyses were performed on 

Perkin Varian 800 FT-IR equipment. 

 

4.1.1   Experiment 1: Hydrolysis of Dichlorodimethylsilane and Subsequent 

Formation of Heterogeneous Poly-(boronn-siloxanem) Gel  

 Reagents: Dichlorodimethylsilane (Fluka 80430), distilled water and boric acid 

(Sigma B7901). 

 Procedure: First, 20 ml of distilled water and 3.87 g of dichlorodimethylsilane 

were stirred in an ice cold 50 ml conical flask at 50 rpm for 2 minutes. The reaction is 

fast and exothermic:  

 

n [Si(CH3)2Cl2] + n [H2O] → [Si(CH3)2O]n + 2n HCl (64) 

 

The organic layer was carefully separated by diethyl ether (Et2O) and further washed in a 

saturated sodium chloride solution (“brine”) and further separated by Et2O. 

 Further, the siloxane and Et2O solution was mixed with 0.12 g of boric acid in a 

100 ml conical flask (i.e., proportion of Si ~15 B). The flask was placed on a magnetic 

stirrer hot plate and the components were mixed at 70 rpm for 5 minutes using a magnetic 

stir bar. 

 The mixture was heated gradually to 160 °C and the temperature was kept 

constant for 15 minutes. The mixture did not become more viscous during these 15 

minutes, so the process was continued by raising the temperature to 180 °C with 15 

minutes dwelling and then raised further in the same way up to 205 °C. When the 

gelation process based on the reaction between siloxane and boric acid had occurred (at 

~205 °C) (as shown in Figure 57), the magnetic stir bar stopped turning in the flask and 

kept vibrating. The gel-resin was ready. 
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Figure 57: Gelation Process Based on the Reaction between Siloxane and Boric Acid 

 

Results: A soft grey/colourless opaque polymeric gel, FT-IR absorption weak peaks at 

2573, 2499 and 2410 cm
-1

 suggest the presence of (Si-O-B) bonds. 

 An analogous experiment was run but with one change. Boric acid was dissolved 

in 20 ml of distilled water before being mixed with siloxane. After completion of the 

gelation, the water and unreacted boric acid were washed away with more distilled water. 

 The resulting gel was more light-transparent and less opaque. Therefore, in the 

first case the opaque resulting polymeric gel had a heterogeneous structure with possible 

incorporations of boric acid crystals, while in the second case the boron-siloxane gel 

contained boron links in the polymeric backbone and a significantly lower concentration 

of unreacted boric acid. 

 

 
 

 

 

 

Figure 58: Gelation Process Based on the Simultaneous Reaction between 

 Dichlorodimethylsilane, Boric Acid and Water 
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        4.1.2   Experiment 2: Direct Polycondensation of Heterogeneous Poly-(boronn- 

        siloxanem) Gel from a Dichlorodimethylsilane, Distilled Water and Boric Acid 

 As a chlorosilane can react with a hydroxyl group attached to boron in the same 

way as it reacts with a molecule of water, it is possible to introduce boric acid directly 

into poly-hydrolysis reaction of di/tri-chlorosilanes. The result is a gel-putty of a 

heterogeneous siloxane, as shown in Figure 58. 

Reagents: Dichlorodimethylsilane (Fluka 80430), distilled water and boric acid (Sigma 

B7901). 

Procedure: First, 20 ml of diethyl ether, 0.12 g of boric acid (0.009 mole), 3.87 g of 

dichlorodimethylsilane (0.03 mole) and 40 ml of distilled water were stirred together at 

50 rpm in an ice cold 100 ml conical flask. The mixture was stirred for 2 minutes. The 

reaction is fast and exothermic. This polycondensation reaction led to the appearance of a 

colourless/grey water emulsion containing hydrochloric acid, unreacted boric acid and 

heterosiloxane gel diluted in diethyl ether. 

 Further, the temperature was risen to 40 °C for 10 minutes to allow for any excess 

of diethyl ether and hydrochloric acid to evaporate. As a result, a grey hydrophobic 

siloxane putty formed on the bottom of the flask, where a water solution of hydrochloric 

and boron acids formed as a top layer. 

 In order to remove any remains of hydrochloric acid, the boron-siloxane putty 

was repeatedly washed in a saturated sodium bicarbonate solution and distilled water. 

The putty was then dried at a room temperature for a week. 

Results: As in Experiment 1 a soft grey/colourless opaque polymeric gel was obtained, 

FT-IR absorption weak peaks at 2573, 2499 and 2410 cm
-1

 suggest the presence of 

(Si-O-B) bonds. 

 

 4.1.3   Experiment 3: Direct Polycondensation of Heterogeneous Poly-(boronn- 

siloxanem) Gel with Different Concentrations of Boric Acid in the Reaction 

The reagent and procedures were identical to Experiment 2. 

Hetero-boron-polysiloxane was formed with varying boron-silicon proportions.  
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The results are given in Table 5, the data of the possible mechanical properties such as 

tear resistance and storage modulus G’ was obtained by the techniques discussed in the 

Experimental Strategy, section 3.1. 

 

Table 5: Results of Experiment 3, where the Atomic Ratio of Boron to Silicon in the 

Polymeric Siloxane Backbone Varied from 1:6 up to 1:18 

 

Formulation 

B : Si proportion Results 

Number of 
Atoms Mass of Components (g) Appearance G’ 

Tear 

Resistance 

  B Si H3BO3 Cl2SiMe2   MPa MPa 

1 1 6 0.3 3.582 brittle resin ≈ 1.56 ≈ 0.05 

2 1 9 0.3 5.376 resin ≈ 0.76 ≈ 0.01 

3 1 12 0.3 7.02 gel (gel) (gel) 

4 1 15 0.3 8.96 liquid/gel (gel) (gel) 

5 1 18 0.3 10.75 

viscous 

liquid (liquid) (liquid) 
 
 

Because oligo/polyborosiloxanes obtained in this experiment are not additionally 

chemically cross-linked, therefore they still tend to a viscous flow under a constant stress, 

hence the mechanical tests explained in Experimental Strategy, section 3.1 cannot be 

applied effectively. Such a mechanical test results have very limited value as 

formulations 1 and 2 (i.e., the obtained resins) have not been used any further in this 

research. (All other obtained here oligomeric gels cannot be analysed by the same 

technique.) 

 

4.1.4   Experiment 4: Formation of Homogenous Cross-linked Polysiloxane Gel 

by Introducing Tri-functional Halosilanes into the Reaction Mixture of the 

Poly-hydrolysis of Dichlorodimethylsilane 

As tri/tetra functional halosilanes would lead to a branched or cross-linked 

siloxane (in some cases to a “ladder” polymer), it is possible to obtain a homogenous 

cross-linked siloxane gel/polymer [20]. 
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Reagents: Dichlorodimethylsilane (Fluka 80430), methyltrichlorosilane (Sigma M85301) 

and distilled water. 

Procedure: Identical to Experiment 2. 

Results: Homogenous polysiloxane branched oligomeric liquids and a soft polysiloxane 

elastomer (formulation 3) were formed with varying tri-functional and di-functional 

chloro-siloxane proportions.  

 

Table 6: Results of Experiment 4, where the Proportion of Tri-functional and Di-

functional Chloro-siloxane in the Polymeric Siloxane Backbone 

Varied from 1:3 up to 1:9 

 

Formulation 

Cl3SiMe : Cl2SiMe2 proportion Results 

Number of Groups 
Mass of 

Components (g) Appearance G’ 
Tear 

Resistance 

  Cl3SiMe Cl2SiMe2 Cl3SiMe Cl2SiMe2   MPa MPa 

1 1 3 1 2.59 

very soft 

elastomer ≈ 0.28 ≈ 0.06 

2 1 6 0.5 2.59 

viscous 

liquid (liquid) (liquid) 

3 1 9 0.3 2.33 liquid (liquid) (liquid) 
 

 

Because the soft polysiloxane elastomer obtained in this experiment is extremely 

soft, the mechanical tests explained in Experimental Strategy, section 3.1 cannot be 

applied effectively. Such a mechanical test result has a very limited value as 

formulation 1 (i.e., the obtained soft elastomer) has not been used any further in this 

research.  

 

Discussion: A mixture of dichlorodimethylsilane and trichloromethylsilane with water 

gives a highly cross-linked polymer. The similarities of the cross-links in the 

polydimethylsilane oligomeric/polymeric material built by boric acid and tri-functional 

silane are strong, particularly as boron is slightly more electro-positive than silicon. 
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Figure 59: Polymeric Gels Based on Cross-linked Heterogeneous Poly-boron-siloxane 

and Cross-linked Homogenous Siloxane Resin 

 

 The difference between these two branched polymers lies in intermolecular 

interactions. Boron and silicon atoms are both incorporated into the polymolecule 

through attachment to three neighbouring oxygen atoms, but boron stays relatively open 

and tends to form strong hydrogen bonds with neighbouring molecules, where the silicon 

atom in siloxane is always effectively shielded from other molecules by the methyl/alkyl 

group, as shown in Figure 59. So, because of the difference in the amount of 

intermolecular interaction, heterogeneous siloxane cross-linked by tri-functional boron 

groups gives a significantly harder polymer than a homogenous siloxane with the same 

number of possible chemical cross-links [23]. 
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4.2   Experimental Phase 2: Synthesis of IPN Based on a 

Heterogeneous Poly-(boronn-siloxanem) and Soft 

Polyurethane/urea Polymeric Networks 

 The byproducts of the reaction of polysiloxane hydrolysis (polycondensation 

reaction) are hydrochloric acid and water (or alcohols in case of hydrolysis of alkoxy-

terminated silanes). It is essential to avoid the presence of a strong acid during formation 

of polyurethane. Additionally, molecules of water (also hydroxyl-terminated silane) react 

with isocyanate faster than organo-attached hydroxyl groups, and this reaction leads to 

the formation of undesirable bubbles of CO2. The reaction of isocyanate and short (one-

side reactive) alcohols leads to a polymeric chain termination [97]. Therefore, in the case 

of a simultaneous polycondensation reaction in one bath to form polyurethane polymers 

none of the byproducts of siloxane polycondensation is designed or controllable. Hence, 

the decision was taken, that the siloxane polymeric network should be completely formed 

before it is introduced into a polymerization bath of polyurethane, while the polyurethane 

polymeric network can be just partially formed. 

Experimental: All chemicals were purchased from Sigma-Aldrich Fluka Europe supplier 

and used without further purification, the FT-IR analyses were performed on Perkin 

Varian 800 FT-IR equipment. 

 

4.2.1   Experiment 5: Formation of a Polyurethane/urea Polymeric Network 

through a Short Aliphatic Diamine Polymeric Chain Extender 

    Reagents: Diisocyanate: TDI technical grade 2,4-TDI 80 %, 2,6-TDI 20 % 

(Aldrich 216836). 

Polyols: castor oil Mn = 340 (Sigma 259853), polyethylene glycol Mn = 200 (PEO 

Mn = 200, Fluka 81150), polyethylene glycol Mn = 400 (PEO Mn = 400, Fluka 81170), 

polyethylene glycol Mn = 600 (PEO Mn = 600, Aldrich 202401). 

Chain-extender: 1,6-hexamethylene diamine (Aldrich H11696). 

Solvents: ethyl-methyl ketone (2-butanone, Aldrich 48877) 50 % and THF (Aldrich 

401757) 50 %. Also before all experiments, the solvents were additionally checked by 

FT-IR for the presence of water trace (i.e., hydroxyl absorption at 3600-3100 cm
-1

). 
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Procedure: In a 50 ml beaker, one polyol at a time and diisocyanate (TDI) were mixed in 

a ratio of one to two (1:2) according to the number of the reactive-ends (1 hydroxyl group 

-OH to 2 isocyanate groups O=C=N-). This mixture was stirred for five minutes and 

heated to 85 °C for two hours. 

 

 

 

Figure 60: Polymerization of Linear Polyurethane/urea Polymer  

through a Diamine Polymeric Chain-extender 

 

The mixture of isocyanate-ended oligomers was cooled to room temperature and 

dissolved in the solvent system, and further cooled to 0 °C. Into the solution was added 

the dissolved ice cold chain-extender 1,6-hexamethylene diamine (the reaction between 

an aliphatic primary amine and an aromatic isocyanate starts easily at room temperature 

and is very fast and exothermic [95], the polymerization reaction is schematically shown 

in Figure 60). The solvent was evaporated at 65 °C for two hours and further under 

vacuum for 30 minutes. 

Results: None of the obtained polyurethane polymers was soft, rubbery and suitable to a 

further development. All the obtained polymers were hard and brittle. Also the polymers 

based on castor oil and PEO Mn = 600 were slightly softer and less brittle than polymers 

based on relatively short diols of PEO Mn = 200 and PEO Mn = 400. The results are given 

in Table 7. 

 

Discussion: 

Formulation 1: As the aim of these series of experiments is to achieve a soft and very 

flexible polyurethane matrix, therefore any obtained (synthesised) polymeric material 

which shows brittleness is absolutely unsuitable for a further development. Even though 

the synthesised in this experiment polyurethane/urea polymer based on castor oil shows 

slightly better tear resistance and flexibility than polymers based on short liner PEO  
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Mn =200 and Mn =400, the proportion of the soft polymeric segment may be increased 

and the short polymeric chain-extender 1,6-hexamethylene diamine could be further 

changed in order to obtain a softer polymeric matrix. 

 

Table 7: Results of Experiment 5, where Polyurethane/urea Polymer was Finally Formed 

by 1,6-hexamethylene diamine Polymeric Chain Extender  

 

Formulation 

      Results 

Diisocyanate 

Chain- 

extender Diol/polyol Appearance G’ 
Tear 

Resistance 

  

 

  

 

  MPa MPa 

1 TDI H2N(CH2)6NH2 castor oil resin 4.43 0.78 

2 TDI H2N(CH2)6NH2 

PEO 

Mn200 brittle resin 15.53 ≈ 0.04 

3 TDI H2N(CH2)6NH2 

PEO 

Mn400 brittle resin 10.62 ≈ 0.08 

4 TDI H2N(CH2)6NH2 

PEO 

Mn600 resin 7.05 0.14 
 
 

 

Formulation 2: The obtained polyurethane/urea polymer based on short PEO 

Mn = 200 and short polymeric chain-extender 1,6-hexamethylene diamine gave in the 

result a very brittle resin (i.e., such formulation should be changed), as the proportion of 

the soft segment was absolutely insufficient. 

