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SYNOPSIS 

Polyurethane materials are extensively used in blood con-

tacting applications and organ reconstruction du~ to the wide 

ranga of exc~Jtent physical and mechanical properties and rei~~ 

tive.ly good biocompatibility. Surface modifications of 

poly\Jrethanes, however, have been attempted to increase the 

l:d.9c:Omp(;l.tit;liH tY which in turn is dependent on several factors 

topo.graphy, enE?rgy etc. A balance 

hydrophotric--hydrophilic sites is found to be beneficial for 

hancing blood c.ompatibility. However modifications produce at~ 

terat.ions in the physical and mechanical properti.es of 

polyurE!.thanes anci make it more sus~eptib le to degr~dati 011 . Su 

. biodegradation and calcification are other 

pr.~blem$ .associated with polyurethane materials.. Better com­

patib:i.l ity, enhancement of mechanical properties anp resistance 

may be achieved witfl. interpenetrating polymer net .. 

Interpenetrating polymer networks i IPNs J are a new cla.ss 

o.f mater.Lals fo.rmed by i.nterlocking of two or more polym~r net-

works. Used widely in the new generation of plastic.s, IPN 

tl:lesis aims at .enhanc.ing the compatibility of thermodynamically 

i l1Compatiq le po Iymers). The use of lPNs as biomater.ial 

h.q11ifever, ·l1o.t ex te11s ively explored. This thesis .proJects thE!. 

auttlor's efforts to synthesise and evalu.ate polyurethanE! base.d 

IPNs :for biomedical aPPlications. The introductory chapter 

X 



reviews the background literature on IPNs and factors influencing 

the biocompatibility of implant materials. The objectives and 

scope of the work is also outlined in this chapter. 

Chapter II deals with the experimental procedures utilized 

dur±ng the course of the work and also th~ synthetic rou~e 

employed for lPN synthesis. The IPNs synthesised are mainly of 

polyurethane, CPU), as polymer I and vinyl polymers as the second 

polymer, such as polyurethane-polyacrylamide, CPU-PAM>, polyuret­

hane-polyvinylpyrrolidone, (PU-PVP>, polyurethane-poly 2-hydroxy­

ethylmethacrylate, <PU-PHEMAJ, and polyurethane-polymethylmethac-

rylate, CPU-PMMAJ. The polyurethanes are based on two aromatic 

diisocyanates, namel~, toluene-2,4 diisocyanate, <TDIJ, and 4,4' , 

molecular diphenyl methane diisocyanate, CMDil. Polyol nature, 

weight and crosslinking were varied for an indepth study of the 

of PU-PAM IPNs. A polyurethane composition based 

on the polyol, polytetramethylene glycol, CPTMG 1010), was used 

to study, the effect of varying the vinyl polymer, on lPN 

properties. The IPNs were characterised for their mechanical, 

therma 1, dynamical mechanical, surface and morphological 

properties. In vitro biocompatibility and stability of IPNs were 

studied. In vivo biocompatibility and biostability of candidate 

IPNs were also assessed. 

Chapter III comprises the results and discussion of th~ 

characterisation of the synthesised IPNs. Mechanical properties 

of the ·IPNs studied demonstrated the IPN's elastomeric nature. 

Tensile stress and percent elongation at break of PU-PAM IPNs 

xi 



wereobserved tobeinfluenced by the factors such as crosslink­

fng of polyurethane, the type of isocyanate or polyol used and 

composition of. the IPN. The 90/~0 lPN was selected for further 

evaluations and comparisons owing to its superior properties. The 

dynamic fuechanical analyses IDMAl of IPNs served to indicate lPN 

formation. Thermal properties such as glass transition were 

ev~luated to support the conclUsions obtained by DMA studies. 

Thermo~ravimet~~c Ahaly!es of the IPNs were carried out. The IPNs 

were<found to have a 50% thermal decomposition temperature around 

400 degree Centigrade';. The polymer-water,...air contact angle o.f the 

surface of the IPNs showed that PU-PAM lPN, PU-PHEMA lPN and PU­

PVP lPN have a relati~e1y more hydrophilic surface than the 

polyurethane and PU-PMMA IPN has a relatively more hydrophobic 

surface. CrossLink density was found to increase on I PN forma­

electron microscope studies were carried out to 

have an insight of phase morpho I ogy. The microphotographs 

revealed the 15&micompatihl e na.ture of the IPNs. 

Chapter IV discusses the results of in-'-vitro procedures on 

the IPNs. Recalcification time, platelet aggregation and 

h~femol.Ysls of the IPNs were evaluated in addition to its 

stability eValuation in phosphate-buffered saline. The recal­

cification time of the IPNs showed that all the 90/10 IPNs had a 

~omparitive1y prolonged recalcifica~ion ttme compared to the 

polyurethanes, demonstrating the nonthrombogenic nature of the 

IPNs. ADP induced plateTet aggregation of calf plasma exposed to 

the 1PNs was comparable to that observed for a biomedical grade 

x:ii 



•ted the nonhaemolytic nature of the IPNs. Stability of IPNs 

stored in phosphate-buffered saline showed that the IPNs were 

quite stable in. the aque.ous environment. 

~~:-cn~ap~t~er·~v discusses 'the results of the .in-vivp . implanta-

The IPNs were im'pl anted in the subc~taneous of 

to asse~s their biostability. The changes in mechani~ 

""":._,--·····-··~;--·~··-·· -~-~~ .. ·-·:~· ...... ~~·" 
?rqperty with post-impl,antation. were follo.wed upto 3 months. 

--~tt·~•·ob·!i'!e~ty'Sd that the IPt-§s have less degradation compared to a 

commer·cia .. lly available polyurethane. The TDI based IPNs were 

found to be superior to•the MDI based IPNs. 

Toxico~ogica) analysis of the .materials showed that the 

mater fa l s ' are nontoxic. Histopathological studies of IPNs i~-

pl-anted in the ·intramuscular region cif rabbits for a post-

implantation p.eriod of 3 months showed that the IPNs are rela-
c 

:t;ivel}' inert materials. However the TDI b,ased IPNs were found to 

~lic;:.it les$ in.flammatory host response than MDI based IPNs at the 

Implantation of TDI based IPNs for a post-

'd:iffereu:lce in·R·e>·st response due to different IPNs. I :t was ob-

sei'v,ed that th,~ mo.I'e hyd~ophil ic PU-PVP lPN and more hydrophobi.g 

PQ:--.Pf1tlA lPN performed better i.e. elicited minimal reactions of 

host tissue in the hostile .ptJysiological .environment. 

mediate hydrophobib o·r hydrophi l'ic s.urfaces el lei ted 

tissue response. The tissue reactions in all IPNs were comparat)l~ 

to th~t of control biomedical grade polyurethane. 
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Chapter VI, the final chapter, summarises the conclusions· 

the future prospects of .the investigation. 
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1.1 

CHAPTER l 

Deveiopmen~ of new polymeric materials by the synthesis· .of 

'Unique monomers is a't a technological pla.teau in the plastics in-

dustry. Multfcomponent pol~mer sy~~ems ~btained by .blending or 

alloying ·two or more polymers with different chemica I str:uotures 
. 

aiild phys ieaf ··p-roperties have recently created considerab 1 e inter-

est and thei represent a new and important challenge for re-

search. Blendirig of polymers is significant because it is often 

the easiest and most economical method for improving rheological, 

mechanicai, degradative and other performance properties. 

-~ormal blending or mixing of polymers results in a multi-

phase morphology due to the well known thermodynamic incom-

of polymers. However, if mixing is accomplished 

with crosslinking~ phase ~eparation may be kineti-

. cally control led by permanent 'interlocking of .entangled chains. 

Thl:fsr· ~llt-ending by cosynthes is. of two d iff ere·nt po 1 ymer netwo•rks 

provide promising tool for achieving mutual improvemeht in·physi-

cal properties. This technique is. called interpenetrating and 

the polymer network then prepared is called interpenetrating 

pol)~er netwoik CIPNl. With this increased synthetic capacity to 

tai'lor poh·mer properties, new and important applications can 

emerge .. This is . achieved by s.e I acting the .proper. component .of 

the polymer system and arriving at actual reaction conditions. 



1.2 

Incorporation of a compatible elastomeric component in to a plas­

tic network is shown to improve the toughness and impact resis-

tance of the plastic component. Similarly interpenetration of a 

plastic network into an elastomeric network increases the 

strength of the material., often retaining. the elastic properties 

to a great ~xtent. An lPN of hydrophobi~ and hydrophilic monomers 

would be expected to have enhanced biocompatibility while -retain­

ing its superior mechanical properties and also possess greater 

stability in the invivo environment. 

An'IPN' is defined as a combination of two polymers· in net­

work form, atleast one of which is synthesised and/or crosslinked 

in the immediate presence of the other (1) Fig. 1.1 illu~trates 

some lPN structu~es (2). Structure (a) illustrates an IPN formed 

only one of the polymers is crosslinked and structure (b) 

illus.trates an IPN with both polymer cross! inked. Wb.U.e grafts 

between netwo.rks I and I I may occur to a greater o.r 1 esser ex­

tent, the IPN.topology may be said to exist if th.e deliberately 

introduced·· cros$1 ink sites outnumber the accidently introduced 

graft sites.When this condition prevails, the crosslinks dominate 

and control the morphology and hence most of the physical and 

mechanical behaviour. 

The term IPN implies an interpenetration of two polymer net­

works of some kind and was coined before the full sequences of 

phase s~paration were realised; Molecular interpenetration occurs 

only in the case of total mutual solubility. Kowever, IPN syn-

thesis to date exhibit varying degrees of phase separation, djpe-
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'on the~ca~pati~ility of the polymers. With 

thermodyrramio fa roes 1 ea,d ~pg t9. 
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1.4 

Classification and nomenclature of IPNs: 

Several types of IPNs have been described. They are sequen-

tial IPNs, simultaneous IPNs, semi IPNs,interpenetrating elas­

tomeric networks,thermoplastic IPNs and gradient IPNs. 

In the sequential type, crosslinked polymer is first 

synthesised and is then swollen with monomer II 

crosslinke~ and initiator and polymerised in situ. 

IPN may be written as Polymer I/Polymer II where 

plus it own 

This type of 

and I I are 

polymers synthesised in that order. An inverse IPN (7,8> can 

also be formed by polymerising the above polymer II network first 

followed by polymer I. The inverse IPNs will in general exhibit 

far different behaviour than the normal synthesis. 

Instead of sequential synthesis~ both networks can be syn­

thesised simultaneously. From a practical viewpoint, the most vi-

tal chemical requirement involves finding independent, non inter-

faring polymer reactions that can be run simultaneously under the 

same overall conditions~ A general solution to this requirement 

entails the use of condensation and addition reactions. Thus, 

simultaneous IPNs <SINs> begin with a solution of both monomers 

and crosslinkers, which are then polymerised by non-interfering 

mechanisms J9,10). The two rates of polymerisation and their ap­

proach to gellation may be the same or significantly different, 

again different product ensue. 

simultaneously, a very fine 

If both systems reach gelpoint 

state of phase dispersion is 

achieved. However, if one monomer reacts faster, a larger domain 

size is obtained. 

... r frZ'' 



1.5 

When one of the polymers is crosslinked and the other is 

lin ear, the product is called a semi-IPN or pseudo IPN 111). If 

the polymer i sat ion are sequential in time, four semi IPNs may be 

distinguished. 

O·f 

Whem the polymers are synthesised simultaneously 

is known as semi SIN. Allen et al 112) has used 

composites" to describe the semi SINs. 

IPN synthesis takes two latexes of l i ne9-r 

mixes and c.oagul a te.s them and cross 1 inks both com­

ponents simultaneously, the product is called an IEN ( 13.). 

The bulk synthe.s.ised interpenetrating polymer and inter­

pen&trating elastomer netwo~ks once prepared are thermoset in na-

and cannot be r.eformed. 

formation. 

This is a natural consequence of 

Thermoplastic IPNs can be 

however, through the art of emulsion polymerisation. 

with a crossLinked seed latex 1, adds monomer II plus 

·crossl inker but no new soap, and polymerises monomer II in the 

of I·' Ideally no new particles are formed and each 

fihished particle contains both networks in minifarm ( 14,15l. · 

Late:X: semi lPNs can·also be synthesised (16). Whereas the simul­

tarieous.ilPNs could be processed upto the gelation stage, the 

thermoplastic lPNs can be processed or reprocess.ed at any time. 

There is yet another class of IPNs known as the 'gradient' 

IPNs. In gradient IPNs, the composition is varied within the 

sample at the macroscopic level ( 17, 18). 

carried out by soaking a sheet of network 

This is conveniently 

in monomer II for a 

limited period of time and then pglymerising II r9-pidly~ before 



diffusion equilibrium can occur. 

1~2 General properties of IPNs: 

1.6 

An lPN can be distinguished from simple polymer blends, 

blocks and grafts in two ways. 1) An IPN swells, but does not 

dissolve in solvents and 2) creep and flow are suppressed. 

Most IPNs and related materials investigated show phase 

separation. The phases however vary in amount, size, 

sharpness of their interfaces and degree of contiQuity. 

shape 

These 

aspects together constitute the morphology of the material and 

the multitude of possible variations controls many of the 

material properties. The properties of IPNs depend on 1) the 

property of the component polymers 2) the phase morphology and 3) 

interactions between the phases. As with other two component 

maferTaTs, some properties of IPNs are approximately simple 

averages of the properties of the component polymers but syner­

gistic behaviour is observed. For. example, optical transparency 

is one property which departs completely from simple averaging. 

The IPNs of two amorphous, transparent polymers such as polyethyl 

acrylate <PEA> and polystyrene <PSJ are hazy and transclucent in 

thin sheets because the phase domains have different refractive 

indices and scatter light. Phase separation in less compatible 

IPNs such as SBR-PS results in white opaque materials because of 

increas~d scattering as the size of the domain approaches the 

wavelength of light. 

When two polymers form a phase separated mixture, each 

retains its glass transition. In general the transitions may be 
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broadened or shifted inward by mixing, and in the limit of mutual 

solubility only one transition is observed. Klempner e·t al ( 19) 

remark that depending on thermal history sometimes an inter-

mediate glass transition was observed for full 

the presence of a possible third phase. 

IPNs, indicating 

Thermogravimetric properties of polyurethane, polymethyl 

methacrylate IPNs {20) and polyurethane/polystyrene SINs ( 5 ) 

reported by Kim et al, exhibit unusual synergism with certain 

compositions showing significantlyy greater temperature resis­

tance than the homopolymers. A number of IPN compositions 

(21,22) exhibit considerable toughness as measured by stress 

strain curves or impact strength. 

1.3 Brief historical aspects. 

As in many other areas of scientific and engineering en­

deavours it is difficult to pinpoint an exact time origin for the 

ideas leading to interpenetrating polymer networks. The first 

IPN, however was invented by Aylsworth <23). This was a mixture 

of natural rubber, sulphur and partly reacted phenol formaldehyde 

resins. On curing an lPN was formed, the patent does not use the 

word "polymer" or any modern concepts. The first use of the term 

"interpenetrating polymer network" was by Mill~r in 1960 ( 6 } • 

Employing suspension polymerisation techniques, Mil 1 ar prepared 

interpenetrating polymer networks with both network I and network 

II being composed of identical styrene-divinyl 

tions. 

benzene combina-

In 1969, Frisch and Sperling independently arrived at the 
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i"lfiN toppi"ogy through different thought processes. Frisch's appr-

th~ concept of. macromo 1 ecu l ar topo·I og ical 

< 24) and c~tenan.es ( 25J .• 

th•e pha.ses would ':b'e 

At 1 ow .. aohcentration o:f 

At· 

· :P-rlr·~ ~Q.J·i :P.•:l·~te P:til'Ill~l~'i!;l'Jaid :th:e 1I:P·N s te have i n:t e rf ·ac i al ' .• r e·gions ~ 

iir;virlg.~; r~4~e '£fil,"h~~l,;eJ"<egefl<o:us.,mo:r•phel e.g~r. 

··)P~: .. ;§'~v;~;v~~; a~:tb:prs: < 22, 3•1-35) • 

. ;r~"':\ piJ:l,ysci;~eQl!ll~~hal1i;e$L•: pt.opert.i.es .. ofl IPJ'lts.·depe·nd•>en t.lheir 

.;c};l~~j.·:caJ.~.cJ::)cmpo<&.'i·iio.R.;, an.d :mbrph.o l pgy. Recernt r.eptJFts•. i:th UHr.· f:i eh:l 

o·~ '' I P~~ i l;lav ~·: empi'U1l.S•iS:ep:\qthe r .e•} a ti .ens hip bet\./,een mo•rph•e 1 ogy af1d 

· f!H~;~:~~fl'f!~at b~f;H~·~ io~r ef IPN's <36; 31·L' The· fine s;:t;r:uc:tu"Pe alnd 
' . . 
~fl)m·a.tfl ~;i~.e .g:f an lPt:J dep'&nd e!il $e:\1eral fagt.ers~ Diffe•Bences: b:ei7 
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both components (in the case of SINS>, component 1-component II 

ratios and content of grafting or intercrosslinking bonds (if 

any) play an important role. Sperling et al (38> studied the ef­

fect of crosslink density in the IPNs and semi IPNs on morphology 

and mechanical properties. In another study Touhsaent et al (39) 

investigated the morphology and mechanical behaviour of SINs. 

When simultaneous gelation of both networks was achieved, a min­

imum in gel size was obtained. The gel size obtained was too 

small for optimum toughness and less simultaneously reacted com-

positions were tougher than the more simultaneous ones. 

Studies on the thermal behaviour and glass transition tem­

perature of IPNs are mentioned in several reports (40,41}. While 

simple homopolymers and random copolymers exhibited single sharp 

glass transitions, polymer blends in general and IPN in par-

ticular showed two such transitions, one for each phase. A third 

intermediate transition has also been observed and attributed 

C42J to an interfacial region contribution. The intensity of each 

transition was clearly related to the overall composition and 

phase continuity while shifts and broadenings of the transition 

indicated the extent of molecular mixing. For simultaneous IPNs, 

Frisch et al (43} have a single Tg intermediate in temperature to 

the Tg's of the component networks. They also found that the 

measured Tgs were lower than the computed arithmetic means of the 

Tgs of the components. The amount of lowering has been related 

to the extent of interpenetration. 

The permeability behaviour of a polyurethane-epoxy SIN type 
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material was found to be dependent upon composition in a non-

linear fashion, 

continuity <44). 

probably due to phase inversion and dual phase 

Neubauer et al (45) studied semi IPNs synthesis from 

polyethyl acrylate <PEA> and polystyrene <PSJ.The crosslinker for 

the PEA was composed of various ratios of diethylene glycol 

dimethacrylate <DEGDMJ, a permanent type of crosslinker and 

acrylic acid anhydride <AAAJ a hydrolysable crosslinker. As the 

quantity of <AAAJ increased from 0 to 100%, the modulus change on 

annealing increased very significantly, suggesting morphological 

changes. The decrosslinking of an IPN or semi-1-composition 

results in a chemically induced blend. Systematic and controlled 

decrosslinking offers a new mode of morphological control through 

which hew or improved physical and mechanical behaviour pattern 

can be achieved. 

A large variety of polymer networks were used for lPN syn­

thesis. But major fraction of IPN studies concenterates on IPNs 

where one component is a polyurethane network. The work by Cas-

sidy et al (46), on 2 component polyurethane-epoxy IPNs describes 

l the effect of charge groups on the properties and morphology. 

Detailed study on PU-PMMA IPNs has been conducted by Xiao et al 

(47). Semi and full IPNs based on polyurethanes and polyacry-

lates were also investigated (48,49). It was found that in these 

IPNs introduction of charged groups increase phase miscibility 

and decreased the extent of phase separation {50) •. Kim et al (5) 

has related phase separation occurring in PS-PU IPNs to the 



1. 11 

incompatibility of the 2 networks. Simultaneous IPNs based on 

polybutadiene based PU/Poly <styrene co divinyl benzene) has been 

also investigated <51l. 

Recently 3 component IPNs were reported (52,53,54). These 

IPNs were prepared from PU epoxy resins and acrylic polymers 

using the simultaneous technique. The IPNs exhibited a variety 

of morphologies and their properties depended on the type of 

polymer, prepolymer molecular weight, presence of charge groups 

and the presence of intentional grafts. 