Formulation 3: The obtained polyurethane/urea polymer based on PEO Mn = 400 and 

short polymeric chain-extender 1,6-hexamethylene diamine gave in the result a brittle 

resin where the proportion of the soft segment should be significantly increased. 

Formulation 4: The obtained polyurethane/urea polymer based on PEO Mn = 600 and 

short polymeric chain-extender 1,6-hexamethylene diamine gave in the result a just 

slightly flexible resin. Even in this case of slight improvement in comparison with 

formulations 2 and 3, here the proportion of the soft segment should still be further 

increased [95-106]. 
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4.2.2   Experiment 6: Formation of a Polyurethane/urea Polymeric Network 

Based on a Long Linear PEO (Mn ≥ 1000) and the Polymerization Process 

Completed through a Short Aliphatic Diamine Polymeric Chain Extender 

In order to obtain a softer and more rubbery polyurethane polymer (than polymers 

which were obtained in Experiment 5) it was decided to increase the proportion of the 

soft polymeric segment by introducing into the polymer longer polyethylene oxide 

glycols such as PEO Mn = 1000 (Fluka P3515), PEO Mn = 1500 (Fluka 243660), PEO 

Mn = 3000 (Fluka 243670) and PEO Mn = 4000 (Fluka 243680). 

The procedures were similar to Experiment 5, where long PEO oligomers were at 

first dissolved in the solvent system and introduced into the reaction with short 

diisocyanate (TDI) (present at twice the molar proportions of PEO used). Further 

polymerization was completed by the introduction of a short diamine (1,6-hexamethylene 

diamine). 

Results: The obtained polyurethane polymers based on PEO Mn = 1000 and PEO 

 Mn = 1500 gave rubbery materials, but had insufficient tear resistance. The polymers 

based on the longer polyethylene oxide blocks PEO Mn = 3000 and PEO Mn = 4000 

tended to form inhomogeneous polymers. The results are given in Table 8.  

 

Table 8: Results of Experiment 6, where Polyurethane/urea Polymer was Build on Long 

PEO Blocks (Mn ≥ 1000) and Finally Polymerized by 1,6-hexamethylene diamine 

Polymeric Chain Extender 

Formulation 

      Results 

Diisocyanate 

Chain- 

extender Diol Appearance G’ 
Tear 

Resistance 

  

 

  

 

  MPa MPa 

1 TDI H2N(CH2)6NH2 

PEO 

Mn1000 

resin/ 

elastomer 1.82 0.16 

2 TDI H2N(CH2)6NH2 

PEO 

Mn1500 elastomer 1.14 0.14 

3 TDI H2N(CH2)6NH2 

PEO 

Mn3000 

non-

homogeneous 

elastomer ≈ 0.76 ≈ 0.11 

4 TDI H2N(CH2)6NH2 

PEO 

Mn4000 

non-

homogeneous 

elastomer ≈ 0.56 ≈ 0.06 
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Discussion: The obtained polyurethane polymers which were based on long polyethylene 

oxide blocks PEO Mn = 3000 and PEO Mn = 4000 tended to form non-homogeneous 

polymers, because of the presence of significant crystalline blocks formed by the long 

and straight sections of linear polyethylene oxide. Therefore, in order to obtain a soft, 

amorphous and rubbery polyurethane polymer it is necessary to avoid excessively long 

blocks of homogenous polymeric materials which tend to crystallize at room temperature 

[17]. Hence, a combination of different kinds of polyols and diols is preferable, such as a 

combination of linear polyethylene oxide, polypropylene oxide, castor oil, etc. As such a 

heterogeneous system would be effectively prevented from forming crystalline blocks 

and will be close to being absolutely amorphous at working temperatures (i.e., room 

temperature). 

From the literature it is also known that introducing some tri-functional castor oil, 

glycerol or multi-functional sorbitol into the polyurethane formulation should improve 

the tear resistance of the polymer [95]. 

In order to obtain soft, amorphous and rubbery polyurethane, all further 

polyurethane polymers produced have been an amorphous mixture of a few different and 

relatively immiscible diol and polyol blocks. Therefore, as castor oil does not form 

crystalline blocks on its own at room temperature nor with TDI, MDI or HDI and long 

linear polyethylene/propylene oxides [23, 101], it was decided that this tri-functional 

hydroxyl-ended oligomer may be introduced in the majority of these soft, elastic 

polyurethane polymeric networks formulations. Also long linear polypropylene oxide 

(PPO) oligomers are immiscible with polyethylene oxide oligomers [19], so PPO can be 

used as a combination with PEO in the soft-amorphous segments of such polyurethane 

polymers. 

 

4.2.3   Experiment 7: Synthesis of Polyurethane Polymers Based on Castor Oil 

and Different Diisocyanates 

Further introduced reagents: 4,4′-Methylene-bis(phenyl isocyanate) (4,4′-MDI, 

Fluka 33428), 1,6-Diisocyanatohexane (HDI, Sigma 52649). 
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A number of polyurethane resins were obtained based on castor oil and TDI, 

MDI, HDI diisocyanates, and the molecular proportion of reactive-ends (functionality) 

was -OH 1:1 O=C=N-. 

Procedure: In a 50 ml beaker, oligomeric castor oil and short diisocyanate were dissolved 

in the solvent system and stirred for 5 minutes. Further the mixture was heated for 80 

minutes to 85 °C (TDI), 125 °C (MDI) and 180 °C (HDI) respectively (polymerization 

reaction of formation of polyurethane links). The obtained resins were allowed to dry at 

room temperature for a week. 

Results: Polyurethane resins based on castor oil and TDI were slightly softer and 

had better tear resistance, where resins based on MDI and HDI were comparable. Also, 

these results are in good agreement with those in the literature [95]. The results are given 

in Table 9.  

 

Table 9: Results of Experiment 7, where Polyurethane Polymers were Based on 

Castor Oil and Different Diisocyanates 

 

Formulation 

    Results 

Diisocyanate Polyol Appearance G’ Tear Resistance 

  

 

    MPa MPa 

1 TDI castor oil resin 2.65 0.75 

2 MDI castor oil resin 3.19 0.71 

3 HDI castor oil resin 2.86 0.69 
 

 

Discussion: Aliphatic diisocyanate HDI does not contain a bulky benzene ring (as 

compared to TDI or MDI). Because HDI is a straight-chained molecule, the polymer 

obtained does not increase the free volume (i.e., decrease density) of the polymer and so 

is able to obtain a high magnitude of intermolecular interaction [95-105]. Therefore, in 

order to obtain soft rubbery polyurethane material, TDI was chosen as a preferable 

diisocyanate. (Also in the case of preparation of a pre-polymer based on different kinds 

of diisocyanates, the final polymerization cannot be based on an aliphatic diisocyanate 

such as HDI, as it requires an elevated temperature of 180 °C to form such aliphatic 
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urethane links, where such aromatic diisocyanates in polymeric backbone as TDI may 

decompose [95].) 

 

4.2.4   Experiment 8: One-step Polyurethane Polymerization Based on TDI and a 

Heterogeneous Soft Polymeric Segment 

A number of polyurethane resins were obtained by one-step polymerization from 

the given formulations, where the isocyanate-hydroxyl proportion was 1:1. 

Formulation 1: (-OH 1:1 O=C=N- proportion): TDI (1.74 g), castor oil 30 % (2.1 g), 

PPO Mn = 425 10 % (0.42 g,), PEO Mn = 400 10 % (0.4 g), PEO Mn = 600 20 % (1.2 g), 

PEO Mn = 1000 30 % (3 g). 

Formulation 2: (-OH 1:1 O=C=N- proportion): TDI (1.74 g), castor oil 25 % (1.51 g), 

PPO Mn = 425 15 % (0.63 g), PEO Mn = 600 20 % (1.2 g), PEO Mn = 1000 30 % (3 g), 

PEO Mn = 4000 10 % (4 g). 

Formulation 3: (-OH 1:1 O=C=N- proportion): TDI (1.74 g), glycerol 20 % (0.3 g), 

PPO Mn = 425 10 % (0.63 g), PEO Mn = 600 20 % (1.2 g), PEO Mn = 1000 30 % (3 g), 

PEO Mn = 4000 20 % (4 g). 

Formulation 4: (-OH 1:1 O=C=N- proportion): TDI (1.74 g), sorbitol 30 % (0.3 g), 

PPO Mn = 425 10 % (0.63 g), PEO Mn = 600 20 % (1.2 g), PEO Mn = 1000 30 % (3 g), 

PEO Mnn= 4000 10 % (4 g). 

Procedure: In a 100 ml beaker all components were dissolved in 10 ml of the solvent 

system and further stirred for 15 minutes. The mixture was heated for 50 minutes at 

85a°C. The obtained polymers were further dried for two days at room temperature. 

Results: The obtained polyurethane polymers were yellow, slightly light-

transparent/cloudy (sample of formulation 3 was particularly cloudy), softer and more 

rubbery than obtained in Experiment 7, except for those which were based on sorbitol 

(i.e., formulation 4). Also, the obtained polymers (except formulation 3 and 4) had 

significantly improved tear resistance. The results are given in Table 10.  
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Table 10: Results of Experiment 8, where Polyurethane Polymers were Polymerized 

by One-step Polymerization from TDI and a Heterogeneous Soft Polymeric Segment 

 

Formulation 

      Results 

Diisocyanate Diol Mn Polyol Appearance G’ 
Tear 

Resistance 

  

  

    MPa MPa 

1 TDI high castor oil elastomer 0.47 1.06 

2 TDI high castor oil elastomer 0.39 1.18 

3 TDI high glycerol elastomer/resin 0.96 0.86 

4 TDI high sorbitol resin 1.82 0.12 
 

 

Discussion: These results can be explained by a number of factors: such as, castor oil 

effectively increases the tear resistance of the polyurethane polymer, and also some small 

proportion of long prepolymer, when added (as PEO Mn = 4000 is believed creates 

effective cross-link-bridges between entire blocks of polymolecules). But in case, where 

such long prepolymer as PEO Mn = 4000 is in high proportion, it tends to form some 

crystalline blocks even before the gelation process has been completed. That leads to a 

heterogeneous polymer of poor quality. 

In addition, as it was discussed in Literature Review, section 2.3.8, isocyanate 2 

of TDI is often unable to react fully (i.e., to reach for the reaction secondary alcohol of 

sorbitol, glycerol or even castor oil) with secondary alcohol of sorbitol (particularly, 

when the gelation has already happened), therefore the obtained gel would contain a high 

proportion of short oligomeric molecules. Such material often gives quite poor 

mechanical properties [101]. 

 

4.2.5   Experiment 9: Two-step Polyurethane Polymerization Based on TDI and a 

Heterogeneous Soft Polymeric Segment  

An additional number of polyurethane resins was produced by two-step 

polymerization from the same formulations as in Experiment 8, where the isocyanate-

hydroxyl proportion (-OH : O=C=N-) was also 1:1. 
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Procedure: In a 100 ml beaker diisocyanate and polyol (castor oil, glycerol or sorbitol) 

were dissolved in 40 ml of solvent system and further stirred for 15 minutes. The mixture 

further was heated for 50 minutes at 85 °C. 

Glycerol and sorbitol gave brittle white crystalline prepolymer materials which 

were not used further. 

Prepolymers based on castor oil were further dissolved in 30 ml of the solvent 

system and mixed with the rest of the polyurethane formulation. The mixture was stirred 

for 15 minutes and further heated for 50 minutes at 85 °C. The obtained polymers were 

further dried for two days at room temperature. 

Results: The obtained polymers (based on castor oil) were similar to those produced in 

Experiment 8. 

 

Discussion: An intense yellow colour appeared in the resulting polymers, clearly 

indicating the presence of a high proportion of urea links [101], which can appear in the 

reactive system by the reaction of an amine (most probably a primary amine) and 

isocyanate [23]. As amine groups had been originally absent in the reactive system at the 

start of the reaction, it means that amine groups were formed during the polymerization 

reaction. The possible way to form an amine group is a reaction between isocyanate and 

water [95]:  

 

H2O + O=C=N- → H2N- + CO2  (65) 

 

Alternatively for a hydrophobic castor oil it may be a reaction of a carboxyl acid 

group with isocyanate, which also gives a primary amine group and a molecule of carbon 

dioxide. 

 Formation of carbon dioxide in the final stages (i.e., gelation) is strictly 

undesirable, as it would lead to the formation of CO2 bubbles, which would lead to a 

non-homogeneous system and reduce such mechanical properties as tear resistance of the 

final polymer [96]. But, if the formation of any amines may be limited only to during the 

initial polymerization (i.e., before gelation starts), and the oligomeric mixture is still soft 

and flexible enough to release all the formed CO2 gas, such very limited formation of 

amine can be beneficial, as the formed urea links may improve the tear resistance of the 
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final polymer. On the other hand, high concentrations of urea and substituted urea links 

would inevitably lead to a polymer with a high tensile strength and may lead to a 

polyurethane polymer with insufficient tear resistance.  

 Unfortunately FT-IR is of very limited help in recognizing traces of moisture in 

such oligomers as glycerol or sorbitol, as the wide absorption spectrum of hydroxyl of 

water and hydroxyl attached to a sorbitol or glycerol can interfere as they are in the same 

absorption area of 3600-3100 cm
-1

. Experiment 9 was run repeatedly as sorbitol or 

glycerol had been heated and stirred before the experiment for 5 hours at 130 °C, in order 

to release all traces of moisture. The resulting prepolymer was still a brittle polymeric 

resin.  

 The use of short oligomeric polyols such as sorbitol or glycerol as a final chain-

extender can be also very limited. As 2,4-TDI always reacts faster on one side (because 

of its geometry) then any TDI based prepolymer will be left with unreacted isocyanate 

partially covered by the neighbouring methyl group. Hence, during gel formation not all 

such long and bulky 2-TDI-ended prepolymer groups may be able to react with all the 

hydroxyl groups attached to a bulky sorbitol or glycerol [17]. Also there is quite a low 

probability that all 2-TDI-ended long oligomeric prepolymer groups would be able to 

react completely with all the hydroxyl groups attached to castor oil [95]. Therefore, it is 

desirable to have an isocyanate-ended prepolymer of polyol at the beginning stage of the 

polymerization process [96]. 

 Castor oil was also checked by FT-IR for the presence of carboxyl groups, which 

have a wide absorption spectrum at 2800-2200 cm
-1

 [23]. The sample of castor oil used in 

this experiment did not show any visible absorption at this area. The concentration of 

carboxyl groups could be extremely low, but at the same time, one carboxyl group is able 

to change the polyurethane polymerization reaction for a number of isocyanate groups. 

One carboxyl group reacts with an isocyanate and gives a hydroxyl group and primary 

amine, where both the resulting hydroxyl group and the resulting primary amine will be 

involved in the further reactions of polymerization. One primary amine group reacts fast 

with one aromatic isocyanate and forms a urea group, which may react further to form a 

substituted urea [97]. Therefore, the original stoichiometry may be lost. 
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 The majority of the sources in the literature on polyurethane suggest the use of a 

slightly higher proportion of isocyanate than 1:1 (i.e., O=C=N- 1.05 : 1 HO- or  

O=C=N- 1.1 : 1 HO-) [95-101]. In some applications, such as coatings, it is advisable 

to use as much as 1.7 isocyanate group to 1 possible reactive hydroxyl group (O=C=N- 

1.7 : 1 HO-) [95]. Therefore, at this stage it was decided to start using a higher than 1:1 

proportion of isocyanate in the polymeric formulations. 

  

4.2.6   Experiment 10: Multiple Step Polymerization of Polyurethanes Based on 

Branched Castor Oil, PPO and TDI Prepolymers 

In order to obtain a softer and more rubbery polymer with better tear resistance 

(than in Experiment 8) a number of polyurethane polymers based on a mixture of castor 

oil/diol copolymers were produced. All the polymerization reaction ingredients (except 

TDI) were dried at 70 °C for a few days. 

Formulation 1: Castor oil (3.4 g) was mixed for 5 minutes with TDI (1.91 g) in a 

proportion of O=C=N- 2.2 : 1 HO- and allowed to react at 85 °C for 40 minutes. 

Further the prepolymer was dissolved in the TFH/Et-Me-ketone solvent system (10 ml) 

and mixed with PPO Mn = 425 (1.1 g) in a proportion 1 PPO diol in 2 castor oil 

oligomers, in order to obtain prepolymer blocks of PPO Mn = 425 connected through TDI 

to 2 castor oils, also containing 4 attached unreacted isocyanate groups, as shown in 

Figure 61. 

 
Figure 61: Multiple-isocyanate-ended Prepolymer Based on Castor Oil, TDI and PPO 

 

  The oligomeric isocyanate-ended prepolymer was additionally diluted with the 

solvent system (20 ml) and stirred with PEO Mn = 600 50 % (0.63 g) and PEO 
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Mn = 1000 50 % (1.05 g). The proportion of O=C=N- : HO- was kept 1.2:1. The 

mixture was stirred for 10 minutes and heated for 50 minutes at 85 °C. The obtained 

polymer was further dried for a week at room temperature. 

Formulation 2: Castor oil was mixed with TDI (1.39 g) in a molecular proportion of 

12 x 5, in order to obtain an isocyanate-ended prepolymer containing 5 castor oil (3.4 g) 

groups in a row, as shown in Figure 62. 

 

 
Figure 62: Multiple-isocyanate-ended Prepolymer Based on Castor Oil and TDI 

 

The obtained prepolymer was given to react for 50 minutes at 85 °C and further 

diluted in 10 ml of the solvent system and reacted with PPO Mn = 425 50 % (0.3 g) and 

PEO Mn = 1000 50 % (0.69 g) as a chain-extender. The overall O=C=N- : HO- 

proportion was kept 1.2:1. 

Formulation 3: In a similar way as in formulation 2, castor oil (3.4 g) was mixed with 

excessive TDI (1.24 g) in such proportions to obtain 10 castor oil groups in a row 

connected by TDI. The components were mixed, stirred and allowed to react. The 

resulting prepolymer formed a rubbery polymer, which was impossible to further dissolve 

in 70 ml of the solvent system. 

Formulation 4: A molar (i.e., active reactive-ends number) mixture of 40 % of PPO 

Mn = 425 (1.06 g), 30 % of castor oil (1.13 g), 25 % of PEO Mn = 1000 (1.25 g) and 5 % 

of PEO Mn = 3000 (0.75 g) was dissolved in 10oml of the solvent system and mixed with 

1.74 g of TDI in a O=C=N- : HO- in proportion of 2:1. The solution was further stirred 

for 15 minutes and allowed to react for 50 minutes at 85 °C. The obtained gel prepolymer 

was further dissolved in 100 ml of the solvent system and cooled to 0 °C. 

In a separate flask, in 70 ml of the solvent system, was dissolved 0.37 g of  
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1,6-hexamethylene diamine. The molar proportion of the short diamine was of 1 primary 

amine group to 1.5 isocyanate group of the prepared prepolymer (i.e., because the 

prepared isocyanate-ended prepolymer already had a yellow colour,  and so, inevitably 

contained some urea groups, an excess of isocyanate groups would be able to further 

react with urea groups to form substituted urea links). 

 In an ice bath, in an ice cold 500 ml beaker, both solutions were quickly mixed 

and stirred for 5 minutes (overall solution volume ~200 ml). Further the obtained solution 

was constantly stirred and allowed to warm to room temperature where the reaction 

between aliphatic diamine and aromatic isocyanate happened. The stir bar was taken out 

from the resultant yellow and light-transparent gel. The polymeric gel was allowed to dry 

inside the beaker at room temperature for 3 days (because a fast evaporation of the 

solvent at high temperature would inevitably lead to the formation of undesired bubbles 

in the polymer). 

After 3 days, the gel formed a rubber disc on the bottom of the flask. This rubber 

disc was carefully taken out and allowed to dry further at room temperature for a week. 

The obtained polyurethane/urea rubber was yellow, clear and light-transparent. This 

polymer was further heated for 2 hours at 90 °C in order to complete the polymerization 

reaction. 

Results: The obtained polyurethane polymers were yellow and clearly light-transparent 

(i.e., cloudiness of these polymers would suggest some incorporations of possible 

crystalline blocks and therefore non-homogeneity [26].) 

These obtained polymers (except formulation 3) had improved tear resistance. 

The results are given in Table 11.  

 

Discussion: 

Formulations 1 and 2: These samples had improved tear resistance in comparison with 

Experiment 8 (i.e., based on O=C=N- : HO- proportion of 1:1). Also those samples 

stayed soft and rubbery. Hence the same or similar formulation could be further used as 

polyurethane matrix for the IPN with polyborosiloxane. 
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Table 11: Results of Experiment 10, where Branched Polyurethane Polymers were 

Polymerized by Multiple Step Polymerization from TDI, Castor Oil, PPO and PEO  

 

Formulation 

Proportion given in reactive-ends Results 

NCO:OH+NH2 PPO/PEO Polyol Amine Appearance G’ 
Tear 

Resistance 

    

 

(castor 

oil) 

 

  MPa MPa 

1 1.2:1 0.5 0.5 0 elastomer 0.56 1.56 

2 ≈1.2:1 ≈ 0.4 ≈ 0.6 0 elastomer 0.69 2.35 

3 the sample was not synthesized completely 

4 ≈ 1.35:1 0.35 0.15 ≈ 0.15 resin/elastomer 3.6 3.14 
 

 

 

Formulation 3: Such long prepolymer (i.e., ≈ 10 castor oil-TDI-blocks together) should 

be considered as impractical as it increasingly difficult to dissolve for further 

polymerization. 

Formulation 4: Even though the sample got to be quite rigid and less flexible, the tear 

resistance of the sample was some further improvement in comparison with formulations 

1 and 2. Therefore, the polymeric chain-extenders based on primary diamine could be 

used in a combination with some increase of the soft polymeric segment. 

Hence, on a base of short aromatic diisocyanate TDI, it is possible to obtain a 

suitable polyurethane/urea soft polymeric matrix with the desirable mechanical 

properties, which is also suitable for further IPN formation. Such a polyurethane polymer 

can be readily obtained by a two-step polyurethane polymerization, where the mechanical 

properties can change by the variation of components of the “soft” segment and 

short/long chain-extender [104]. 

 

4.2.7   Experiment 11: Formation of IPN Based on Two-step Polymerization 

Polyurethane Matrix and Poly-(boronn-siloxanem) Network  

Poly-(boronn-siloxanem) gel in all this series of experiments was produced by the 

method shown in Experiment 1. The atomic boron-silicon proportion was kept to 1:16. 
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Formulation 1: In a 100 ml conical flask, 5 g of poly-(boronn-siloxanem) gel was 

dissolved in 75 ml of the 50 %-50 % TFH/Et-Me-ketone solvent system. 

In a separate 100 ml flask an isocyanate-ended prepolymer was prepared, as 

shown in Experiment 10, formulation 1. 

In a 200 ml beaker both solutions were carefully mixed and stirred for 5 minutes. 

Further the final polymeric chain extenders were added (as shown earlier, PPO Mn=425 

50 % and PEO Mn=1000 50 %). The mixture was stirred for the next 15 minutes. 

The solution was gradually heated up to 45 -50 °C in order to reduce the amount of 

excessive solvent. 

When the amount of the solvent had decreased by half, a light-transparent grey 

rubbery borosiloxane gel started to form separate from the main body of the cloudy-

yellow viscous solution. 

When the amount of the solvent was reduced significantly the oligomeric 

components formed a gel. The gel was left to dry in the beaker at room temperature for a 

day. 

The resulting borosiloxane gel (separated from the main solution siloxane gel) 

was taken out and dried. The yield was 2.7 g of poly-(boronn-siloxanem) from the 

solution. 

The polyurethane-siloxane prepolymer-IPN was heated at 85 °C for 70 minutes, 

to allow the complete polymerization of polyurethane matrix. 

 Results: Only a small proportion of borosiloxane gel formed IPN with the given 

polyurethane matrix. The actual polyurethane-borosiloxane IPN contained borosiloxane 

just ~15 % of mass in comparison with the planned ~40 %. 

The obtained IPN was cloudy and light yellow, which suggests a heterogeneous 

polymeric system.  

Formulation 2: The experiment from formulation 1 was rerun with a different 

concentration of borosiloxane gel. The mass of the polyurethane matrix was left the same 

and the mass of the poly-(boronn-siloxanem) gel varied from 4.5 g to 0.5 g. 

Results: Only at a concentration of borosiloxane below 10 % (0.75 g) of the IPN mass, a 

gel separate from the main solution-gel was not formed during solvent evaporation. 
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Formulation 3: The experiment from formulation 2 was rerun with the polyurethane 

matrix based on Experiment 10, formulation 2 and also different concentration of 

borosiloxane gel. The mass of the polyurethane matrix was left the same and the mass of 

the poly-(boronn-siloxanem) gel varied from 3 g to 0.3 g. 

Results: In this experiment also, it was only at a concentration of borosiloxane below 

10 % (0.5 g) of the IPN mass, that a gel separate from the main solution-gel was not 

formed during solvent evaporation. 

 

Discussion: Borosiloxane gel is immiscible with the polyurethane matrix and strongly 

tends to show phase separation [30]. The possible limited intermolecular forces which 

formed between boron and nucleophilic groups of the polyurethane matrix were just 

enough to detain a very limited quantity of borosiloxane oligomer in the formed IPN. 

 Hence, where a fast reaction between the isocyanate groups of the prepolymer and 

primary diamines is possible, the gelation process would be much faster and may occur 

strongly enough to trap all the borosiloxane inside the IPN.  

 

4.2.8   Experiment 12: Formation of IPN Based on Two-step Polymerization 

Polyurethane/urea Matrix and Poly-(boronn-siloxanem) Network, where the 

Polyurethane/urea Polymerization Process was Completed through a Fast 

Reaction with Aliphatic Diamine 

 In order to trap successfully inside the formed IPN a higher possible concentration 

of borosiloxane than in Experiment 11 (i.e., ≈ 10 % of the IPN mass) the final 

polyurethane polymerization reaction was changed from a slow reaction between 

aromatic isocyanate and aliphatic primary hydroxyl (used in Experiment 11) to a much 

faster reaction between aromatic isocyanate and aliphatic primary amine. 

Formulation 1: This experiment was run with a polyurethane/urea matrix based on 

Experiment 10, formulation 4. Also different concentrations of borosiloxane gel were 

applied.  

Results: As the gelation process was significantly faster than in previous experiments, a 

higher concentration of borosiloxane was trapped into the formed IPN. The highest 

successful mass proportion of poly-(boronn-siloxanem) in the produced IPN was 21 %  
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(1.7 g from 8 g of overall IPN mass). 

Formulation 2: At this stage a new α, ω –diamine prepolymer was introduced. 

Poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol) bis(2-

aminopropyl ether) (shown in Figure 63) average Mn ~2,000 (Aldrich 406635) gave the 

opportunity to use very fast gelation based on the reaction of isocyanate of the 

prepolymer and primary amine of another long prepolymer. In addition, a use of a such 

long α, ω-diamine heterogeneous-block prepolymer has such advantages: it creates a 

polyurethane/urea polymer with a high average molecular weight (suitable for a further 

chemical cross-linking through a substituted urea formation) and simultaneously gives a 

high proportion of the amorphous soft polymeric segment (i.e., PEO and PPO are 

immiscible at room temperature, therefore are free from crystalline). 