With the fast increasing price of petroleum products, re­

searchers on the renewable sources for products of plastic, elas­

tomer and other materials had gained momentum and this trend had 

its impact on 

triglyceride 

IPN 

oils 

synthesis 

were made 

a 1 so. Thus, naturally 

use of in IPN synthesis. 

ocurring 

Simul-

taneous IPNs containing crosslinked polystyrene and elastomeric 

components based on trimer acid, crosslinked epoxidised linseed, 

crambe, 1 unar ia and 1 esquere ll a oils were prepared (55 l. Another 

triglyceride oil used in IPN synthesis is Lesquerella palmeri oil 

which has a structure similar to castor oil. The oil could be 

reacted with sebacic acid or 2,4 TDI to form polyesters or 

polyurethanes. Several IPNs and simultaneous IPNs with divinyl 

benzene 

material 

were 

56). 

veronia oil 

made and both were 

In another study, 

found 

the IPNs 

to be tough leathery 

of sebacic acid-

copolymer with styrene divinylbenzene copolymer ex-

hibited a continuous veronia oil elastomeric phase with a binodal 

distributed polystyrene domain phase (57). 
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Castor oil with its uniq'ue nature -among other naturally oc-

curring triglyceride oils of having functionality as double bonds 

and hydroxyl groups is capable of substituting. some. of the 

PO:l:yme~~~-and--other-high value. products which are currently based 

Considerable work was done using oa•~ 

tor .oil ,fear constructing tht;! P!J networ:k in· IPN synthesis (58,59) ~ 

s.tandi-R:;t:·-:af -t-h:e'~-ffect of chE!mical composition and the st:ruct.ure 

.o:f-~-IFN-5.-eon·s·i-sting ·of a high elastic ·network and a glassy net,.. 

work .pn .their ffleohani'oal beh:aYioJUil·· 

Before pro<Oeeding to ·;a signi.fic.a·nce of IPNs in biomedical 

appl icati~ms,· an introduction to btomaterials. and aspects of 

1. A .JH QJta ter.ia Ls ·: 

.~ bJpfflaterial c.an be defined < 60 > as any nonv iab 1 e '!Daterhil 

-~·usecCTn a medical devic;e · and intended to interact with the 

Biomedical materials inc 1 ucha•· metals ·· 
·' , 

~-········ 
__ 9_Etf~.Q§.:.. ... n.atur.al ... or synthetic polymers and comb.inations and com-

The major properties of 

bio.mat:~rJaJ tha:.t need consider:ation are its·ma·terial charac-

t;~rstiC$~ IRe.ohanical oehaviour and processability ana its inter-

L:a'1i'ge number of polymers have been'used in biomedical ap· 
plioa:tions. These polymers range from naturally oc:9urring 

materials such as natural rubber, cellulose to.synthetic elastolf!.:... 



· ,ers tinel.~ding ~:tilicon,e rubbe;r:).,;t:he"polyure:t.haRe.s and n·ydrag'e··h#. 

f,f:f!~:'f<::m.:.a;~~;;:c"dd~l:Y. u~.ed. syn;th.et ic ,Rolymer ·is ~medica l.·i~rade ''S·lid'teo:ne 

,.,:wtiicll,. ,i.s pomp:ased of a.boU,t &5% potyd i<methy 1 

sOt h&J:~: ·Wi;d;e l•y:· .use.d .po l.ymer . .s: 

;p~J;ye;t.hy l'e~:,.'· 

~~9..C::A:Ql'tc. ( R )c ~~l,y~.s U~;h •. 

b!urH~ S~fc\ t.!lJ§li$ t~~tt§ ~ $,~tl fl" 

f;pn~~ ,t;p,=b~,:.·WS-~.~t.~ v~·~ ¥ 
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blood a.p~pears to be influenced by a number of different 
,of 

most or which relates to the surface of the material 

·blood . <·65.;-67). .Surf ace .. free epergy., su·rf ace 

surface topograp.hy, critical surfa,c.e te,nsiqn, 

·wate·r content a..re dete.Tmining fa.c.tJQ.rs 

Andrade <70) put f orwa.rd the 

S:urfaces. ·wLtn arl ~.nterfacial energy o.f tl 

Hydro g e l s. pQs-: 

fnfei'fac ici l·· enefrgy (71) attract lower thrombus 

Surface. free .energy is 

imFh::fr tant role in blood materia 1 

''<lfiHer' <72 > hypo~thesiz~s a· z.one O'f. cr:itical s·urfa.c.e t.a.n-: 

· ·"(5"p"":~zo··to'so···aynslcm'a.s ideal for: bbi>o.d cowpa.tu:ne surface$.­

M~w·eve~ "ei(ce.ptfort$ hav•~ oeen r:eportecd irn the case of LiT I c.arl:lon 

'i.t. ::;.56·.dj·na/~.ftt, t73). Kae.lble and· Moacanin <74> have indi-

that ai.Spe:f>.sive arl€1 polar cdmponents of • ·polymer surfaC(!IS 

art' "iinp.C,.];t::int r.ole in i'ntetfacial interactions. Severcal e:f 

tltfrer· ~Jrispttrti e·s of the surface which seem to a:f f ect .. b~ ood 

mate~itilf >interaeti'eirrs:; · especiail· ly:. in the. case of · pqly!Jlertc 

.:iiJ~t~r'iails is the .Chem.1ea·l l'latu're a.( the. stH1'fa.ce. Dis.tr.ibution of 

c'f1%;mica1 grou;ps bn the sufabe e·oul d a.·ffect int.erac.tions such as 

1tll.~orttbu~ f·ornvat io'n, ··.emboli formation, ·· haemo 1 ysis. of ·red Cl9ll s a~ 

'(fis'tribUtidn ·o'f protelins•. The: surfa.ce concentration and. ;ty,pe' nf 

ha'r1d'' segment (75) ana rlelatil'le 'cbnc'entration of •the harsd seg·m~nt 

<75, 76) are seijn 'to be of importance 1n the determina.tiofl of' sthe 



blood responses of polyurethanes. Even the method of fabticatio 

was seen to affect the surface properties of polyurethane bloc 

copolymer (77,78). In a study of polyurethanes with 

polyol molecular weight of 710 and 1025 <79), it was conclude 

that polyurethane urea <PEUU) 1025 had relatively better 

compatibility. 

The ratio of hydrophilic to hydrophobic area is also 

to have an important influence .on blood compatibility. 

adsorpti~n <80) and platelet adhesion (81) vary with changes 

hydrophilicity and hydrophobicity of the polymer surface. 

A dependance of platelet adhesion on crystalline and 

phous domains in polypropylene oxide segmented polyamides 

been observed by Yui et al <82). The morphology and texture 

~tlfe-~~-orood~ cont·act surf ace hence appears to play a ro 1 e in b 1 

material interactions. 

In po 1-yet.hel' urethanes an increasing pol yether content 

been shown <83) to result in a reduction of platelet adhesi 

Polyols seem to actively suppress platelet adhesion in a 

of PEO > PPO > PTMO <a4>. The surface is also dynamic wi 

chain segments or pendant functional groups either migrating 

or from the surface and influencing blood material interaction 

Lyman (85) observed the surface of polyether polyurethanes to 

richer in polyether content while Refojo (71) has shown that 

molecular motions of a surface of polyHEMA could result 

polyHEMA appearing more hydrophobic than a polymethyl methacr 

late surface under the same conditions. Further, even 
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solvent (75) or the mold facing side or air facing side {851 of 

polymers appear to have some role in determining blood material 

interactions. The initial effect of molecular molecular motions 

on the thrombogenesis is belie~ed (86) to occur independent o£ 

morphological order/disorder, crystallinity and/or associated 

water Cat 0.01 mg bound waterlmg polymer level). 

Ptdt~in ~daorption and platelet adhesion: 

One of the first events to take place when an artificial 

contaets blood is the adsorption of proteins (871. 

adsorption is a competitive process in which all the 

be involved to some extent. Serum proteins 

including albumin, globulin, fibrin.ogen, fibrinoecti.n CFn), 

caagulatiDn factors <Fg GJ etc have been found adsorbed to 

v~rf.o-l.ls arfi:fTcial Sl,lrfaces in vitro (88-90). The adsorption of 

is influenced by a number of factors such as material 

enzymatic influences and blood flow patterns C91,92J. 

In general, proteins interact more strongly with hydrophobic sur-

than with hydroph i 1 i c ones ( 89, 93 l. Hydrophilic surfaces 

also see.m to adsorb less protein than hydrophobic surfaces C94l. 

Polymers would thus seem to selectively adsorb protein from a 

bulk concentration~ Studies done so far are not conclusive for 

the pomplicated process of protein adsorption on to various sur­

faces. 

Initial protein adsorption brings about changes in 

platelets which may trigger blood coagulation. Platelets are 

complex structural elements of the blood which circulate in disc 
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form averaging 3 ~,.,in diameter and 1 h;,in thickness and have a 

volume of -6 fA--fY'l~ The adhesion of platelet to artificial sur­

faces involves the interaction of platelets with a layer of 

plasma adsorbed (95,96> to the surface. It has been suggested 

that the carbohydrate component of adsorbed proteins are involved 

in the reaction with platelet receptors <97,98) and probably also 

with the surface charged groups such as Nacetyl neuroamino acid 

( 99 ) . Following the exposure of a surface to blood, platelets 

are seen to adhere rapidly either as a monolayer or as aggregates 

and they also may have an associated fibrin network (100,101) 

Platelets can adhere to a surface and via different mechanisms 

can adhere to each other (102,103). In addition to becoming ad­

herent to a surface, the platelets (104,105) may undergo shape 

change or extend pseudopods or release their granular contents to 

the surrounding medium resulting in platelet aggregation. 

Materials vary in their thrombogenicity which in turn is de-

pendent on platelet release reaction and aggregation. Several 

surface parameters have been seen to influence platelet attach-

ment, spreading and also correlated with blood compatibility. 

Baier et al (106) has correlated surface energetics of substrates 

towards platelet attachment. Bubbles and gas nucleii at 

solid/liquid interface has been seen to enhance platelet adhesion 

{107l.Several authors have attempted to correlate surface 

hydrophilicity or hydrophobicity and smoothness or 

its platelet adhering capacity (107-110). 

roughness to 

The flow rate of blood or plasma medium has been corre-
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Iated with adhesion of platelets (111). Thus,surface topography, 

chemistry, energy, haemodynamic parameters are all highly in-

terrelated to•the thrombus formation at the blood material inter-

race. 

1.8 Tissue responses to implant materials (Biocompatibility); 

Biocompatibility of a~ implant material as differentiated 

btood compatibility can be divided into two parts: The ef-. 

r!'3ets·of the implant on the host and the effect of the host on 

the implant. The effect of the implant on the host can be sub-

divided into local and systemic respo.nses .. Local tissue 

responses or histocompatibility are those which elicit effects in 

the immediate: tissue area around the implant such as inflamma.,.. 

neoplasm,· necrosis and immune responses. Systemic 

re•spbnses are: those which affect tissues in other p<uts of th.e 

body and ara usually due to implant degradation. These include 

. ' 
responses, care inogen ic responses and a 1 1 ergic respons'es. 

Thef r~s]:fon·ses .of the body on the imp.lant include degradation, 

The tissUe· responses to implants can be better understood 

with r.efEH•.enc·e to the oormal wound healing (112-114) and as'"" 

s-ociated cel1 u ta.r responses. 

1.8.1 Cellular response to:foreign materials • 

. Any fo;eign mat.erial present in the wound area wi H affect 

the tissue changes associated with the healing process, although 

the extent of its influence is quite variable. There is usually 

an accumu1ation of polymorphonuclear leucoaytes in the vicinity 
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of the foreign body at first, this soon being followed by an in-

vasion of macrophage&. They sometimes develop into cells known 

a.s :foreign body giant cells which are extremely large cells often 

a diameter of the order of several hundred microns. They 

large numbers of nucleii which tend to be localized, and 

the cytoplasm can be seen containing particles of the for­

These foreign body giant cells often arrange 

th~mselves so as to have intimate contact with the foreign 

At the same time as this formation of giant cells, 

is fibroblastic reaction, such that the foreign material 

becomes enclosed .in fibrous tissue~ 

Under some conditions, when the material can be considered 

and physically inert, the responses of the tissues to 

may be only slightly different from that invo}rved in 

normal post operc;tive healing. The macrophage& which may be ini­

tially pre~ent may not lead to foreign body giant cells ~orma­

tion, and the end result is only a slight thickening o.f the 

scar tissue that would otherwise have been formed, per-

haps being somewhat less vascular and less cellular. This type 

of response which leads to the foreign body being completely 

covered by a fibrous tissue capsule is considered by some (113) 

to be the most favourable response clinically, for the material 

is then virtually extracorporeal and is effectively ignored by 

the body. 