 

 

 

Figure 63: Poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene 

glycol) bis(2-aminopropyl ether) 

 

Formulation 1 was rerun with one exception, the final polymerization was based on the 

introduction of dissolved poly(propylene glycol)-block-poly(ethylene glycol)-block-

poly(propylene glycol) bis(2-aminopropyl ether) Mn ~2,000 (5 g) instead of a short 

diamine, such as 1,6-hexamethyl diamine. Also the resulting proportion of isocyanate-

primary amine was shifted to a 2:1 in comparison with 1.35:1 in the previous experiment. 

Results: Up to 5 g (29 %) of borosiloxane was incorporated into 16 g of the soft and 

rubbery resulting polyurethane/urea-heterosiloxane IPN. 

Formulation 3: The solvent system which was used during the gelation process was 

changed in such a way as to be less miscible with borosiloxane, therefore it may lead to a 

greater concentration of poly-(boronn-siloxanem) inside the body of the formed IPN and 

reduce the concentration of borosiloxane in the rest of the solution [30]. The solvent 

system was 35 % diethyl ether, 50 % THF and 15 % 2-butanone. 
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Formulation 2 was rerun, where the final gelation was run in the new solvent 

system. The highest possible concentration of poly-(boronn-siloxanem) trapped inside the 

IPN was 44 % (8 g of 17 g of IPN). 

The gel-IPN products obtained in formulations 2 and 3 were dried further for 3 

weeks at room temperature and further heated at 90 °C for 2 hours to allow the reaction 

between the formed secondary amines and any possibly remaining isocyanate groups to 

be completed (i.e., final polymerization as a formation of cross-linked polymeric matrix). 

During this stage of the polymerization (at elevated temperature) phase separation 

between borosiloxane and the rest of IPN (polymeric matrix) happened. Borosiloxane 

previously (at room temperature) successfully trapped inside the IPN started to 

concentrate on the surface of the polymer. At the end of the heating process, borosiloxane 

effectively formed a thick layer on the surface of the IPN. In the IPN sample obtained in 

formulation 3, 3.5 g of borosiloxane was found on the surface of the IPN. 

 

Discussion: In order to successfully introduce a PDMS base polymeric network into IPN 

based on a soft non-siloxane (here, polyurethane) matrix, the siloxane polymeric matrix 

should be “anchored” into the second polymeric matrix. One possible way to achieve this 

is by increasing the molecular mass of the siloxane-based polymeric network, as it may 

stabilize both polymeric networks and prevent it from a possible separation. Also, in this 

case, such a cross-linked polymer would be increasingly difficult to dissolve and 

thoroughly disperse in the second polymeric matrix [20]. 

 Alternatively, the role of the “polymeric anchor” can be played by the 

introduction of siloxane based polymeric segments into the second non-siloxane (i.e., 

polyurethane) polymeric matrix. Therefore, it would increase the affinity between the two 

polymeric matrices and may prevent separation [17]. Another way to stabilize both 

polymeric networks in the IPN is the introduction of some chemical cross-links between 

the networks. Currently there exists on the market epoxy-, primary amine-, isocyanate-, 

alkoxy- and hydroxyl-ended siloxane based prepolymers, suitable for  

co-polymerization/further polymerization with conventional isocyanate-ended polymers 

[20, 24]. 
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 In this specific application some boron groups should be introduced into a 

polysiloxane polymer before it further polymerizes with polyurethane polymer [24]. 

 Because of the very high market price of the existing alkoxy-siloxane 

prepolymers suitable for a copolymerization with polyurethanes, the resulting final 

polymer may be economically unsuitable. Therefore, it was decided to continue the 

research along the lines of a more cost-effective way to introduce some degree of 

chemical cross-linking between soft poly-(boronn-siloxanem) and polyurethane polymeric 

matrices. 

 The two most popular ways of introducing organo-functional groups into a 

siloxane polymer are hydrosilylation (i.e., reaction of double carbon-carbon bond with 

hydrogen directly attached to the silicon atom) and by Grignard reaction. The first 

method could be more economically effective (if successful) in an industrial scale 

production of high quantities of a siloxane polymer [20], while the second method may 

be efficient in this application. 
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4.3   Experimental Phase 3: Introduction of Organo-

functional Groups, Suitable for Copolymerization with 

Isocyanates, through Grignard Reaction on Siloxanes 

Experimental: All chemicals were purchased from Sigma-Aldrich Fluka Europe 

and used without further purifications (always, before the experiment, all solvents were 

checked for traces of moisture by FT-IR), the FT-IR analyses were performed on Perkin 

Varian 800 FT-IR equipment. 

 

4.3.1   Experiment 13: Synthesis of Me3Si(CH2)6SiMe3 by a Grignard Reaction of 

1,6-dichlorohexane and Chlorotrimethylsilane  

  Reagents: 1,6-dichlorohexane (Aldrich D63809), chlorotrimethylsilane (Aldrich 

386529), magnesium (granular, Grignard reagent, Sigma Aldrich 254126), 

tetrahydrofuran (THF) anhydrous  ≥ 99.9 % (Sigma Aldrich 401757), diethyl ether (Et2O) 

spectrometric grade ≥ 99.9 % (Sigma Aldrich 309958). 

Formulation 1: In a dry 100 ml conical flask 1.55 g of 1,6-Cl(CH2)6Cl, 0.48 g of Mg 

and 40 ml of Et2O were sealed and stirred at 25 °C for a week, to achieve the reaction 

shown in Figure 64. 

 

 
 

 

Figure 64: Formation of Grignard Reagent 

 

Results: On the bottom of the flask was present almost the full amount of unreacted 

granular magnesium and no trace of the possible formed white salt (MgCl2). The 

ingredients had reacted only partially and very slowly. Hence, at room temperature in 

diethyl ether the reaction between 1,6-dichlorohexane and magnesium is too slow to be 

applied into the polymerization process. 
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Formulation 2: The boiling temperature of THF is significantly higher than that of 

diethyl ether. Temperatures of ≤ 70 °C can be applied without any additional pressure. 

Therefore, the solvent was changed and the procedures were identical to formulation 1. 

Results: Similar to those in formulation 1, just a very limited amount of magnesium 

granules had reacted during a week of stirring at such temperature.  

Formulation 3: Alternatively, this Grignard reaction can be run by the simultaneous 

introduction of halosilanes into the reaction bath. This normally speeds the reaction, 

where the resultant Grignard reagent is further able to react with dichlorodimethylsilane 

[72]: 

 

 

Figure 65: Reaction between Grignard Reagent and Chlorosilane 
 

In a dry 100 ml conical flask 1.55 g of 1,6-Cl(CH2)6Cl, 0.48 g of Mg, 2.17g of 

chlorotrimethylsilane and 40 ml of THF were sealed and stirred at 65 °C for 2 weeks. 

Results: On the bottom of the flask some particles of granular magnesium were present 

(though reduced in size) and a very limited proportion of a white salt had formed. The 

ingredients had reacted just partially, and the principle reaction is shown in Figure 65. 

 

Discussion: The reaction between 1,6-dichlorohexane and magnesium at 65-67 °C was 

still too slow to be applied into the polymerization process. 

 

4.3.2   Experiment 14: Synthesis of Me3Si(CH2)5 SiMe3 by a Grignard Reaction 

of 1,5-dibromopentane and Chlorotrimethylsilane 

Further introduced reagent: 1,5-dibromopentane (Fluka 34260). 

In a dry 100 ml conical flask 2.3 g of 1,5-Br(CH2)5Br, 0.48 g of Mg and 40 ml of Et2O 

were sealed and stirred at 25 °C for 5 hours. 



 122 

The solution instantly became light-yellow in colour which indicates formation of 

the bromide anion Br 
–
 [23]. The first reaction appeared after 40 minutes of stirring 

where about a half of the magnesium granules had visibly reacted and gave a grey 

coloured solution. Further the solution had been stirred for ~2 hours at ~30 °C before the 

remaining magnesium granules started to react with ε-Br of BrMg(CH2)5Br 

compound. 

 

Discussion: As the reaction with magnesium is much faster with α-Br of  

1,5-dibromopentane than with ε-Br (the detailed explanation of the applied chemistry is 

given in the Literature Review, section 2.3.4), it is possible to expect that with molar 

proportions of 1:1 for 1,5-dibromopentane and magnesium, the reaction would 

predominantly run on one side (i.e., predominantly gives BrMg(CH2)5Br instead of less 

predictable BrMg(CH2)5MgBr) [23, 72]. 

Hence, it may be possible to synthesise a stable enough halosiloxane monomer 

-(Me)nSi(CH2)mX which is further introduced into polycondensation of di-functional 

halosilanes. 

 

 

 

 

 

Figure 66: Reaction between Halide and Water 

 
Such a halogen-ended (organo-functional) silane can be further transformed into a 

hydroxyl-ended siloxane suitable for a copolymerization with isocyanates, as shown in 

Figure 66. 
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4.3.3   Experiment 15: Two-step Synthesis of Me3Si(CH2)5OH by a Grignard 

Reaction of 1,5-dibromopentane and Chlorotrimethylsilane 

Formulation 1: In a dry 100 ml conical flask, 2.3 g of 1,5-Br(CH2)5Br, 0.24 g 

of Mg and 40 ml of Et2O were sealed and stirred at 25 °C for 2 hours. A light-transparent 

grey solution (with no trace of magnesium granules) was observed to form. 

BrMg(CH2)5Br crystallized on the bottom of the flask. 

The amount of Et2O was increased by 50 % and further additionally by 100 %, 

but the resulting organo-salt of BrMg(CH2)5Br was not dissolved. 

Formulation 2: As in formulation 1, BrMg(CH2)5Br organo-salt was obtained in 40 ml 

of Et2O, but in this experiment 1.1 g of chlorotrimethylsilane was added. Me3SiCl had 

dissolved the organo-salt of BrMg(CH2)5Br and further reacted with it for 4 hours. This 

resulted in a white ClMgBr salt forming on the bottom of the flask and an organo-layer 

of Me3Si(CH2)5Br dissolved in Et2O, as shown in Figure 67. 

 

 

 

Figure 67: Results of a Grignard Reaction of 1,5-dibromopentane, Magnesium 

and Chlorotrimethylsilane in Et2O, where ClMgBr Salt Formed on the Bottom 

 

 Then 650 ml of ice cold distilled water was placed in a 1000 ml flask and stirred 

continuously in an ice bath. All contents from the reaction were slowly poured into the 

water and stirred for 3 minutes.  

The flask was left for the next 10 minutes for phase separation to occur and the 

top organic layer was collected from a separation funnel. 
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An additional 20 ml of diethyl ether was added to the flask and stirred for 3 

minutes. The flask was further left for 10 minutes for phase separation to take place and 

the newly formed organic layer was collected into the same separation funnel. 

In the separation funnel the organic layer was washed repeatedly with brine 

(concentrated NaCl solution) until the organic layer was at a pH of about 7. 

This organic solution was dried continuously by stirring at 70 °C for 2 hours and 

further under vacuum at 35 °C for 15 minutes. 

Results: A colourless oil (slightly cloudy) was observed, FT-IR spectrum 1: Si-Me bond 

gives a very strong sharp peak 1260 cm
-1

; weak wide absorption of hydroxyl group -OH 

3400 cm
-1

; CH2-H bond (in Me) gives a strong sharp peak of absorption at 2962acm
-1

 

(about 70 % of magnitude of the Si-Me peak); 2900 cm
-1

 and 2860 cm
-1

 absorption 

belongs to methylene groups of pentanol attached to a siloxane chain (about 20 % of 

magnitude of the Si-Me peak), as shown in Figure 68. 

 

 

 

Figure 68: FT-IR Spectrum 1 Me3Si(CH2)5OH Obtained by Grignard Reaction from 

Me3SiCl, Mg and Br(CH2)5Br 
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Discussion: This experiment was run repeatedly a number of times. Some of the FT-IR 

spectra obtained gave a weak absorption peak at 3100-3000 cm
-1

, suggesting the presence 

of some double carbon-carbon bonds [23]. Here, such undesirable carbon-carbon bonds 

may appear as a result of an elimination reaction, which is normally significantly slower 

than Grignard reaction of short linear BrMg(CH2)5Br  with chlorosilanes [23, 72]. This 

slower elimination reaction may succeed because the resultant crystal of 

BrMg(CH2)5Br in Et2O prevents full access to some of Me3SiCl reagent, so the 

slower reaction had time to take place. 

 

4.3.4   Experiment 16: Reaction of Chlorotrimethylsilane, 

Dichlorodimethylsilane, Trichloromethylsilane and Magnesium 

Formulation 1: In a dry 100 ml conical flask, 2.16 g of Me3SiCl and 0.24 g of 

Mg were dissolved in 40 ml of Et2O, sealed and stirred at 25 °C for 2 days. 

Results: No visual changes to the magnesium granules were observed as the solution 

stayed clear and colourless. 

Formulation 2: The same experiment was run with Me2SiCl2 and MeSiCl3. The results 

were the same as in formulation 1. These results are in good agreement with theory [20, 

72]. 

 

Discussion: As magnesium does not react (i.e., does not produce a stable compound [23]) 

with chlorosilanes without the presence of halo-organo compounds, hence an excess 

amount of halosilanes may be used as an additional solvent system to this Grignard 

reaction [72]. 

 

4.3.5   Experiment 17: One-step Synthesis of Me3Si(CH2)5OH by a Grignard 

Reaction of 1,5-dibromopentane and Chlorotrimethylsilane 

Formulation 1: The reaction of Experiment 15, formulation 2 was rerun, where all 

the reagents (i.e., 2.3 g of 1,5-Br(CH2)5Br, 0.24 g of Mg and 1.1 g of  Me3SiCl) were 

simultaneously dissolved in Et2O, sealed and stirred at 25 °C for 3 hours. Then the 

reaction was allowed to run until completion.  
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Results: The resulting FT-IR spectrum did not show any absorption peaks in the area of a 

possible carbon-carbon double bond. 

Formulation 2: The reaction of formulation 1 was rerun, where 1.1 g 

chlorotrimethylsilane (Me3SiCl) was substituted with 1.3 g of dichlorodimethylsilane 

(Me2SiCl2). It took 45 minutes for the reaction to reach completion. 

Formulation 3: The reaction of the experiment of stage 2 was rerun, where Me3SiCl 

was substituted with 1.5 g of trichloromethylsilane (MeSiCl3). It took less than 20 

minutes for the reaction to reach completion. 

Results: These results are in good agreement with theory [20, 72], as tri-halosilanes 

normally have higher reactivity than di-halosilanes and particularly mono-halosilanes 

(i.e., tri-organo substituted halosilanes). 

 

 
 

Figure 69: Grignard Organo-substitution of One of Chlorine of Trichloromethylsilane 

 

Discussion:  Trichloromethylsilane reacts much faster than dichlorodimethylsilane. If 

both of these halosilanes are present in a Grignard reaction bath, the reaction with 

dichlorodimethylsilane normally begins only when the reaction with 

trichloromethylsilane has been completed. Therefore, it is possible to expect that in a 

mixture with molar proportions of 1 mole of magnesium, 1 mole of 1,5-dibromopentane, 

1 mole of trichloromethylsilane and ≥ 1 mole of dichlorodimethylsilane, the Grignard 

organo-substitution would run predominantly on an organo-substitution of one of the 

chlorines of trichloromethylsilane [72], as shown in Figure 69. Hence, it is possible to 

predict that the resulting polysiloxane polymer (after polycondensation reaction) would 
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be an alternating and random polysiloxane. Also by changing the amount of di-functional 

halosilanes in the reaction bath it is possible to control the average distance between the 

attached ε-pentanol groups. 

 

4.3.6   Experiment 18: Formation through a Grignard Reaction of a Poly-(alkyl-

siloxane) Polychain with Attached ε-pentanol Groups, which are Suitable for a 

Further Copolymerization Reaction with Isocyanate Groups 

Formulation 1: In a dry flat-bottom 500 ml conical flask were placed 0.97 g of 

Mg (0.04 moles), 45 ml of diethyl ether (≥ 4x10 moles solvent), 9.2 g of 1,5-

dibromopentane (0.04 moles), 6.0 g of trichloromethylsilane (0.04 moles), 5.2 g of 

dichlorodimethylsilane (≥ 0.04 moles) (i.e., trichloromethylsilane is more reactive, 

therefore dichlorodimethylsilane works here as an additional solvent for the system). The 

flask was sealed by a rubber-stopper and the mixture was stirred with a magnetic Teflon 

stir-bar very slowly for 10 minutes. The temperature of the flask was further reduced 

from room temperature to 15a°C. 

 For a short period of time (~30 seconds) the liquid inside the flask became 

slightly yellow (due to the formation of free bromine anion Br 
-
) and instantly started to 

become cloudy grey due to the reaction between the bromine anion and magnesium). As 

the reaction is quite exothermic [23], the temperature inside the flask soon started to rise, 

the stirring was stopped and the flask was kept in an ice bath for 2 minutes to reduce the 

temperature of the flask to ~19 °C. 

 As the temperature of the flask had dropped, the liquid was then stirred 

continuously at ~20 °C for the next 1 hour.  

A white powder of bromo-magnesium-chlorine salt was observed in the flask 

together with some dark-grey particles of unreacted magnesium turnings. 

 The temperature of the flask was increased to 27 °C and stirred continuously for 2 

hours until all the magnesium turnings had disappeared and white BrMgCl salt formed 

at the bottom. Therefore, the reaction had run into completion. 

 The temperature of the flask was then reduced to ~0 °C in an ice bath and a 

hydrolysis reaction (the experimental technique is fully described in the previous 

experiment) was then allowed to take place: 
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n [Si(CH3)2Cl2] + n H2O → [Si(CH3)2O]n + 2n HCl       (66) 

 

n [Si(CH3)(C5H10Br)Cl2] + n H2O → [Si(CH3) (C5H10Br)O]n + 2n HCl     (67) 

 

n [Si(CH3)(C5H10Br)O] + n H2O → [Si(CH3)(C5H10OH)O]n + n HBr      (68) 
 

 

Results: A heavy, slightly cloudy, colourless oil, which was a mixture of cyclo and linear 

siloxane oligomers, was observed. The obtained FT-IR spectrum 2 (shown in Figure 70) 

shows peaks of absorption at 2924 and ~2855 cm
-1

 indicating the presence of a high 

proportion of methylene groups from the attached alkane group [102]. Additionally, the 

fact that FT-IR showed the absorption peaks to be slightly shifted to lower than 

theoretical absorption frequencies clearly suggests that the structure attached to the 

siloxane chain is a straight alkane chain [110]. 

 

 

 

Figure 70: FT-IR Spectrum 2 -O-(Me2Si-O)n-(MeSi(CH2)5OH)m- Siloxane 

Polymeric Structure, Obtained by Grignard Reaction from MeSiCl3, Mg and 

Br(CH2)5Br and Co-hydrolysis with  Me2SiCl2 
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 The mass of the obtained siloxane oil was 7.5 g. The theoretical prediction was 

8.8 g. The yield was lower because the tetrapentanol-tetramethyl-tetracyclosilane  

([-O-MeSi(CH2)5OH]4) formed during the hydrolysis reaction is much less 

hydrophobic than the rest of the resulting silanes, and therefore it was difficult to separate 

all of it from water. 

Formulation 2: The previous formulation was rerun with a different proportion of 

dichlorodimethylsilane in the reaction bath. The molar proportion of Me2SiCl2 towards 

MeSiCl3 varied from a ratio of 2:1 to 1:2. The obtained FT-IR spectra are shown in 

spectrum 3 (shown in Figure 71) for a molar proportion of 2 :1 Me2SiCl2 to MeSiCl3 

and spectrum 4 (shown in Figure 72) for the proportion of 1:2 Me2SiCl2 to MeSiCl3. 

 

 

 

Figure 71: FT-IR Spectrum 3 -O-(Me2Si-O)n-(MeSi(CH2)5OH)m- Siloxane 

Polymeric Structure, Obtained by Grignard Reaction from MeSiCl3, Mg and 

Br(CH2)5Br and Co-hydrolysis with 2 moles equivalent of  Me2SiCl2 

 

It is possible to see an absorption peak of methylene groups at ~2925 cm
-1

 and a 

wide absorption at 3600-3100 cm
-1

 of hydroxyl at  higher magnitude in spectrum14 than 

in spectrum 3, where other absorption peaks, such as ~1260 cm
-1

 of the silicon-methyl 
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bond have quite a similar magnitude. Therefore, it clearly suggests, that the proportion of 

dimethyl-silane in poly-(alkyl-silane) of spectrum 3 is greater than in spectrum 4.  

 

 

 

Figure 72: FT-IR Spectrum 4 -O-(Me2Si-O)n-(MeSi(CH2)5OH)m- Siloxane 

Polymeric Structure, Obtained by Grignard Reaction from MeSiCl3, Mg and 

Br(CH2)5Br and Co-hydrolysis with 1/2 mole of  Me2SiCl2 

 

Formulation 3: Formulation 1 was rerun, but with 5.5 g (1 mole) of di-hydroxyl-ended 

PDMS (Mn ≈ 550 g/mole) added to the hydrolysis reaction in a flask of ice cold distilled 

water.  

The obtained FT-IR spectrum given in spectrum 5 (shown in Figure 73) suggests 

that the siloxane formed has predominantly dimethyl-silane polymeric backbone 

members, and methyl-pentanol-silane members are randomly incorporated into the 

backbone. 

 

Discussion: By the simple incorporation of PDMS prepolymers, such as 

dichlorodimethylsilane or di-hydroxyl-ended PDMS prepolymers at different stages, it is 

possible to control quite precisely the amount of pentanol groups attached to the resulting 

poly-(alkyl-siloxane) polymeric backbone.  
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Figure 73: FT-IR Spectrum 5 -O-(Me2Si-O)n-(MeSi(CH2)5OH)m- Siloxane 

Polymeric Structure, Obtained by Grignard Reaction from MeSiCl3, Mg and 

Br(CH2)5Br and Co-hydrolysis with  HO-(Me2SiO)5-7-OH 

 

Formulation 4: A few experiments were run in order to obtain an alkoxy-ended 

oligo(alkyl-siloxane) prepolymer based on  Me/Et-O-(Me2Si-O)n-

(MeSi(CH2)5OH)m-Me/Et, but none of the attempts so far have given a satisfactory 

result. 
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4.4   Experimental Phase 4: Formation of Poly-[(boron)n-

(alkyl-silane)m] Containing Alternating Pentanol Groups 

Polymeric Network, Suitable to a further Formation of 

Scarcely Cross-linked semi-IPN with Polyurethane Network 

In the presence of a weak Lewis acid (i.e., boric acid) and an elevated temperature 

(or a strong catalyst) oligomeric cyclo-siloxanes tend to break the silicon-oxygen bond 

and form polymeric chains. Because boron is also able to form stable chemical bonds 

through oxygen in a siloxane polymeric chain tri-functional boron forms a cross-linked 

network of poly/oligo-(boron-siloxanes) [90]. As well as in Experimental Phase 1, here it 

is also preferable to have a proportion of 1boron atom to 16 atoms of silicon in the 

siloxane backbone in order to have a soft bouncy oligomeric putty. 

PDMS gives a chemically fairly stable polymer as a methyl group attached 

directly to a silicon atom of the siloxane backbone is more stable than a methyl group 

attached to a polyolefin, such as polypropylene. However, it also known that longer 

organic groups attached to the silicon of a siloxane backbone (i.e., ε-pentanol) do not 

have such stability. For example, the presence of a strong alkaline group in a water 

solution normally leads to hydrolysis of silicon-carbon bonds between a siloxane 

polymeric backbone and the attached pentanol groups. On the other hand, an acid attack 

(i.e., Lewis acid - boric acid) on this bond is known to be less effective (harmful) in 

cleaving the silicon’s α-carbon bond of an attached alkyl [20, 72]. 

The purpose of these experiments was to ensure that the formation of 

borosiloxane (i.e., boron-oxygen-silicon bond) does not cleave a previously formed 

silicon-carbon bond on the attached ε-pentanol group. 

 

4.4.1   Experiment 19: Formation of Poly-[(boron)n-(alkyl-silane)m] Oligomeric 

Gel from Boric Acid and Poly-[(ε-pentanol/methyl)ndimethylm]siloxane  

(Poly-[(ε-pentanol/methyl)ndimethylm]siloxane was obtained in the previous 

experiment, FT-IR spectrum 2). 

Procedure: 0.2 g of boric acid was dissolved in 20 ml of distilled water in a 

conical 200 ml flask at 70 °C. 
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In a separate 100 ml flask 8 g of poly-[(ε-pentanol/methyl)ndimethylm]siloxane 

was dissolved in 50 ml of acetone at room temperature. 

The acetone-polysiloxane solution was then added to the water - boric acid 

solution and stirred continuously. The temperature of the flask with the emulsion was 

raised to 175 °C and stirred continuously for 15 minutes. 

The emulsion was then poured into an open 200 ml beaker in order to evaporate 

the excess solvent and water. 20 ml of THF was added in order to reduce the viscosity of 

the resulting emulsion/solution. 

Boiling acetone, water and THF create bubbles on the surface of the siloxane 

mass. At first the bubbles were normally smaller than 5 mm in diameter and broke in less 

than a second. Gradually the bubbles increased in size to 20 mm in diameter and lasted 

up to 5-10 seconds, and the viscosity of the solution significantly increased. The boron-

siloxane putty was ready. 

The resulting putty was cooled to room temperature and washed in distilled water 

in order to remove traces of unreacted boric acid and any pentanol which may have 

formed. The resultant borosiloxane putty was dried at 70 °C for 3 hours and further at 

room temperature for 12 hours. 

 

 

 

Figure 74: FT-IR Spectrum 6 

Poly-boronx[(ε-pentanol/methyl)ndimethylm]siloxane Gel 
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Results: A soft grey/colourless oligomeric putty (which was slightly cloudy) was formed. 

The borosiloxane putty was quite similar to the borosiloxane putties obtained in 

Experimental Phase 1, but was visually less cloudy and more light transparent (probably 

because the hydroxyl groups of the attached ε-pentanol groups formed hydrogen bonds 

with the incorporated boron and so reduce the nonhomogeneity of the resulting 

oligomeric gel).  There was also some observed shift in FT-IR absorption of hydroxyl 

present, shown in spectrum 6 in Figure 74. 

The obtained FT-IR spectrum suggests that a proportion of ε-pentanol was not 

reduced (the strong absorption at 2925 cm
-1

 was still present). So, if some of the silicon-

carbon bonds between the siloxane backbone and the attached ε-pentanol groups were 

cleaved, this process was at a low level and was insignificant to the proportion of 

ε-pentanol still attached to the siloxane backbone. 

Analysis of1
13

C NMR and1
1
H NMR spectra given in Figure 75 and Figure 76 

confirmed the data indicated by FT-IR spectrum 6, given in Figure 74. The obtained 

structure is a poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane, as shown in Figure 

77.  

 

 

 

Figure 75:1
1
H 

 
NMR Spectrum of 

Poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane Gel 
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Figure 76:1
13

C DEPT-135
 
NMR Spectrum of 

Poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane Gel 

 

 

 
 

Figure 77: Possible Structure of the Obtained 

Poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane 
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4.5   Experimental Phase 5: Formation of Scarcely Cross-

linked through Urethane Groups semi-IPN, Based on Poly-

boronx[(ε-pentanol/methyl)n dimethylm]siloxane and 

Polyurethane/urea Network 

 

4.5.1   Experiment 20:  (Sample 1) Formation of a Semi-IPN Based on a Poly-

boronx[(ε-pentanol/methyl)n dimethylm]siloxane and a Soft Polyurethane/urea 

Network 

Procedure: 7.5 g of poly-[(ε-pentanol/methyl)n dimethylm]siloxane (FT-IR 

spectrum 5) was dissolved in 50 ml of acetone and mixed with 0.2 g of boric acid 

dissolved in 50 ml of distilled water. The resulting emulsion/solution was stirred 

continuously while the temperature was raised to 175 °C. The resulting emulsion/solution 

was stirred for 40 minutes. 