If the material is less 'inert' or more 'irritant' then the 

foreign body giant cells are produced. It has been suggestedC115) 
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that the presence of giant cel.ls in the surrounding tissue is a 

clinically 

stability. 

undesirable feature indicating basic tissue in­

This is not an universally accepted conclusion being 

challenged by Charnley amongst others 1116). Their argument 

being that the fibrous tissue lining of polymethacrylate used in 

orthopaedic procedures is "histologically indeterminate" with oc~ 

cassional phagocytes and giant cell collection even after nine 

years. 

Inflammation describes the vascular and cellular reaction of 

the tissues to harmful stimuli.These are acute or chronic inflam-

mations,the former involving an exudation of fluid <1171 and 

cells into the tissue in response to an irritant and the latte~ 

involving a local cellular proliferation in the absence of a 

fluid exudate.Such a cellular proliferation,involving ~olymor-

phonuclear leucocytes, macrophages,fibroblasts and others give 

rise to granulation tissue,which by virtue of the cells that it 

contains,combines the functions of phagocytosis and organisation 

<that is revascularisation and eventually fibrosis}.Granulation 

occurs under the stimulus of either infection or irritant foreign 

bodies.Healing is delayed when this is present and the eventu~l 

scar or fibrous tissue layer is usually much thicker than in its 

absence. 

A final type of response is death of the adjacent tissue or 

necrosis.The implant has to be active chemically,mechanically or 

possibly thermally for this to happen.The presence of ani~~ 

planted foreign body could thus be categorised into a scale,one 
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postoperative 

fibrosis,at the other end,granulation or even necrosis and in be­

tween,~hanges involving varying amounts of macrophages and for­

eign body giant cells. 

1.9 Factors influencing foreign body reactions to implants 

There are three types of foreign body reactions to implants 

{!)reactions due to the physical characteristics of the implant. 

C2Jrea.ctions due directly to the chemical properties of the im­

plant. IStimmune reactions. 

1.9~1 Reactions due to physical characteristics of implant: 

These deal chiefly with the size,shape,porosity of the im-

plant and also 

observedt118tthat 

the site 

materials 

of 

may 

implantation. It has been 

be compatible in one tissue, 

l~cation or application but not in another. The physical form of 

the implant causes responses ranging from simple capsule thicken-

epithelial encapsulation of the plastic, epithelial 

kSra.tinizatibn in cutaneous implants, formation of ground sub-

stance and presence of giant cells due to the mechanical trauma 

to I ocal tissues to tumour formation induced by a large imper-

vious solid. lant shape (sharp corners or edges), implant 

rigidity (particularly in soft tissues) and surface roughness can 

cause increase in encapsulation. Paradoxically capsule thicken~ 

ing reduces the trauma and can lead to a well tolerated implant. 

The significance of implant shape has been examined by lllood et al 

(1191 who implanted disc and rod shaped polymers in mandible, 

calvarium and muscular sites of rabbit~ They observed the grea-
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test reaction in the muscular sites with discs showing microareas 

of tissue reactions randomly across the periphery.The rod shaped 

samples in muscle showed greater reaction at ends rather than in 

the midportion of the shaft • B.F.Matlaga et al (120) has ob-

served that a. triangular 'shaped implant showed highest enzyme ac-

tivity in gluteal muscle of rat with the enzyme activity around 

pentagonal shaped and circular shape successively decreasing. 

Another factor related to the physical characteristics of an 

implant is its porosity. Large pores in an implant facilitate 

normal tissue growth. However, an implant with pore sizes ap-

preaching that of ingrowing cell causes problems with the outer 

part of the implant becoming choked with cells and newly syn-

thesised connective tissue. As it becomes increasingly difficult 

to maintain a normal cellular environment for those cells that 

have penetrated most deeply into the body of the implant, the 

result is often cell death, vacuolation and calcification with 

the consequent hardenening of what might originally have been in-

tended a soft prosthesis. An optimum pore size for polymers for 

biomedical applications has been suggested (121) to be (1-200 

pm) • While ,jros i ty is a bulk ,property, its effect could be 

felt on the surface with the surface suffering undulations due to 

open pores. This could affect thrombogenesis (122) through 

nucleation of micron sized bubbles at the surface. 

1.9.2 Reactions due to the chemical properties of the implant: 

Residual monomers, leachants, additives, surfactants etc. 

and other inadvertent contaminants may be responsible for the 

t 
......_--~----·-·~---
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It was 

noted C123J that. responses of increased severity were associated 

with the following: polyelectrolyte coated implants, epoxy 

resins, epoxy resin with a hydrophobic diluent which did not bind 

permanently to the resin, and experimental adhesives caused in 

vivo gtowth of keratotic cysts and accelerated growth of 

epithelium occurred contiguous with polyeLectrolyte coated 

material. Mild irritants have been shown (122) to stimulate 

epithelial growth. An acute response with secretions of mucoid 

substances around the surface of a resin containing a hydrophobic 

diluent and presence of 1 arge spaces and abundant extracellular 

amorphous material in inflammatory tissue around a toxic adhesive 

bured in iji~o has been observed C123l. No fibrous capsule was 

around the implant and the capsule, when present, was out-

side the¥nactfjtic regions, 

matory cells. 

the mucoid substance and the inflam-

1.~.3 Reactions based on immunologic response: 

A third group of reactions is attributed to infection based 

on direct observation and his.tological data. Implants with 

shafts or conduicts pro.j ecti ng through the skin showed ( 123) gr0 ss 

signs of infection in dogs and pigs: purulent weeping, edema, 

chronic scabs at the interface between the skin and conduit. 

Histbl!Dgical evidence of infection was the presence of numerous 

plasma cells and other round cell.s in proliferating inflammation 

tissue. Plasma cells are invariably present in chronic infection 

and are believed to produce antibo.dies to f.oreign bodies <124>. 
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A few investigators have postulated that toxic plastic materials 

may denature host proteins which may then become antigenic (125). 

Physical features of plastic implants are related in an indirect 

way to infection. Surfaces with many interstices tend to trap 

bacteria and stimulate the immune response. 

1.10. Modifications to increase blood compatibility: 

With a view of selecting a suitable polymer for particular 

~load contacting applications, various attempts have been made to 

understand the relationship between blood compatibility and the 

surface properties of polymers. Surface modification of 

polymeric materials have been attempted <126-128) to avoid ad-

verse reactions with blood components. One such modificationl129 

to increase nonthrombogenicity is to maintain a negative charge 

on the surface from -40 to -120 mV zeta potential. Several of 

the modifications involve fixation and immobilization of albumin 

coatings on polymeric substrates 1130,131). Further hydrogels 

which adsorb and retain more than 20% water within their struc­

tures are also grafted on polymeric materials for decreasing the 

interfacial free energy. HEMA (132>, acrylamide 1133) vinyl al-

coho I or N-vinyl pyrrolidone (1341 have been grafted for enhanc-

ing blood compatibility. While hydrophilic surfaces are found to 

reduce platelet adhesion 11351 and protein adsorption, an op­

timisation of hydrophobic/hydrophilic ratio is believed to be 

more beneficial (136J for enhancing blood compatibility. Other 

modifications include covalent binding of C18 alkyl residues 

(1371 to selectively enhance albumin binding and reduce fibrinog-
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en adsorption or <1381 mimicking phospholipid components. Selec-

tive bonding of phosphorylcholine to substrates has been at­

tempted (139) for inhibiting platelet adhesion. 

Prostaglandins which play a key role in thrombosis have been 

immobilized to polyetherurethane urea surface to inhibit platelet 

adhesion <140). However, the presence of prostaglandins in a 

polymer matrix affects the mechanical properties of the polymer 

(141) in addition to having reduced biological activity. 

Albumin-heparin conjugates (142,143) and high AT-III affinity 

form part of modifications using drug complexes intended to in­

duce nonthrombogenity. Heparin bonded <144) and heparin releas­

ing polymers 11451 have been prepared for enhancing clotting 

time. Enzymes have been immobilized on surfaces 11461 and 

polyelectrolytes similar to heparin have been grafted (147) to 

enhance nonthrombogenicity. Attempts have also been made to in-

duce the growth of endothelial cells on the surface of devices 

(148). The disadvantage to biological modification of polymers 

is the short lifetime of the biological entity on the surface due 

to leaching or diffusion from 

agents when used have 

the 

tended 

surface. 

to reduce 

Stronger binding 

or destroy the 

functionality of the biological moiety. 

However, inspite of the intensive efforts to the understand­

ing of blood compatibility, the small diameter vascular graft 

still eludes investigators and no single substitute material is 

still perfect for such applications. Modifications to increase 

the tissue compatibility of materials also seem to be scarce. 
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1.11. Applications of IPNs: 

Increasing number of commercial products were developed 

utilizing the concept of IPNs, to date there are some hundred 

patents which explore the application of IPNs and closely related 

materials. The following <Table 1.1) gives an abbreviated list 

of lPN related patents indicating their applications. 

Mode of 

combination 

Natural leather 

rubber 

Anionic-catonic· 

Plastic rubber 

Rubber -plastic 

semi IPN 

Plastic - plastic 

Rubber - Rubber 

Plastic-plastic 

Plastic rubber 

Rubber-Plastic 

Plastic-plastic 

SINs 

Actual or anticipated 

use of IPNs 

Application 

Improved leather 

Ion exhange resins 

Noise damping 

Impact resistant plastic 

Optically smoth surfaces 

Pressure sensitive 

adhesive 

Compression molding 

composition 

Tough plastic 

impact modifier 

sheet molding compounds 

Ref 

149 

190 

151 

152 

153 

154 

155 

156 

157 

158 



Rubber-crystalline thermoplastic elastomer 

plastic 

Block copolymer- high temperature 

crystalline plastic elastomer 

unsaturated poly­

ester-styrene cro­

sslinked suspension 

Water swellable 

non water swel-

lable 

low polypropylene 

soft contact lenses 

Besides the above patent specifications, 
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159 

160 

161 

162 

there is a growing 

number of suggested uses, in the scientific literature. 

Semi compatible IPNs of low and high Tg polymers damp noise 

and vlhrailons over the intervening transi~ion range. Thus, the 

most promising uses of IPNs are noise and vibration damping sys-

ten:ts in the form of films, constrained layers and so called 

silent parts (163-164). 