The resulting gel of poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane was 

repeatedly washed in distilled water and dried at 70 °C for 20 hours. 

The FT-IR analysis of the resulting borosiloxane gel showed absorption at 

2925 cm
-1

 suggesting the presence of ε-pentanol attached to the siloxane chain, and also 

peaks in the area between 2700-2400 cm
-1

, which are characteristic absorption peaks of a 

boron-siloxane bond. 

The mass of one molar/polymeric-segment of dimethylsiloxane group 

-O-SiMe2-  is 72.159 g/mole(polymeric segment) and the mass of the similar 

ε-pentanolmethylsiloxane group -O-Si([CH2]5OH)Me- is 146.269 g/mole(polymeric 

segment). When boron is incorporated into the siloxane polymeric backbone the 

segment’s mass for a block of the resulting polymer will increase by ~50 g/mole on each 

10 dimethylsiloxane groups. Therefore, in this experiment it was decided to count one 

active ε-pentanol group (i.e., active hydroxyl group -OH) for each 

~840 g/mole(polymeric segment) of the obtained prepolymer. 

The polyurethane prepolymeric network was formed from a preparation of tri-

isocyanate prepolymer based on a castor oil molecule with 3 attached molecules of TDI, 

with one unreacted isocyanate functional group on each attached TDI.  
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Therefore, 1.5 moles of castor oil (5.1 g) and 1.5 moles of TDI (2.61 g) were 

stirred for 15 minutes and heated at 80 °C for 60 minutes. This isocyanate-ended 

prepolymer was then dissolved in 50 ml of dry THF and cooled to 0 °C. 

In a separate flask 7.7 g of the resulting poly-boronx[(ε-pentanol/methyl)n 

dimethylm]siloxane gel was dissolved in 50 ml of dry THF and cooled to 0 °C. 

In a third flask 2 g of poly(propylene glycol)-block-poly(ethylene glycol)-block-

poly(propylene glycol) bis(2-aminopropyl ether) Mn ~2,000 was dissolved in 15 ml of 

dry THF. 

In an ice cold 500 ml beaker polyurethane prepolymer and poly-boronx[(ε-

pentanol/methyl)n dimethylm]siloxane gel were stirred together for 15 minutes in an ice 

bath. Further dissolved poly(propylene glycol)-block-poly(ethylene glycol)-block-

poly(propylene glycol) bis(2-aminopropyl ether) Mn ~2,000 was added into the solution. 

The final proportion of isocyanate and hydroxyl/primary-amine groups was 1.4:1. 

The solution was stirred in an ice bath for ~2 minutes before the polymerization reaction 

between the primary amine of the block copolymer and the isocyanate groups began. A 

yellow cloudy gel quickly formed. 

In a 200 ml beaker the gel was allowed to dry at room temperature for 3 days until 

it formed a soft rubbery polymer on the bottom. 

This polymeric gel was dried for 3 weeks at room temperature and further heated 

at 95 °C for 70 minutes in order to form urethane links between the poly-boronx[(ε-

pentanol/methyl)n dimethylm]siloxane polymeric network and the polyurea-

polyurethane/castor oil based polymeric matrix. 

Results: A soft opaque rubbery yellow polymer (further called Sample 1) was formed 

(mechanical properties analysed by DMA). As shown in FT-IR spectrum 7, shown in 

Figure 78, the strong absorption at ~2360 cm
-1

 of the unreacted isocyanate is still present 

(about 15 % of overall the absorption of isocyanate before copolymerization had started), 

therefore in order to obtain a better quality (and also non-toxic) polymer the isocyanate-

hydroxyl proportion should be further reduced. 
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Figure 78: “Golden-Gate” FT-IR Spectrum 7 semi-IPN Based on 

Poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane and Polyurea-urethane Networks 

 

 The absorption peak at 1721 cm
-1

 is due to a C=O bond of urethane and the 

absorption at lower frequencies is due to the C-N stretching of an amide (of both urea 

and urethane groups), and also absorption in the area of 1570-1500 cm
-1

 is due to the in-

plane N-H bending. All IR absorption of the urethane groups (also here of isocyanate 

groups) is slightly shifted to the left suggesting a strong hydrogen bond which may be 

formed between boron groups of the borosiloxane network and urethane groups of 

polyurethane polymeric networks [110]. Hence, it is possible to predict a very complex 

stress relaxation process, as the reconformations of hydrogen bonds would be a function 

of deformation of both polymeric networks of the resulting IPN. (Also, these FT-IR 

results are in good agreement with the contemporary theoretical models [58, 62].) 

 After 3 months of storage of this polymer an FT-IR spectrum was taken (shown in 

FT-IR spectrum 8 in Figure 79) and according to the FT-IR spectrum 8 the proportion of 

unreacted isocyanate groups (also as THF) visually decreased in comparison with FT-IR 

spectrum 7 taken before the storage. 



 139 

Unfortunately1
1
H NMR and1

13
C NMR spectra did not give any satisfactory 

results; because of the number of compounds in the final polymer the obtained spectra 

showed strong interferences which made it difficult for precise interpretation. 

 

 

 

Figure 79: Thin Polymeric Layer FT-IR Spectrum 8 Obtained on NaCl Crystals of semi-

IPN Based on Poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane 

 and Polyurea-urethane Networks, after 3 Month of Storage 

 

4.5.2   Experiment 21: Formation of Scarcely Cross-linked Semi-IPN/co- 

polymer Based on an Isocyanate-ended Poly-boronx[(ε-pentanol/methyl)n 

dimethylm]siloxane Polyurethane Prepolymer  and a Soft Polyurethane/urea 

Network 

Formulation 1: (Sample 2) The polyborosiloxane obtained in Experimental Phase 

4 (1 boron for every16 silicon atoms in the polymeric backbone gel prepolymers poly-

boronx[(ε-pentanol/methyl)n dimethylm]siloxane as shown on FT-IR spectrum 4) was 

dissolved in dry acetone (checked additionally by FT-IR) and mixed with TDI. 

The poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane (2.1 g) and acetone (10 ml) 

solution was mixed in a proportion of 1 TDI molecule (1.74 g) for each  
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210 g/mole(polymeric segment)  of borosiloxane, as it was predicted that one ε-pentanol 

alternating group was attached to each second silicon atom of the siloxane polymeric 

backbone. Therefore, the backbone of the resulting polymer may be a random block 

copolymer of poly-(dimethylsilane/ε-pentanolmethylsilane) with an equal proportion of 

dimethylsilane and ε-pentanolmethylsilane blocks. 

 The solution was stirred for 15 minutes and heated up to 80 °C for 60 minutes. 

The FT-IR spectrum of the resulting siloxane prepolymer gel (after drying in vacuum for 

30 minutes) is shown in FT-IR spectrum 9 in Figure 80. 

 

 

 

Figure 80: Thin Layer of Gel, FT-IR Spectrum 9 Obtained on NaCl Crystals of 

Isocyanate-ended Prepolymer Based on Poly-boronx[(ε-pentanol/methyl)n 

dimethylm]siloxane Obtained at Experimental Phase 4 

  

 A castor oil (1.7 g) and TDI (0.87 g) based isocyanate-ended prepolymer was 

separately prepared by the same experimental technique shown in the previous 

experiment. 

 In an ice bath in a 200 ml beaker both isocyanate-ended prepolymers were 

dissolved in 20 ml dry acetone and stirred continuously. 

 In a separate 50 ml flask 2 g of poly(propylene glycol)-block-poly(ethylene 

glycol)-block-poly(propylene glycol) bis(2-aminopropyl ether) Mn ~2,000 and 0.5 g of 
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1,6- hexamethylene diamine were dissolved in 20 ml of dry acetone. This resulting 

solution of di-primary amine prepolymers was added to the beaker with the isocyanate-

ended prepolymers. 

 The stirring was continued for 5 minutes and then the temperature was allowed to 

rise to room temperature as the beaker with the solution was taken out of the ice bath. Gel 

formation appeared at ~7 °C and the gelation formation was swift. 

 Then the resultant yellow, light-transparent and rubbery gel was filled into a 

Teflon form and dried at room temperature for 3 days. After that, the rubbery sample was 

taken from the form and dried further at room temperature for 2 months. 

 After 2 months, the yellow and opaque hard rubbery sample was additionally 

heated for 70 minutes at 95 °C in order to complete the polymerization process (i.e., to 

form a substituted urea from the still unreacted isocyanate groups and secondary amine 

groups of formed urea links). 

Results: The resultant borosiloxane-urea/urethane polymer is a very hard (storage 

modulus G’= 12.21 MPa) and inflexible yellow opaque polymer. Therefore, such hard 

polymeric material (Sample 2) is unsuitable for the original application. Hence, the 

proportion of urea and urethane cross-links should be significantly reduced in order to 

obtain a softer and more rubbery polymer. 

Formulation 2: (Sample 3) Similarly to formulation 1, 4.54 g of the poly-

boronx[(ε-pentanol/methyl)n dimethylm]siloxane prepolymer obtained in Experimental 

Phase 4 was dissolved in 20 ml of dry acetone and mixed with 0.87 g of TDI. This gives 

a proportion of 1 isocyanate group for every10 silicon atoms of the siloxane. 

The prepolymer was heated to 80 °C for 60 minutes. An FT-IR spectrum of the 

obtained isocyanate-ended prepolymer is shown in FT- IR spectrum 10 in Figure 81. 

 Further, similarly to formulation 1, the borosiloxane isocyanate-ended prepolymer 

was formed into a rubbery gel with 2 g of poly(propylene glycol)-block-poly(ethylene 

glycol)-block-poly(propylene glycol) bis(2-aminopropyl ether) Mn ~2,000 and 0.5 g of 

1,6- hexamethylene diamine. 

The resulting polymer was also dried for 2 months and further additionally heated 

for 70 minutes at 95 °C in order to complete the polymerization process. 
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Figure 81: Thin Layer of Gel, FT-IR Spectrum 10 Obtained on NaCl Plates of 

Isocyanate-ended Prepolymer Based on Poly-boronx[(ε-pentanol/methyl)n 

dimethylm]siloxane Obtained at Experimental Phase 4 

 

Results: After 3 months of storage of a thin slice (0.8 mm) of this cloudy yellow rubbery 

semi-IPN, the resulting rubber (mechanical properties analysed by DMA) became a clear 

light-transparent yellow polymeric material. But after the DMA test (i.e., multiple 

deformations) the same light-transparent polymeric sample became cloudy once more 

(i.e., as the original one). Therefore, it is possible to suggest that over a longer time 

polymolecules of both polymeric networks are able to form a kind of homogenous 

polymer (i.e., light-transparent) instead of IPN. Deformation leads to restoration of two 

separate immiscible and incompatible polymeric networks. 

 

Discussion: From the attempts to obtain a suitable soft rubbery polymeric material based 

on poly-boronx[(ε-pentanol/methyl)n dimethylm]siloxane and soft polyurethane polymeric 

matrix only the series of Sample 1 and Sample 3 polymers gave a satisfactory results. 

Also, after 3 months of storage all of the resultant polymers still contained some trace of 

unreacted isocyanate (where the proportion of unreacted isocyanate in Sample 1 is ≈5 % 

and Sample 3 ≈15 % of the original IR absorption). Therefore, in order to obtain a 

prototype polymeric material suitable for industry further research is needed. 
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4.6   Experimental Phase 6: Dynamic Mechanical Analysis 

(DMA) 

 

Experimental: All DMA tests were carried on PerkinElmer DMA 8000 analytical 

equipment.  

Four samples were tested. Sample 1 and Sample 3 were described in 

Experimental Phase 5. Polyurethane elastomer (based on castor oil, TDI and 

poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol) bis(2-

aminopropyl ether) Mn ~2,000, with the final proportion of isocyanate to 

hydroxyl/primary amine 1.2 : 1) was also chosen as a polymeric material appropriately 

similar to the polyurethane matrix of Sample 1. In addition, a random sample of silica 

fines reinforced natural rubber from Office Depot supplier, product number No980553 

was tested. 

Procedure: All the samples were cut in strips of 0.8 mm thick, 5.6 mm wide and 

12.5 mm length.        

 The oscillating stress was applied at different frequencies and amplitude values of 

0.05 mm, 0.1 mm and 0.25 mm (that were equivalent to sample percentage deformation 

of 0.4%, 0.8% and 2%). Storage modulus G’ and tan δ (i.e., tan δ = G”/G’, where G” 

is a loss modulus, as discussed in the Literature Review, section 2.2.2) were repeatedly 

measured at different temperatures and the average values are presented. 

 DMA Results 1 (shown in Figure 82) present average values of the storage 

modulus and tan δ for Sample 1 at room temperature at an oscillating stress at different 

frequencies and amplitudes. 

 Data collected from Sample 1 at deformation of 0.25 mm shows the behaviour of 

an elastomer at multiple frequencies of oscillating stress, where G’ is rising by a 

magnitude of 100 (from a deformation at 1 Hz to 100 Hz). The sharp rise of the storage 

modulus related to Tg of the given elastomer starts after 55 Hz. 

 In addition, Sample 1 shows a very specific rise of the storage modulus between 

7.5 Hz and 15 Hz stress, where there is a greater than 6-fold increase and the value of 

tan δ falls by about a factor of 10. 
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Figure 82: DMA Results 1 (Sample 1) Log of the Storage Modulus (top) and Log of  

tan δ (bottom) vs Frequency of the Applied Stress 

 

 At all amplitudes (0.05 mm, 0.1 mm and 0.25 mm) in the area between 0.0125 Hz 

and 1 Hz Sample 1 behaves as a shear thinning polymer. This shear thinning behaviour 

can be possibly explained by a combination of factors. First, intermolecular bonds formed 

during a relatively long time of relaxation were disconnected by the initial deformation 

and the moving telechelic parts of the IPN may form loops predicted by Indei’s models 

[64]. In addition, such stationary formed intermolecular bonds could form a kind of 



 145 

polymeric gel, which also disappears when the deformation of the material exceeds 

certain values [67, 70]. In support of this hypothesis is the appearance of very different 

dynamic behaviour of this polymer at different amplitudes of the applied stress. At a 

deformation of 0.25 mm the polymer exhibits shear thinning and also tan δ falls twice, 

when at a deformation of 0.1 mm the material generally shows shear thickening at those 

frequencies. 

 

Figure 83: DMA Results 2 (Sample 1) the Storage Modulus and tan δ vs Temperature, 

Frequency of the Applied Stress 0.125 Hz, Deformation 0.1 mm  

 

 DMA Results 2 (shown in Figure 83) present data collected from Sample 1 at a 

deformation of 0.1 mm at constant frequency stress of 0.125 Hz. With an initial rise of 

temperature from room temperature up to ~43 °C, the storage modulus rises from 

0.8 MPa to1.8 MPa and the value of tan δ drops from 2.25 to 0.5. This rise of the storage 

modulus can possibly be explained by the fact that at higher temperatures earlier 

disconnected intermolecular bonds are able to rearrange much faster, so the storage 

modulus rises. Above ~43 °C, the storage modulus starts to decrease and tan δ rises. At 

this temperature and  deformation of 0.1 mm the polymer behaves similarly to branched 

polyethylene above 130 °C, where the storage modulus drops dramatically as the amount 

of the crystalline structure rapidly decreases with the rising temperature (as discussed in 

the Literature Review, section 2.2.2). 
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Figure 84: DMA Results 3 (Sample 1) the Storage Modulus and tan δ vs Temperature, 

Frequency of the Applied Stress 1 Hz, Deformation 0.25 mm  

 

 

Figure 85: DMA Results 4 (Sample 1) the Storage Modulus and tan δ vs Temperature, 

Frequency of the Applied Stress 12.5 Hz, Deformation 0.25 mm 

 

 DMA Results 3 (shown in Figure 84) present the dynamic stress data for 

Sample 1, Deformation 0.25 mm, Applied Stress 1 Hz
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Sample 1 at a deformation of 0.25 mm and at a constant frequency stress of 1 Hz. At this 

frequency the polymer no longer shows a drop in G’ above 45 °C. And even at 80 °C the 

storage modulus only rises with the rise of temperature. 

 In the frequency area from 7.5 Hz to 12.5 Hz, the storage modulus rises 

dramatically to 65 MPa and the value of tan δ drops (shown in DMA Results 4 in Figure 

85). This sharp rise of G’ may be related to boron substitutions in the polysiloxane 

backbone, as, at the given frequency, the polymer does not have sufficient free volume 

for fast rearrangements of strong hydrogen bonds [17]. In support of this hypothesis is the 

fact that with temperatures up to 80 °C (when infrared oscillation of the polymolecules 

starts effectively to speed up polymolecular reconfirmations and also the amount of free 

volume increases [26]) the value of the storage modulus drops about by 20 %. 

 As it is possible to see in the data given in DMA Results 1, G’ drops from 

65 MPa at 12.5-25 Hz to 40 MPa at 37.5-40 Hz (value of tan δ rises in this area). This 

drop in the storage modulus may be related to the fact that the deformation inside the 

polymer happens so quickly that strong intermolecular hydrogen bonds tend to form 

dangling loops in the backbone chains in the telechelic parts of the polymeric material 

instead of rearrangements to the intermolecular bonds. Such behaviour was predicted by 

Indei in his theoretical model [64]. 

 Between 55 Hz and 100 Hz, the storage modulus rises from 40-50 MPa to 1 GPa. 

This significant rise in G’ value could be related to the fact that the entire polymer does 

not have sufficient free volume and as all the molecules of the semi-IPN are no longer 

capable of relaxation, the polymer goes below its Tg at the given oscillating stress and 

temperature. Such a sharp rise in storage modulus at higher frequencies is universal for 

any elastomeric polymer, and even an absolutely amorphous ideal elastomer would 

exhibit such rise in the value of the modulus [19]. 

 The amount of boron substitution in the siloxane backbone may decrease the 

actual frequency of the applied stress at which the polymer goes below its Tg, as 

molecules containing strong intermolecular hydrogen bonds would normally require 

more free polymeric volume and time for molecular rearrangement [17]. 
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Figure 86: DMA Results 5 (Sample 3) Log of the Storage Modulus (top) and Log of  

tan δ (bottom) vs Frequency of the Applied Stress 

 

 DMA Results 5 (shown in Figure 86) present data for the storage modulus G’ and 

tan δ of Sample 3 versus the frequency of the applied deformational stress. In general, 

the spectra of G’ and tan δ for Sample 3 are similar to the spectra of the storage modulus 

and tan δ for Sample 1, where the initial sharp rise in the value of G’ starts at ~7 Hz and 

leads to a drop in tan δ values followed by a decrease of the modulus at 22-40 Hz and a 

final sharp rise at frequencies above 55 Hz. 
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 The difference between these two polymeric materials is that the actual rise in G’ 

value for Sample 3 (from 8 MPa up to 35 MPa) is nearly half that for Sample 1 (from  

8 MPa up to 65 MPa). A decrease in the storage modulus value also appears at lower 

frequencies (for Sample 1 ~40 Hz and for Sample 3 ~22 Hz). 

 This difference may be explained by the fact that the proportion of rigid urea 

groups is significantly higher in Sample 3 than in Sample 1, therefore the polymolecules 

are less flexible to allow fast rearrangement in intermolecular hydrogen bonds [104], 

hence the formation of the dangling chains and the loops in the telechelic chains of the 

polymeric material appears at lower frequencies. These results are in good agreement 

with Indei’s theoretical model [64]. 

 In addition, there is a similarity in both samples regarding to the values of G’ at 

very low frequencies of the oscillating deformational stress. Both samples show very 

similar G’ at deformations of 0.05 mm, 0.1 mm and 0.25 mm between 0.25 Hz to1 Hz, 

where the storage modulus at 0.05 mm is ~12 MPa, ~8 MPa at 0.25 mm and ~5 MPa at 

0.1 mm. This factor suggests that at very low frequency oscillating stress and a very 

limited deformation of 0.01 mm, a significant number of stationary formed bonds (i.e., 

formed during very long time) have still not been broken, therefore the material exhibits 

reasonably high values of the storage modulus. Further deformation leads to an effective 

breakage of such intermolecular bonds and G’ sharply decreases - at deformation of 

0.1 mm the values of storage modulus in both samples were less than half that at 

0.05 mm. Finally when the deformation increases further to 0.25 mm, G’ rises as strong 

intermolecular bonds (most probably boron bonds) require more time and free volume for 

effective molecular rearrangements. These results are in good agreement with model 

described by Xu et al (as given in the Literature Review, section 2.2.3) [70, 71]. 

 DMA Results 6 (shown in Figure 87) present data for the storage modulus and 

tan δ of the Polyurethane Matrix versus frequency of the applied deformational stress. In 

contrast with Sample 1 and Sample 3, the Polyurethane Matrix does not give a sharp rise 

of the storage modulus in any area of frequencies of the oscillating deformational stress 

lower than ~47-50 Hz (i.e., the frequency of the stress which leads to Tg of the polymer). 
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Figure 87: DMA Results 6 (the Polyurethane Matrix) Log of the Storage Modulus (top) 

and Log of tan δ (bottom) vs Frequency of the Applied 

 

 An insignificant decrease in the values of the storage modulus for deformational 

stresses at 0.1 mm and 0.25 mm at low frequencies (0.125-10 Hz) may be caused by the 

fact that the Polyurethane Matrix is quite inhomogeneous (i.e., contains immiscible parts 

as polyester parts, like castor oil, rigid urethane-urea blocks and soft PPO-PEO-PPO 

block copolymer). Xu et al and other researchers [70, 71] considered such a factor as a 

shear thinning effect of non-homogeneous polymeric materials (as given in the Literature 

Review, section 2.2.3). 
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Figure 88: DMA Results 7 (a Random Sample of Natural Rubber) Log of the Storage 

Modulus (top) and Log of tan δ (bottom) vs Frequency of the Applied  

 

 DMA Results 7 (shown in Figure 88) present data of the storage modulus and 

tan δ of a random sample of natural rubber reinforced by filler versus frequency of the 

applied deformational stress. This sample of random reinforced natural rubber shows a 

shear thinning behaviour at stress of low frequencies from 0.125 Hz up to 10 Hz, 

therefore it suggests a non-homogeneous structure to the polymer [62, 70]. In addition, no 

sharp rise of the storage modulus has appeared at those frequencies where Sample 1 and 

Sample 3 had shown sharp increases in G’ (as shown in DMA Results 8 presented in 

Figure 89). 
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This factor may also be able to prove the suggestion that the rise in values of the 

modulus for Sample 1 and Sample 3 in oscillating deformational stress at 7-40 Hz 

frequencies was related to the boron polymeric backbone substitutions. 

 

 

 

Figure 89: DMA Results 8 Log of the Storage Modulus vs Frequency of the Applied, 

Deformation 0.25 mm, Comparison of All Samples Taken  

 

 DMA Results 8 (shown in Figure 89) present comparable data for all samples in 

this test at oscillating deformational stress of multiple frequencies and deformation of 

0.25 mm. This figure shows that Sample 1 and Sample 3 have a similar dynamic 

behaviour with a sharp rise in the values of G’ at frequency intervals between 7.5 Hz and 

40 Hz. 

 Samples of polyurethane matrix and natural rubber also show some similarities 

such as an insignificant decrease in storage modulus between 0.125 Hz and ~7.5 Hz, that 

suggest a non-homogeneous polymeric structure for these materials [70]. 

 

Discussion: Sample 1 and Sample 3 show a sharp rise in storage modulus at applied 

oscillating stresses from ~7.5 Hz to 25-40 Hz. This sharp and significant rise in values of 

G’ may be directly related to boron substitutions into the siloxane polymeric backbone, 

as neither the chosen sample of reinforced natural rubber nor the polyurethane matrix 

show such dynamic behaviour. 
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5  Discussion 

 

5.1    Discussion of Chemical Synthesis of the Polymeric 

Material 

 

A soft colourless oligomeric/polymeric gel of poly-boronn-dimethylsiloxanem 

(where m ≈ 16 n) can be readily synthesised by two different ways; (i) by simple 

substitution of some of polysiloxane chain member at elevated temperature (≥ 200 °C) 

where the siloxane polymeric backbone of PDMS is no longer stable and boron 

substitutions through oxygen bonds onto the polymeric backbone to give a more 

thermally stable polymer or (ii) by simultaneous copolymerization (in a reaction bath) of 

dimethyldichlorosilane, water and boric acid. The latter method gives better control over 

the polymerization process, but molecules of hydrochloric acid (which is a byproduct of 

the reaction) may be trapped in the polymeric gel. The presence of such a strong acid is 

highly undesirable in this application, as 1 mole of a strong acid may be able to 

decompose up to 500 isocyanate groups. Therefore at this stage polyborosilane 

prepolymers (including those where some of the methyl groups were substituted by  

ε-pentanol groups) were exclusively produced by a substitution of a siloxane into 

borosiloxane at elevated temperatures. 

 In order to obtain a more controlled structure of the resulting polyborosiloxane 

prepolymer, it was suggested to use instead of dimethyldichlorosilane, a hydroxyl (or 

alternatively alkoxy) terminated short silane which does not give such a corrosive 

byproduct. So far, oligomeric dihydroxyl terminated oligomeric siloxanes (generally 

Mn ≈ 550) were successfully used in combination with dimethyldichlorosilane 

monomers, but in such a case hydrochloric acid was still a byproduct albeit in smaller 

quantities. All the attempts to use alkoxy-terminated monomers (given in Experimental 

Phase 4) have been unsuccessful. 

 A soft and rubbery polyurethane polymeric matrix can be obtained by numerous 

ways. The important factor is that a better tear resistance is possible in a polymer with a 

higher degree of chemical cross-links than in a polymer cross-linked by physical cross-
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links [101]. Therefore, the soft segment of the polymer may be based on a combination of 

flexible and immiscible (i.e., prevent crystallisation) prepolymers such as PPO, PEO, 

castor oil, etc. TDI and isophorone diisocyanate may be used as an effective diisocyanate 

in order to create a soft and highly flexible polyurethane polymeric network. Even though 

soft polyurethanes based on castor oil normally show quite good tear resistance, in this 

application such polymers may be commercially undesirable because of a possible strong 

odour of the final product [99]. Hence, it is proposed that in further research castor oil 

could be substituted by a siloxane or PPO/PEO based highly flexible polyols with a high 

molecular weight. The proportion of urea links should be limited in any soft polyurethane 

formulation, as a material containing a high proportion of rigid urea links usually shows 

high tensile strength and often quite low tear resistance [101]. 

 Traces of solvent trapped in the polymeric gel often lead to a significant reduction 

of mechanical properties of the final polymer [19], but in this application of the IPN 

between absolutely immiscible polymeric networks based on polyurethane and PDMS, 

use of a solvent during the final formation of the IPN is inevitable. So far all the obtained 

samples were dried for a very long time (i.e., a couple of months) before the DMA tests, 

but further research is needed in order to find some technological approaches to reduce 

the amount of the required solvent or alternatively reduce the solvent evaporation time 

without formation of a foam-like polymeric system. 