A broad range of applications can result from the improved 

mechanical properties of IPNs consisting of glassy network I and 

high elastic network II. Tough pl~stics with elevated tensile 

stress and elongation as well as high impact resistance are seen 

to be the most important group of future applications (165). 

Another anticipated use of polyurethane base semi IPNs is in 

the field of modified PU foam <166). Reaction injection molding 

matecials of PU IPNs are also under development utilising the 

second component to increase the thermal stability of. the polyur-
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PU and PU unsaturated polyester systems were also 

leather la~ks uniformity and is the 

water peAetration and 

i• already a versatile-mat•rial. 

as well as f i l l 

wacter 

is 

adhesive was found 

either 

easting resins have been made by the 

resins imparting .f.Ie~ioility, 

and underwater use k17Q). 

eured epoxides and 

to yield adhesives with e~.-
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polyurethane IPNs (1741. The performance of these coatings viz 

hardness, lap shear strength on steel and tensile strength were 

superior to the polyurethane and acrylic separately. 

Among the biomedical applications, Predecki (175} has men-

tioned the use of IPNs as arteriovenous shunts and in their SIN 

method, Touhsaent et a l ( 176), suggest uses as casting syrups. 

lPN modified polymer beads have been found useful for the release 

of water soluble drug from hydrogel beads to an aqueous environ­

ment (177). 

Semipermeable membranes consisting of IPNs from -NCO ter­

minated polyethers, vinylpyridine or N-vinyl pyrrolidone polymers 

as porous supports were reported to be useful in reverse osmosis, 

ultrafiltration, gas separation etc (178). Haemodialysis 

membranes of cellulose or colloidion (179lwas made hemocompatible 

by interpenetrating with coatings of NVP, 

polyHEMA. 

polyacrylamide and 

Kronick (180) prepared IPNs of polyacrylamide on polyether 

polyurethane by introducing monomers in 50% solution in glycol­

methoxy ethanol onto a substratum of polyether urethane block 

copolymer which it penetrated. After the volatile glycolmethoxy 

ethanol evaporated the polymerisation was intiated by atomic 

hydrogen. 

mechanical 

Inextricable IPNs were reported to be formed but the 

properties were very much reduced. Dror M. et al 

(181,182) synthesised semi IPNs of a polyether urethane urea with 

acrylamide, NVP, HEMA. Loss of 30% of the mechanical properties 

as compared to that of polyurethane was reported. 
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Collagen/HEMA/N,N'Dimethacrylamide lPN and HEMA/PDMS IPNs 

have been developed (183)for use. as contact lenses. 

HEMA/polyurethane gradient IPN has been developed for controlled 

drug delivery systems(184). An ethylene copolymer ionomer /PVC 

IPN has been developed (185) for use as medical tubing. 

Other IPNs developed are an IPN of silicone rubber, HEMA, 

PVP by Vale et al (186) and commercially available Rimplast by 

Petrarch systems Inc. (187) that consist of silicone-polyurethane 

IPNs. Another commercial IPN for medical uses is the aery l ic 

based trubyte bioform IPN and De trey bio stabil artificial teeth 

material (165J. 

1.12 Significance of the need for IPNs in biomedical application: 

Polyurethane materials are extensively used in blood con~ 

tacting applications and organ reconstruction. Thermoplastic 

polyurethane elastomers are the largest group of biomedical 

polymers. 

Tecoflex, 

Biomer ( R l • 

Pellathane 

Cardiothane. 

etc are 

Avcothane, 

commercially 

Cardiomat, 

available 

polyurethanes(64). The polyurethanes are based on aromatic and 

aliphatic diisocyanates. Several investigators surface modify 

the above or other synthesised polymers for better blood com-

patibility. The modifications may alter the physical, mechanical 

properities of the substrate polyurethane and may also make it 

more susceptible to degradation. 

A number of investigators (188,189) used polyurethane elas­

tomer foams as blood vessel grafts with failures due to throm-

basis and inflammation. Early polyurethane elastomers made from 
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polyester polyols possess poor hydrolytic stability and can 

degrade in the biological environment (190). This problem has 

been overcome by incorporation of stable polyether soft segments 

in the biomedical polyurethanes used today. However still some 

problems remain. 

Aromatic polyurethanes are reported to produce toxic <191) 

carcinogenic {192> mutagenic <193) and teratogenic C194J, 4,4'­

diamino diphenyl methane <MDA>, as a degradation product of 

diphenyl methane diisocyanate <MDI). MDA has been found in trace 

quantities on storage (195>, 

on steam sterilization <197>. 

as a result of processing <196J and 

The aromatic polyurethanes are 

also unstable on exposure to sunlight <198) resulting in loss of 

mechanical properties and discolouration. Use of the aliphatic 

analog ~f MDI ie methylene bis cyclohexyl diisocyanate, gave bet­

t•r .stability on exposure to light,artd mechanical properties did 

not deteriorate.·' 19.S) •. However, the po.lyurethane has poorer physi;.. 

cal properties and al•o p~oduced the aliphatic analog of <MDAJ on 

storing which may be toxic. Pellathane is another commercial 

polyur~thane used widely in heart pacemaker connectors (200) 

heart pacemaker lead tubing C201J, blood bag and other devices. 

Surface cracking of Pellathane pacemaker wire coatings <202> has 

beeQ a major problem <203,204). Another problem on using 

polyurethanes for long term applications is calcification C205J. 

Environmental stress cracking and calcification are enhanced by 

ion complexation (206). Polyetherurethane.urea elastomers are 

also known to undergo biodegradation <207,208) in physiological 
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solution or bile or subcutaneous implantation. 

Hydrolytic instability and oxidative degradation of 

polyurethanes have been reported (209,210). Previous studies on 

some polyu:ethanes have indicated the possibility of an inflamma­

tion reaction at the surface (2111 . 

There thus exists a need for improving the physical and 

chemical properties of the bulk polyurethane itself to render it 

more resistant to degradation. The surface of this polyurethane 

could be structured to achieve biocompatibility and thus avoid a 

two layered structure as is obtained during most modifications. 

The development of materials that can remain in contact with 

human tissues and fluids for extended time periods without evok­

ing adverse biological reactions is a great challenge. The ap­

plications of IPNs reported (section 1.11> do not seem to 

address the problem of biodegration which is also a challenge to 

biomedical scientists. There also do not seem to be any studies 

on the tissue reactions of any of the lPN materials reported so 

far. 

1.13 Aims and objectives of the work: 

The main objective of the present study was to synthesise 

and evaluate interpenetrating polymer networks (IPNSI of 

polyurethane with hydrophilic vinyl monomers for biomedical ap-

plications. The distribution of hydrophobic and hydrophilic 

groups on the surface of the IPNs would provide the necessary im­

petus for biocompatibility. The IPNs when formed would be expect­

ted to possess synergistic properties of polyurethane and the 
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polymer in addition to being resistant to chemical and 

hydrolytic degradation. It was also planned to study the 

stability and tissue compatibility of the synthesised IPNs, and 

to assess the suitability of the IPNs as biomaterials. 
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CHAPTER I I 

2.1. Materials and their purification: 

!socyana{es: Toluene -2,4- diisocyanate <TDIJ, (Fluka, A&) 

99% pure> and 4,4' diphenyl methane diisocyanate CMDll, 

CPqlysciences Inc., USA 99.9% purel were used as such. 

PoJyoJs:Polytetramethylene glycol IPTMGJ, Molecular weight 

1010 and 2000, <Quaker Oats, USAJ, 

Polypropylene glycol lPPGI, Molecular weight 2000, CFluka, 

~6 J and trimethylol propane <TMPJ, <Merck-SchuchardtJ were 

dried at 50 degree C in vacuum for 5 hour. 

!1onomers: 2-hydroxy ethyl methacrylate <HEMAl CcFluka, 8Gr) 

. and N -v i n y I p y r r o 1 i done ( NV f' ) ( F 1 u k a, f\ GJ l 

Ethyleneglycol dimethacrylate <EGDMA> CFluka, A&.) 

Methylmethacrylate CMMA>: CFluka, /l~) were vacuum distilled 

over cuprous chloride. Middle fraction was collected and 

used. 

Acrylamide CAM> : <Sisco Laboratories, India> was recryst&.-

1 ized from qh lor of orm-me.thano l ( 1:1) 

.N.N' methy.lene bisacrylamide <MBA> <Sisco, India) used as 

such. 

Initiators: Azobisisobutyronitrile CAIBNl: (Sisco, India) 

and N,N' dimethyl toluidene: CFiuka, A&.> used as such. 

Benzoyl peroxide CBOPl: CBDH, India) recrystall ised from 

ch lor of orm-methano l ( 1: 1). 
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Dibutyl tin dilaurate (DBTL>, (Fluka, AC~) was used as such. 

Dimethyl acetamide IDMACl (S.D. chemicals, Indial HPLC 

grade was dried over alumina and used. 

Tecoflex SG-60D of Thermedics Inc. was cast from a 

dimethylacetamide solution, extracted using water-ethanol 

(8:2land hexane. The sheets were then cleaned using an 

ultrasonic cleaner and used as control for invitro and in­

vivo tests. 

2.2. Synthesis: 

Synthesis of the homopolymers:-

2.2.1. Polyurethane: 

The synthesis of the polyurethane has been reported (212). 

Biurets of toluene-2,4-diisocyanate <TDIJ and 4,4'diphenylmethane 

diisocyanate <MDII were prepared by reacting three moles of the 

diisocyanate with one mole of water at 80 degree C in a nitrogen 

atmosphere. 0.01 wt% dibutyltindilaurate was used as a catalyst. 

The biuret of the respective isocyanate was solution polymerised 

in dimethylacetamide (DMACl with an equivalent amount of polyol 

at 80 degree C for one hour in case of TDI and for one and half 

hour in the case of MDI. After cooling the prepolymer, 

trimethylol propane dissolved in DMAC, was added with high torque 

mixing. The mixture was degassed by applying vacuum at room tern-

perature for 10 minutes, and cast on silicone oil-coated glass 

molds. Curing was carried out at 60 degree C for 3 hours followed 

by 80 degree C for 24 hours. Post curing was at 60 degree C for 

24 hours. The polyurethane was then extracted with distilled 
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water-ethanol {8:2) and hexane before properties were evaluated. 

The water-ethanol and hexane were removed by subjecting to vacuum 

at 50 degree C. The NCO/OH of the polyurethane was varied from 

1.09 to 2.01 to get different polyurethanes. The scheme of the 

synthesis is depicted in the Fig.2.1. 

3NCO + H2 0 -----------)o- BIURET 

< DBTL, 

80 DEG Cl 

BIURET + POLYOL ------------~ PREPOLYMER OF PU 

(0.01WT% DBTL, 

80 DEG C, 

DMACJ 

PREPO~YMER OF PU + CROSSLINKER-----~ POLYURETHANE 

<TMPJ ~ 
!DEGASSED) 

~ 
CAST AS SHEETS 

CURING---

60 DEG C - 3 HOURS 

80 DEG C - 24 HOURS 

60 DEG C - 24 HOURS POST CURING 

EXTRACTION--- WATER-ETHANOL, HEXANE. 