 A soft polymeric matrix based on PDMS strongly tends to phase separation in the 

IPN with polyurethane network. All possible attempts to stabilize those networks without 

introduction of chemical cross-links (as shown in Experimental Phase 2) so far have not 

been successful. Even when a high proportion of polyborosilane was successfully trapped 

in the formed polyurethane network of the IPN by use of an “unfriendly” solvent system 

[30], a phase separation happened at elevated temperature (90 °C) when the sample was 

additionally heated in order to allow unreacted isocyanate groups to react with unreacted 

hydroxyl and secondary amine groups (i.e., final polymerization of the polyurethane 

network). Therefore, at that stage it was decided that the PDMS based polyborosilane 

should be modified so that it would be capable of creating some chemical cross-links 

with the neighbouring polyurethane polymeric network. 
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 In PDMS based polyborosilane some of the methyl groups attached to the 

polymeric siloxane backbone were substituted by ε-pentanol which contains a primary 

hydroxyl group attached to olefin (i.e., pentane) and such a primary hydroxyl group of 

ε-pentanol can readily react with isocyanate of the polyurethane network and as a result 

create a urethane cross-link between both polymeric networks. 

 The actual substitution of methyl groups attached to the polymeric siloxane 

backbone was performed by Grignard reaction, where a novel synthesis method was used 

(i.e., on side reaction of short 1,5-dibromopentane) in order to attach a halogen-ended 

short olefin to a siloxane prepolymer. The resulting halogen-ended olefin was further 

modified into hydroxyl-ended ε-pentanol. SN2 substitution reaction of halogen with water 

was used; the strong acid by-product acted as a catalyst for this. 

 Furthermore the PDMS with alternating ε-pentanol groups was allowed to react 

with boric acid at elevated temperature (≥ 200 °C) in order to create poly-boronn-[( ε-

pentanol/methyl)ndimethylm]siloxane prepolymer which is suitable for further 

polymerization through isocyanates. Even though some of the ε-pentanol groups which 

are attached to the siloxane polymeric backbone were lost during the reaction between 

siloxane and boric acid, the proportion of the lost ε-pentanol substitution was small and 

insignificant in comparison with the number of ε-pentanol groups still attached to the 

resulting borosiloxane polymeric backbone. In Experimental Phase 4 FT-IR, 
1
H NMR 

and 
13

C NMR spectra of the resulting novel are presented. 

The use of our own polyurethane polymeric matrix instead of a readily available 

commercial one has a great advantage because in this way the final number of available 

isocyanate groups can be precisely controlled. Hence, all physical properties of the 

resulting semi-IPN can be controlled much more effectively.  
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   5.2    Discussion of DMA Tests 

 

DMA tests were performed on four different samples, where two of these 

contained a high proportion of telechelic polyborosilane in the polymeric formulation 

(about 50 % of the polymer mass). By such comparison of dynamical behaviour of a 

polymeric matrix based on polyurethane and a sample based on a very similar 

polyurethane matrix which formed the IPN with polyborosilane, it may be possible to 

estimate the effect on the dynamical properties of the IPN caused by incorporation of 

high proportion of telechelic polyborosilane. The actual effect on the dynamical 

properties of such IPN will be caused by a combined effect of telechelic behaviour of 

polyborosilane as well as co-influence of both polymeric networks. Such a strong co-

influence on the dynamic behaviour of both polymeric networks was predicted by Gotlib 

et al [61, 62]. 

 According to Indei’s theoretical model [64], the telechelic behaviour of 

polyborosilane may be explained as follows: during very low frequencies of an applied 

oscillating stress very little change in the values of G’ and G’’ should be observed, but 

when the frequency of the applied oscillating stress rises, a sharp rise in the value of the 

storage modulus is expected. When the frequency of the stress rises further the members 

of the soft polymeric backbone which tend to form strong intermolecular bonds are 

expected to start to form dangling and loop chains instead of intermolecular 

rearrangements and the value of G’ is expected to fall. 

 The pattern of the dynamical behaviour of the polyurethane matrix was difficult to 

predict, because of the high number of possible factors which may influence the 

dynamical behaviour involved. First, the polyurethane matrix contains a high proportion 

of soft and generally amorphous segments based on polyester of castor oil and blocks of 

PPO/PEO polyethers. The hard segment was based on aromatic diisocyanate, where some 

of isocyanates reacted to form urethane and/or even more rigid urea groups. According to 

a model by Xu et al [70], during the application of an oscillating stress and with 

increasing stress frequency, the value of the storage modulus is expected to drop, as a 

gel-like matrix which was formed by predominantly hard segments of the polymer and 
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such a gel-like matrix is expected to effectively disintegrate when polymolecules start to 

move. 

 By contrast, the value of G’ is expected to rise with the increase of the frequency 

of the applied oscillating stress, because of an increasing number of polymolecular 

entanglements. The number of such entanglements at one given moment of time should 

increase dramatically, when the stress is applied faster than the time which is required for 

reptation relaxation of the molecules involved [54]. 

 In addition, the amount of intermolecular interactions in a soft polymeric segment 

should rise significantly with an increase of the deformation, because (as shown in the 

Literature Review, section 2.1.5) polymolecules which tend to form coils between 

polymeric junctions in a relaxed stage will be forced to obtain new configurations where 

the number of possible molecular conformations is reduced (i.e., may cause an increase in 

the amount of crystalline in the amorphous part of polymer). In addition, there is a 

reduction in the free polymeric volume and hence the amount of intermolecular 

interaction may be significantly higher [17]. However before the DMA test was 

performed, it was difficult to predict the actual magnitude of such an increase in the 

intermolecular interaction in the soft segment. 

 Some effect may also be predicted by Gotlib’s model [62] that suggests that 

polymolecules of the second polymeric network of IPN (i.e., which was fully cured only 

inside the IPN after the first polymeric network was formed)  are able to only partially 

form coils between junctions during very long relaxation times and thus always stay 

stretched. The original Gotlib’s model was for two ideal amorphous polymeric networks 

where intermolecular interaction can be neglected. Gotlib predicted that the relaxation 

time in IPN is somewhat longer than in a homogenous polymer and the time of relaxation 

for different junctions of the polymer will be widely dispersed.  In this particular semi-

IPN where there is hydrogen bonding between the two polymeric networks (i.e., shown 

by significant shifts to the lower IR absorption frequencies at IR absorption spectra of 

urethane, amine and carboxyl groups, as described in Literature Review, section 2.3.9) 

and some chemical cross-links between the two networks, the actual time of relaxation 

for different junctions of both polymeric networks were expected to be dispersed even 

stronger. A wide dispersion of values of G’ and tanaδ in the DMA graphs given in 
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Figure 84 and Figure 85 may be explained by this theoretical prediction. 

The exact pattern of dynamical behaviour is expected to be very complex. 

Therefore, the comparison of the dynamical behaviour of samples of the semi-IPN 

polyurethane polymeric matrix containing telechelic polyborosilane and polyurethane 

matrix seems to be the most beneficial option. 

 DMA Results 9 (shown in Figure 90) present results of the DMA test for all four 

samples of the DMA test, where Sample 1 and Sample 3 contain a high mass proportion 

of polyborosilane.  

 Areas of frequency of the applied oscillating stress are separated in Figure 90 in 

such order that to show which specific pattern of the polymeric dynamical behaviour 

thought to be predominant at given frequencies.  

 

 
 
 

Figure 90: DMA Results 9 Log of the Modulus vs Frequency of the Applied  

 Stress, Deformation 0.25 mm, the Areas of Frequencies are Separated in Order 

to Show Predominance of the Local Pattern of the Dynamic Polymeric Behaviour 

 

All samples show a similar drop in G’ values at frequencies between 0.01 and 

1 Hz. For samples of natural rubber and polyurethane matrix such a drop in G’ continued 

up to 7.51Hz. The decrease in the G’ value for all the samples may be explained by the 

failure of the gel-like matrix formed in those samples during very long relaxation time of 

molecules containing segments which tend to strong intermolecular interactions. This 

model was described by Xu et al [70]. For the sample of natural rubber, such gel-like 
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matrix is expected to be predominantly based on the co-interaction of particles of the 

reinforcing filler and for the polyurethane matrix (including Sample 1 and Sample 3). 

Such a gel-like matrix is expected to be based generally on the hard blocks of 

polymolecules (here boron substitution in polysiloxane must also be considered as a hard 

polymeric block). 

At frequencies between 7.5 and 22.5 Hz for Samples 1 and 3, a sharp rise in G’ 

values was observed followed by a drop after 25 Hz. This pattern of dynamic behaviour 

is in good qualitative agreement with Indei’s theoretical prediction [64]. No such 

significant rise in G’ values was observed in the dynamic behaviour of the polyurethane 

matrix or in the sample of natural rubber. Therefore, it is possible to suggest that this 

sharp rise in G’ values for Sample11 and Sample 3 was due to the presence of the 

polyborosilane network. This sharp rise in G’ values in the behaviour of Samples 1 and 3 

may also be due to an effect of interaction between the polyurethane and polyborosilane 

polymeric networks. Most probably this pattern of dynamic behaviour is a combination 

of both factors, where the influence of the former factor is predominant. 

Further, the sharp rise in the values of G’ for all samples at frequencies of the 

applied oscillating stress above 55 Hz is due to the rising number of polymolecular 

entanglements at the higher rate of deformation. The possible influence of increasing 

crystalline in a soft polymeric segment should also be considered [17]. In order to 

understand the influence of all the factors concerned further research is essential. 

 

 

 

 

 

 

 

 



 160 

6 Conclusions 

 

During this research a novel poly-[(boron)n-(siloxane)m-urea/urethane] soft 

polymeric material was successfully synthesised and  the predicted structure of the 

obtained polymer was confirmed by a number of chemical analytical techniques, such as 

FT-IT, 
13

C NMR and1
1
H NMR spectroscope. The produced polymeric material 

combines properties of IPN where two soft and immiscible polymeric networks are 

interpenetrated together. In addition, in order to prevent a possible phase separation of 

siloxane from the main polymer body, both soft networks were chemically cross-linked 

through urethane cross-links. The final polymer is a soft cross-linked polymeric gel. 

Polydimethylsilane (PDMS) based polymer is highly immiscible with any purely 

organic polymer and also exhibits very high polymolecular backbone mobility, therefore 

such polymer inevitably tends strongly to a phase separation. The performed during this 

research experiments have clearly shown that even in IPN based on a highly cross-linked 

organic polymeric system (here polyurethane block copolymer) and PDMS based cross-

linked gel, such phase separation will have some (limited) place. One way to improve 

adhesion between the polymeric networks in such IPN was to increase the number of 

physical cross-links by introducing more polar boron substitutions in the poly-[(boron)n-

(siloxane)m] network. But in such case valuable rheological properties of the given 

polymer will suffer or may be lost, as predicted in the theoretical model of Indei [64]. 

Therefore, it was decided to introduce some chemical bonding between the 

polymeric networks of the IPN. Hence, in this application poly-[(boron)n-(siloxane)m] gel 

was modified through the attachment of ε-pentanol groups to silicon atoms of siloxane 

polymeric backbone. Therefore this prepolymer contained reactive hydroxyl groups and 

was suitable to further copolymerization reaction with a prepolymer containing reactive 

isocyanate groups (i.e., formation of polyurethane links). The attachment of ε-pentanol to 

silicon of the polymeric backbone was performed by Grignard reaction. Chemical 

analysis was performed by means of FT-IT, 
13

C NMR and 
1
H NMR spectroscopy and 

showed that the product had the predicted chemical structure.  
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 After the final copolymerization reaction between the poly-[(boron)n-(siloxane)m] 

and the urethane/urea-ether/ester prepolymer, the novel soft polymeric material was 

produced. This novel polymeric, scarcely cross-linked semi-IPN was tested by means of 

DMA. The material exhibited a significant rise in the value of its storage modulus G’ (up 

to 10 times) in a diapason of frequency of the applied oscillating deformational stress 

between 7.5 Hz to 40 Hz and deformation about 2 % of the length of the sample (while at 

deformations between 0.25 to 1.5 % of the length of the sample, no increase in the 

storage modulus was detected). A decrease in the values of storage modulus G’ was 

recorded between maximum values of 25 Hz (65 MPa) and about 20 % lower values of 

the storage modulus at 40 Hz (~ 48 MPa). So, further research is essential in order to 

obtain a more reliable polymeric material for body protection. 

 In addition, all samples of the obtained poly-[(boron)n-(siloxane)m-urea/urethane] 

semi-IPN contained some unreacted isocyanate groups (shown by FT-IR spectrum), 

where in Sample 1 the proportion of unreacted isocyanate was the lowest. Therefore, at 

this stage the obtained polymeric material is not suitable for use as a protective polymer 

for body protection as toxic unreacted isocyanate groups could potentially harm the 

human body. Because the final application can be considered as a direct contact of such 

polymeric system with human skin, further research is essential in order to obtain 

polyurethane (or other polymer) based polymeric gel which is completely free from any 

potentially toxic and/or irritant groups. 
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7 Further Work 

 

 Further research is essential in order to obtain a polymeric material which is able 

to increase its modulus of elasticity at a wider range of deformations, because the existing 

polymeric sample reliably increases its storage modulus just at quite narrow diapason of 

deformations ~2-2.5 % of the sample length. Further research is also needed in order to 

decrease the magnitude of the drop (decrease) of the value of the storage modulus at 

applied oscillating stress at frequencies around 40 Hz. The current sample decreases its 

storage modulus around 20 % from the maximum value at 25 Hz (~ 65 MPa). 

 A new formulation of polyurethane pre-polymeric matrix is essential in order to 

achieve the final polymer with a proportion of isocyanate and hydroxyl/primary amine 

groups closer to 1:1. In such a case all the isocyanate groups would have to react to 

produce the final polymer which will there be free of any potentially toxic and/or irritant 

groups. 

 In addition, here has been considered a possibility to obtain a soft polyborosilane 

polymeric system in which the boron atoms of the polychain would be able to trap the 

introduced anion groups. Therefore, it would be possible to receive a polymer where 

electrical conductivity depends on the momentum physical stage (i.e., stress relaxation). 

As a result, it may be possible to obtain a polymeric material which is able to register a 

mechanical impact on its surface as an electromagnetic signal, etc. But, in such a case, 

the entire chemical formulation of the current working polymer should be changed, as 

ester and urethane groups included in the current formulation could be chemically 

unstable during a cationic or an anionic attack.   
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