Fig 2.1 Flow chart of the synthesis of the polyurethane 
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2.2.2. Polyacrylamide: 

Acrylamide monomer was dissolved in dimethylacetamide 

rDMAC>, to get a 10 wt% solution.! wt% benzoyl peroxide was added 

~~· iriiti~tor. 2 wt% N,N'methylenebisacrylamide was added as the 

crosslinker. The mixture was heated with stirring in a nitrogen 

atmpsphere at 80 degree C until a viscous prepolymer solution was 

The prepolymer solution was poured into a closed glass 

si Ucone rubber gasket and cured at 80 degree C for 3 

hours and 60 degree C for 24 hours. 

2.2.3. Polyvinylpyrrolidone: 

N-vinyl pyrrolidone monomer was polymerised by initiating 

it with 1 wt% of azobisisobutyronitrile <AIBN>. The crosslinker, 

ethYleneglycoldimethacrylate !EGDMAJ was added. Polymerisa­

was carried out at 60 degree C in a nitrogen atmosphere un-

ti 1 a v.iscous prepo l ymer was obtatned. The prepolymer was poured 

into a c~osed glass mold sealed by silicone rubber and cured at 

60 degree C for 24 hours. 

2.2.4. Pol ymethyJmethacry I ate: 

Methylmethacrylate monomer was polymerised by adding the 

mixture of 0.5 ~t% benzoy1 peroxide and 0.5 wt% N,~· dimethyl p-

toluidene as initiator, crosslinker EGDMA was added and the poly­

merisation was carried out directly in the sealed glass mold at 

room temperature. Curing was at 60 degree for 24 hours. 

2.2.5.Poly 2-hydroxyethyl methacrylate: 

Polymerisation of 2-hydroxyethylmethacrylate monomer was 

initiated by 1 wt% of AIBN.2 wt% of EGDMA was added as crosslink-
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er and polymerisation was carried out at 60 degree C in a 

nitrogen atmosph~re until a syrupy prepolymer was obtained. This 

prepolymer was poured into a sealed glass mold and cured at 60 

degree C for 24 hours. 

Synthesis of the IPNs:-

2.2.6. Polyurethane-Polyacrylamide (PU-PAM> IPNs: 

In general, for all IPNs synthesised,the condensation 

polymerisation of polyurethane ~as allowed to proceed simul­

taneously with the addition polymerisation of the vinyl polymers. 

Prepolymer of polyurethane was prepared as mentioned above. 

The synthesis of the PU-PAM IPNs have been reported (2121. After 

cooling the prepolymer to 0 degree C,calculated weight percentage 

amounts of acrylamide monomer dissolved in dimethyl acetamide 

<DMACJ and 1 wt% benzoyl peroxide was added to the prepolymer 

with stirring. An equivalent amount of trimethylolpropane with 

respect to the corresponding polyurethane, was dissolved in DMAC 

and added with high torque mixing along with 2 wt% N,N' methylene 

bisacrylamide which is the crosslinker for polyacrylamide. After 

degassing, the mixture was cast and cured. The cured 

polyurethane was extracted as mentioned above.The IPNs prepared 

were varied with ratios of NCO/OH, weight percent of 

polyacrylamide and type of isocyanate as indicated in Table 2.1. 

The scheme of synthesis is depicted in Fig.2.2. 



PU-PAM IPNS---

PREPOLYMER OF PU +AM MONOMER tee ~ 

!DMAC, HIT% 

BOPl 

MIXTURE <DEGASSED> + TMP + 2WT% N,N'METHYLENE 

BISACRYLAMIDE 

STIRRING 

CAST AS SHEETS 

~ 
CURING AS FOR POLYURETHANE 

~ 
PU-PAM IPN 

i 
EXTRACTION AS FOR POLYURETHANE 

Fig 2.2 Flow chart of the synthesis of PU-PAM IPNs 
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Polymer code 

TABLE-2. I 

COMPOSITION OF THE PU-PAM IPNS 

NCO/OH Polyurethane 

ratio content (wt%) 

2.7 

Acrylamide 

content (wt%) 

-----------------------------------------------------------------
PUlA• 1. 09 100 

PU1A~PAM 90/10 1. 09 90 10 

PUlA-PAM 80120 1. 09 80 20 

1. 09 70 30 

PUlA-PAM 50150 1. 09 50 50 

PU1B• 2.01 100 

PU1B-PAM 90/10 2.01 90 10 

80120 2 .. 01 80 20 

70130 2.01 70 30 

1.09 100 

PU2A-PAM 90/10 1.09 90 10 

PU2A~PAM 80120 1. 09 80 20 

PU2A-PAM 70130 1.09 70 30 

PU2A-PAM 50150 1. 09 50 50 

PU2Bb 2.01 100 

PU2B-PAM 90110 2.01 90 10 

PU2B-.PAM 80120 2.01 80 20 

PU2B:-PAM 70/30 2.01 70 30 

PU3Ac 1.09 100 

PU3A-PAM 90/10 1 .. 09 90 10 
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TABLE-2. I<contd.) 

PU3A-PAM 80/20 1. 09 80 20 

PU3A-PAM 70/30 1. 09 70 30 

PU3A-PAM 50150 1. 09 50 50 

PU3B" 1. 68 100 

PU3B-PAM 90/10 1. 68 90 10 

PU3B-PAM 80120 1. 68 80 20 

PU3B-PAM 70/30 1. 68 70 30 

PU3B-PAM 50150 1. 68 50 50 

PU4Ad 1. 09 100 

PU4A-PAM 90/10 1. 09 90 10 

PU4A-PAM 80120 1. 09 80 20 

PU4A-PAM 70/30 1. 09 70 30 

PU4A-PAM 50150 1. 09 50 50 

--------------------~--------------------------------------------

a) Series PUlA and IPNS,PU1B and IPNS are based on PTMG 

molecular weight = 1010, Isocyanate = TD I. 

b) Series PU2A and IPNS,PU2B and IPNS are based on PTMG 

molecular weight = 2000, Isocyanate = TD I. 

c) Series PU3A and I PNS, PU3B and IPNS are based on PPG 

molecular weight = 2000, Isocyanate = TDI. 

d) Series PU4A and IPNS are based on PTMG molecular weight 

= 1010. Isocyanate = MDI. 
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2.2.7. Polyurethane- polyvinylpyrrolidone <PU-PVP> IPNs: 

Prepolymer of polyurethane was prepared as mentioned above 

After cooling the prepolymer to 0 degree C, calculated weight 

percentages of N-vinylpyrrolidone monomer and 1 wt% of 

azoisobutyronitrile <AIBNl was added to the prepolymer with stir-

ring. An equivalent amount of trimethylol propane with respect 

to the corresponding polyurethane was dissolved in DMAC and added 

with high torque mixing along with 2 wt% ethylene glycol 

dimethacrylate (EGDMA>. After degassing, the mixture was cast, 

cured and extracted as mentioned in section 2.2.1. PU-PVP IPNs 

were prepared by varying the type of isocyanate and weight per 

cent of polyvinyl pyrrol idone as in Table 2. I I. Flow chart of the 

synthesis is depicted in Fig.2.3. 

PU-PVP IPN 

PREPOLYMER OF PU + NVP MONOMER __ 1 _c_·~~~ 

\HIT% AIBNl 

MIXTURE (DEGASSED) + TMP + 2 WT% ETHYLENE GLYCOL 

1 
CAST AS SHEETS 

t 
CURING AS FOR 

+ EXTRACTION AS 

PU-PVP IPN 

DI METHACRYLATE 

POLYURETHANE 

FOR POLYURETHANE 

Fig 2.3:Flow chart of the synthesis of PU-PVP IPNs 
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COMPOSITION OF PU-PVP lPNS 
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----~------------------------------------------------------------

Polymer code NGOIOH 

ratio 

Polyurethane 

content ( wt%·l 

N-vinyl pyrrolidone 

conten wt%) 

-------------------------------------------~-------------------~-

90/10• 

80/ZO 

70/30 

PU4A-PVP 90110b 

PU4A-PVP 80/20 

70/30 

1..09 

1. 09 

1. 09 

1. 09 

1. 09 

1. 09 

90 

80 

70 

90 

80 

70 

10 

20 

30 

10 

20 

30 

Polyol = PTMG molecular weight = 1010; Isocyanate = TDI. 

b) Polyol = PTMG molecular weight = 1010; Isocyanate = MDI. 

2.2.8~ Polyurethane-polymethyl methacrylate <PU-PMMA> IPNs: 

Prepo1ymer of polyurethane was prepared as mentioned 

above. After cooling the prepoLymer to 0 degree C, calculated 

weight percentages of methyl methacrylate monomer was added. A 

mixture of 0.5 wt% of ben2;oyl peroxide, 0.5 wt% N,N' dimethyl p­

toluidene was added to initiate methylmethacrylate polymerisation 

at room temperature with a view to avoid monom.er lo.ss at .the 

higher temperature of curing. 2 wt% et}1y l.ene g l ycoJ dimethacryl ate 



2.11 

<EGDMAl and trimethylol propane were added with high torque 

mixing. The mixture was cast on silicone oil coated glass mold 

and the curing was carried out at room temperature for 3 hours, 

followed bY 80 degree G for 24 hours. Extraction was carried out 

as mentioned in section 2.2.1, the weight percent of PMMA and 

of isocyanate were varied for the PU-PMMA IPNs as indicated 

2. III. Flow chart of the synthesis is given in Fig 2.4. 

PU-PMMA l PN S-' 

PREPOLYMER OF PU ---------~ 

<DEGASSED> 

PREPOLYMER OF PU + MMA MONOMER + 0.5 WT% BOP + TMP 

~ 2 WT% EGDMA ~ 
ice, stir 

+ 0.5 WT% N,N~DIMETHYL P-TOLUIDENE 

CAST AS SHEETS 

CURING~ 
PU-PMMA IPN 

CURING~ ROOM TEMPERATURE - 3 HOURS 

80 DEG C - 24 HOURS 

60 DEG C - 24 HOURS POST CURING 

Fig 2.4 :Flow chart o£ the synthesis of PU-PMMA IPNs 



· :T ABLS -2 •• ll.•l 

C~J;f1.PQ~:J,:fl QN t;JF .~PU--P:MMA .,PN~ 

70 

2.0 

30 

50 .• · 

-------~--·~-------~--~~----

wei g'l'\.t ::: (J:c£)10,. I socya.nate •;;Tp I. 

::: 1010,. tsocyana te = MD I. 

' .- <: ,:,_, __ ,_, '';,1t 

lll9Q:q;;t(~~~,, JlJ . .\lt,~i;,~.A;~BN •. ;~f1,d,.,2;.w.t"'· ~£Gi);MA.. ··· .Jli:He •s,weH·ing~>w-~~ 

weight "' \lpta~e ·of HEH.A. 
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hours. This method was a~opted to avoid the grafting reaction of 

the -OH group of HEMA and the -NCO group of the prepolymer of 

po 1 yure thane. After the HEMA was polymer i sed, the I PN s formed 

were extracted as mentioned above. Different PU-PHEMA IPNs were 

prepared by varying weight percent of HEMA and type of isocyanate 

as in Table 2. IV.Flow chart of the synthesis is given in Fig.2.5. 

Polymer code 

PU1A-PHEMA 90/10• 

PU1A-PHEMA 80120 

PU1A-PHEMA 70130 

PU1A-PHEMA 50150 

PU4A-PHEMA 90110b 

PU4A-PHEMA 80120 

PU4A-PHEMA 70130 

PU4A-PHEMA 50150 

TABLE-2. IV 

COMPOSITION OF PU-PHEMA IPNS 

NCO/OH 

ratio 

1. 09 

1. 09 

1. 09 

1. 09 

1. 09 

1. 09 

1. 09 

1. 09 

Polyurethane 

content !wt%) 

90 

80 

70 

50 

90 

80 

70 

50 

2-Hydroxyethyl 

methacrylate 

content <wt%) 

10 

20 

30 

50 

10 

20 

30 

50 

a) Polyol = PTMG molecular weight = 1010, Isocyanate = TDI. 

b) Polyol = PTMG molecular weight = 1010, Isocyanate = MDI. 
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PU-PHEMA IPNS 

CUREDPOLYURETHANE SHEETS 

SWELLING IN 

HEMA MONOMER + 1 W.T% AlBN + 2 WT% EGDMA 

POLYMERISATION OF SWOLLEN STRIPS IN HEXANE VAPOUR 

60 - 80 DEG C 

E~KTRACTlON AS FOR POLYURETHANE. 

Fig 2.5 Flow chart of the synthesis of PU-PHEMA 1PNs 
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2.3. Physicochemical characterisation: 

lnfrar~d spectroscopy: 

Infrared spectra of thin films of prepolymers bast and cured 

on the NaC l windows was recorded on a Perkin E 1 mer 597 IR 

sJ2~?trophotometer. in the range of 4000 cm-1 to 200 cm-1. AT.R- IR 

spectra of cured ~olyurethane and lPN films were also recorded 

using an ATR acQe·S.sory ~· The .r.ef l ect i ng .c~ys t<Jl u.se:d .. was KRS-5 c.i n 

position. The results are discussed in section.3.2 

2.3.2.Solvent Resistance: 

Solvent resi'stance •of -the IPNs WE:u::.e: :eval uafteq •using ·the· sol-

v~nts of different po 1 ar i ty such as n-hexane-, carb:on tettach-

· l'or'ic;ie, to.luerie, methanql, disti I led water·, ~ioxan, ~" NaCt, 10% 

10$NabH, 25" acetic acid as .. per ASTf1·D543 (197~> prooe9ure 

;·(~5x10.x::10mmJ sample.s were i.mmeP.sed · in the• reagents·· fo:t 7 

Pater .a ·w:eS:k, they .. were removed and salvents evaporated 

·~~" •'1\h:e sam:pl'es :.wer.e .che.cked f.ar loss in ·weight, ·gloss or. 

other ·~·hacnge.s.·: ~thce rSlsult:s are discussed in· section 3. 3. 

· -z;~:;S':frecnarrn'5aT''~r·opl r ties : 

'Tne_ niechariicaf pr.eperties were measured u.s ing an I nstron :Un-

- i:v>eri;n:~>h 're.sting Machine 1193 as. per the ASTM method 0882 < 1981) 

for t·h·in·~pl:lag.t.ie··~heeti·ng t21.4). (10X1X0.1 CM) wide st·rips were 

cut h·~om th'e sheets and conditioned ;··over · antlydrous calcj;um 

chlo.ride. ·f.or 24 hours befzore tes:ting. The~.\sbrips• were p~~t.le~ 

1.Jsing a crosshead ·spe-ed of 100 mm/mi:n. 

ted. From the load vs extention graph and the thick.ness of the 

r 
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strips, the ultimate tensile stress, 'elongation at break and modu­

lus at 100% elongationwere determined using the following equa­

tions. 

Ultimate tensile stress ~ Load at break 

Crossectional area 

2. 1 

%Elongation at break = Change in length x 100 2.2 

Original length 

Modulus at 100% elongation = Load at 100% elongation 2.3 

Crossectional area 

The results of these experiments are discussed in section 3.4. 

2.3.4. Dynamic mechanical properties: 

Dynamic mechanical tests measure the response of a 

material to sinusoidal stress. The dynamic mechanical properties 

were determined using Rheovibron viscoelastometer DDV-III-C. The 

instrument utilizes the forced vibration method and covers the 

range 1 Hz to 110 Hz. It also covers a wide temperature range 

(-150 degree to 300 degree C) suitable to all types of polymeric 

materials. 

Molded samples measuring 70 mm x 10 mm x 5 mm were used for 

testing. Samples were tested at a frequency of 35 Hz using a 

strain amplitude of 2.5 x 10- 4 mm. The heating rate used was 1 

degree C /min. The instrument directly provides the loss tangent 

(tanS) whereas the complex modulus <E*),storage modulus (E') and 

loss modulus <E"l are calculated using the following equation. 



E* = ______ L=------- x 101 1 N/m 2 

Storage 

5 xAxSx fD-K} 

modulus E' = E* cos 6 

E• = E sin 6 

L = Length of sample between 

A = amp I itude factor 

D = dynamic forcs r~ading 

s = crossect iona l area of the 

K = instrument error constant 

'= phase difference. 

2.17 
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. . . . . . . .2.5 

. . . . . .. .2.6 

clamps 

sample 

A computer p;rogramm was devised to computate E*~ E' and E" using 

equation 2.4 to 2.6 respectively. 

out on a CDC cyber 1730 computer. 

section 3.5. 

2.3.5. Thermal analysis: 

The computation was carri•d 

The results are diicussed in 

The glass transition temperature was evaluated using a 

DuPont 990 Thermal analyser with 900 differential scanning 

calorimeter CDSCJ. 2 to 5 mgs of the sample was heated in non~ 

hermetically sealed aluminium pans using a heating rate of 10 

degree C/ min in a nitrogen atmosphere. The samples were heated 

upto 100 degree C, cooled, and reheated. The g I ass t~ns it ion 

temperature is observed as a shift in baseline of the secohd 

scan. Thermogravimetric analyses were car;ry out in a 951 Thermo-



gravimetric accessory of the DuPont 990 system. 
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Heating rate 

utilized was 10 degree Cl min and all analyses carried out in an 

atmosphere of nitrogen. The initial decomposition temperature, 

50% decomposition temperature, final decomposition temperature 

were evaluated from the thermogram. The results of the thermal 

analysis are discussed in section 3.6. 

2.3.6. Contact angles: 

A measure .of the surface free energy and/or surface.wet­

tability of solid materials is most readily and simply obtained 

by measuring the contact angle of a diagnostic liquid on the 

solid surface. Under water solid-air contact angle and solid­

octane coantact angles were measured by the captive air bubble 

technique of Hamilton <215,216) using a Ramie'and Hart goniometer. 

Samp~es in the form of thin films <5x20x0.5 mm) were equilibrated 

in distilled water for a week before the contact angles were 

measured. The films were firmly fixed onto'glass slides and im­

mersed in a perspex trough containing water. The microbubble of 

air or octane was introduced on the surface of the film using a 

hypodermic syringe. The interfacial free energy of the surface, 

were calculated from the air and octane contact angles using the 

equations and. assumptions of Andrade et al <132>. 

this investigation are discussed in section 3.7. 

2.3.7. Density Dete~minat~on: 

The results of 

Densities of the materials were determined by water, dis-

placement method according to the ASTM procedure No.D.792 (217). 

The samples were first weighed in air (a), weight of the sample 
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and si7ker and wire in water 1wJ. 

water (b) 

Weight of wire and sinker in 

The specific gravity = a ...... 2. 7 

(a+w - b) 

Density =Specific gravity x 0.9975 .•.•.• 2.8 

The results are discussed in section 3.8 

2.3 .• 8. Determination of swelling ratio and crosslink density: 

Swelling ratio of the IPN, materials in toluene were deter­

mined from the weight of the materials before and after swelling 

The materiats were immersed in the respective 

solvents and weight of sample was periodically recorded after 

blotting out the excess s.olvent. The equilibrium swelling ratio. 

Q was-determined from a plot of W vs time of swelling where 

W i:: Wt - Wo 

Wo 

Wt ='weight of sample after swe.Iling, Wo 

of the sample. 

Q = W x dr/ds 

........ • .. 2. 9 

initial dry weight 

.......... 2.10 

Crosslink density 6f the lPN materials was calculated from 

swelling ratio Q in toluene using Flory Rehner equa.tion {218). 

Ve ;:: - V r + X Vr~ + 1 n ( 1-Vr > = 1_ 

dr Vo <Vr 1 ' 3 ~ Vr/2) Me ••••••• 2 .• 11 

where 'l)c.= effective number of moles of crosslinked 'units per gram 

of rubber; Me= molecular weight between crosslinks; Vr = volume 

fraction of rubber in the swollen· vulcanizate; X = polymer-solve-
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nt interaction parameter; dr = density of polymer; 

Vo = molar volume of the solvent; X=0.35 for polyurethane <219) 

The vdlume fraction Vr = __ 1 

l+Q •••••••• 2. 12 

The resul~s of the investigations o~ the crosslink density and 

molecular .weight between cross! inks are discussed in section 3.8 .. 

. 2.3.9 Scanning electron microscopy <SEM>: 

Scanning electron microscopy (SEMl studies of lPN materials 

carried out to determine phase separations or phase mixing 

The sample~ were fixed on aluminium stubs with sil-

ver adhesive pas.te and coated with a thin film of gold in a 

vacuum coating system. SEM photomicrographs of the gold coated 

samples .were obtained usirig a Cambridge instruments S-1600 scan~ 

ning electromicroscope with stereoscan 250-MK-3 attachment. The 

rasults are discussed in section 3.9. 

2.3.10 Ra:diation stability: 

The changes in the mechanical properties of the IPN mat~rials 
' 

which wera exposed to (.(-irradiation of 2.5 M.rads were 
' . 

evaluated 

to determine the radiation stability of the IPNs. ·The samples 

were cut into strips as for ASTM procedure D-882,(214) sealed in 

glass cont•iners iri the presence of nitrogen gas. ~Irradiation 

was carried out in a Panbit Co-60 source batch irradiator with a 

dose rate of 0.2 Mrads/hour upto a total dose of 2.5 M.rads. 

Determination of the mechanical properties before and after 'lf ir-

radiation were ·carried ou~ as per the procedure in section 2.3.3~ 

The results are discussed in section 3.10. 



2.3.11 ~~c Solid.~tate NMR studies: 

t.;s.C Solid state NMR studies were carried on a Bruker NMR 220 

MHz spectrgme-te-r. The samples were cut into very small piece~;~ or 

pow.Q.ered and packed in the tubes. Technique used was CP-MAS~ 
~-··-·-·- .. ~. ~' . 

S,pectra wer.e recorded at .3. 07 ~Hz. 

,1'1 



2.4. Invitro studies: 

2.4.1. Haemolysis: 

2. 22 

Red cell lysis in the presence of the IPN materials were 

tested by treating 20 mgs of the materials with 2 ml of ACD 

anticoagulatediAppendix A~1> calf blood at 37 degree C for 1 

Blood was centrifuged twice at 150 g for 15 mins for the 

complete removal of red blood cells, IRBCI. The control was 

untreo.ted blood. 3.6 ml of distilled water and 0.4 ml of plasma 

were mixed and the absorbance units were measured at 429 nm, 414 

nm and 398 nm. The haemoglobin released was assayed according to 

the method of Raphael 1220) as follows. 

:.!.1:>.--"';..::_--""-=-===-..:..!.:==;:,...:...::::..::::.:...:..:__;r:..e;:;:;,_:_l..::::e.::::a:..::s~e"-=d = [ A 4 14- ( A 4 2 9 + A 3 9 8 ) J x 2 6 6 • 

100 ml of plasma 2 

results are discussed in Chapter IV. 

2.4.2. Recalcification time test <RCTJ: 

In this test platelet thromboplastic function is estimated. 

The method f611owed is that of Austen and Rhymes (2211. In this 

test, citrated plasma is recalcified and clotting takes place via 

the .intrinsic pathway, being initiated by the surface activity of 

the material of the clotting tube. Variations between glass tubes 

and variation of phospholipid content of plasma are reported 

12211 to have significant effect on the results. 

Preparation of platelet rich plasma IPRPJ: 9 vols of whole blood 

was placed in a disposable polystyrene tube containing one volume 

of ACD anticoagulantCAppendixA.lJ.After mixing by inversion seve-



al times, 

minutes. 
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the tube is immediately centrifuged at 100 g for 10 

The plasma is carefully pipetted from the tube using a 

disposable plastic pipette. 

RCT test: 0.1 millilitre of plasma <PRPJ is placed in a 12 x 75 

mm glass tube which was coated with the polyurethane or lPN 

material. 0.1 ml of 0.85% sodium chloride is added and the mix-

ture incubated at 37 degree for 1 minute. The mixture is then 

recalcified by the addition of 0.1 ml of 0.025 M calcium chloride 

warmed to 37 degree C. A stopwatch is started when the calcium 

solution is added. The tube is incubated at 37 degree C for 60 

to 80 seconds. The reaction mix is then examined at intervals of 

1 or 2 second for clotting by tilting the tube slowly so that the 

reaction mix runs about half way up the side of the tube. The 

clotting time is recorded as the interval from the addition of 

calcium to the appearance of the first detectable fibrin threads 

in the mixture. The results are discussed in Chapter IV. 

2.4.3. Platelet Aggregability: 

Aggregation of platelets which had been exposed to the 

polymer films was determined by the method (222). This method is 

a modification of the photometric platelet aggregation assay of 

Born (223> and is concerned mainly with the changes in light 

transmission through a stirred concenterated suspension of 

platelets when an agonist is added. 1 x 1 sq.cm polymer films of 

uniform thickness were stored in 5 ml of PRP for one hour. After 

one hour, the PRP was diluted with TRIS buffer \1:2), <Appendix 

A.2 ), Platelet aggregation was assayed using a Shimadzu UV-240 
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microprocessor controlled spectrophometer, equipped with thermo-

•tated cuvette holders maintained at 

fusua 1 1 y 31:!:.1 degre.e C). 

constant temperature 

Theidi.futed PRP w.ere taken in each of a pair of rectangular 

or siliconized glass, cuvettes <path1ength 10 mm) 

and placed in the sample and re.:ferenpe positions, The instr~..,. 

.. was set to re~d ~e,ro at ~40 nm;. After tempera.ture eqyi.,.. 

agoi;:lJst.-.:A~~no;r;;Lne dip~.ospf:l~te<ADP) of different cpn,.-

< ~ 10 .f'l in yol vmel were adde~ to the sample cuvette 

. mixed by quickly il'}v.erting. it. CQV.e.red wi,th para:f.ilm th.ree 

The ensuring ohanges i p absorba.n.ce Ct.urb id i ty.) \•rer.e re­

as •a function: .of time .. afteJ' appropriate .chaice of the ab­

SQrbance seale ex pan.~ ion aqd ohar t sp;eed. A taflgent was drawn to 

tht(l!l initial steady~ J i.o~ar, downward pen deflection, by visual 

It!f;~sJope e,xpressed •. in <A> mit'T..-1 wa$ taken .as the 

rate. af~attregption Cro). The results. are discussed in 

Chapter IV~: 

·z~'4"_~·-tr.-.·-rtn:n:rptr~te ·quf fer stab i 1 ity : 

'J,'he changes in the mecl;lanicat p.roperties of the IPN 

mater~§l.ls w\'lich were r;;tored in' phosph~te buffered sal.ine · we.re 

eva}'\:.1-ated'* Samples were cut in st.rips as for ASTM D-882: (214)and 

stttf:E;!d in ().15 M pl;losphate buffered 4 .~al ine, (~ppen4ix ~.3) at a7 

~egree C f~r one.month. :The mechanic~l prbperties s~ch as u1~ 

ti111ate t.ensUe strength, percent elongation at break and the 

weight loss were estimated for the samples, bo.th befq,re and a.fter 

storing in .the saline~ Determination of the mechanical p;roperties 
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were ~s per the procedure in section-2.3.3. The results are dis~ 

in Chapter IV. 

In vivo tests: 

Prepar~tiori of samples for iri vivo tests. 

si:(m:pJes which t4ere· earl iet' extracted- with hexane.·artd 

Tne samples were all precut. accord~ · 

~6 t~e~~peciil8~ll6ns cif ea~h in vi~o ~est befor• the ctean~ 
':"' • ...L~ ........... c .......... ~ -~- .................... .. 

procedures were undttrtiken~ ~'Fne samples were cleaned using a 

~t% beriza:fkonium chloride solution which acts as a disinfec~ 

Furlh~r th~ sainples ·wer-e ul trasonica 1 ly c·t eaned ~eve't'al 

'C in ·a ·hot' ove'n, p'acked 'in"' dbubl'ta Haye;;rs· .of po•t ye·t·hylc:e>n1il 

~k=f-·· and 'S't:eri1Iz.~d u~i'~·~_'tirtadiation,(of 2~5 Mrads. 

s'§~te.R i d · 1 n je•c't:hm' Test: 

'the te's~t 'was ca·rrie'd 'oitt "a.'6cot-ding t.o the protocol adopted 

'was prepar~d a:s f~llow's·: 4 g of the material was cut int.o strips 

Sodium ·ch 1 o•rid.e . 

' The extr·aoting medium _alorti-s 'se-rv-ed ;as 

~cJ'nti'dL ' .. 'fli'e 'extrac~s· prepared were used ~for the test 'within 24 

hour'~' of'. E!l'xtrac'tion • 
. F 

A'lbino mice 'of eitheh sex weighing between 17 and. 30 .• g.,w.are 

used· for thi~ tesL Two groups of fi-ve mice e.ach were injected 



l!Jtravenously/intraperit.oneal.ly (50 ml/kg) with the e~tract. from 
':e', c ' ' •' ' ' 

of t.he two tu~es of the-•ame sample. Thus a tot.~l of· 10 

10 miee 

weN? :u.sed tfor: testing a single 

··'f:he animals were observed im.:"' ·· 

~tt¥$-ted·with the test extract show a signi(icant greater reaction 

tha.n th~ ~ni~al s·. tr:e~t~Q... ,w :\:c.tll t.ne .1 \:~oo;tro·h · ~~;\::rtacit..,: .~be i t•·t• 

55~l\iflb~·· ~.IJ!,~e~$, tl)l,e. ra,q\;l•i});~~ep .. t •. of ..... :~.be .. te$t., -On, .th~ ..•. (%ther .:ha.~;f· 1iof, . 

. ,t.he:;c ~n-.int~.l~•· :.sno~ed •si,gn~ •o,f, toxiJ~i.ty, 't-he t;~st. wza.~s 

.. .:;t;o :c:oqfirm o~;he !:?aq_l.e • 

.,di.seu$l!!$.ed. -i:n Pha.R•t·er V, •• : 
,~_,',. _,, ,, '•,""'~'':' -•~v·-' ".'''>''''' ,,c , ,., v,~ "' -- ~-' ~ 

~~ples~,p.f,itrl1:f:! ·~Riv®l, C?Qlu,lll)n,,, •.. w.a$. >q:!.ipped:rcwer; p,. ·~uff.joient.l··Y···d ar".ge•· 

Cl,rt~ r.atbpj;,;t,. recceived 10 .in,tr.aout~neous::· in::}eotic•Q.nS ·of·•O. 2 <m+·· 

e~.~.r,~,:F· "f"Fo~. on~';j:.ub~~ ;91l on~."'s id~ :an~ •. 10,. sim:it;l,a:.It .in:ieo .. ti:,-qns. oo · 

th~;. ~on;"tt·r.a.l.~,'J;~.·f~l, ~ i~.eri u;s;Jil1~g., th~ pontrol saline extract. .A 

second r;~~~bit>;~as,,',s,imiliar)ytr.~ated, ltli.th ··the· eoatr,o:I• and ·'b~s'b"'·· 
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extracting medium. The injection sites were observed at 24, 48 

and 72 hours after injeotion for gross evidence of tissue ieac­

tion such as erythema, oedema and necrosis. The sample meets the 

requirements of the test if the response of the sample is not 

signlficantly greater than that of control. 

Determination of biostability: 

Biostability was determined by evaluation of change df 

PlDP~~tie• of the materials which were implanted in 

0.5 em x 0.5 em x 4 c.m strips of the test materials were 

imptantE:~d in the subcutaneous pouches of wistar rats. 2 pieces 

"{ere impianteci on each side of the spinal column. Each material 

was implanted in triplicate. After periods of 1 month and 3 

the animals were sacrificed by an overdose of anaesthesia 

mat.erials were retrieved and placed in saline. Only a 

of skin covered the materials which was removed 

The materials we.re then dried in a vacuum oven at 50 

c. until constant weight was obtained~ The mechanical 

properties of the materials were det.ermined on an I nstron Univer-

sal Testing Machine Model No.1193. The distance between the 

grips was fixed at 2 em. Chart speed and crosshead speed were 

maintained at 100 mm/min. The results are discuss,ed in Chapter V. 

2 .. 5. 5. lntramuscul ar Imp lanta ti.on Test: 

The samples, IPNs which were of 90110 composition and a 

negative control which was a biomedical grade polyurethane 

Tecoflex 60D.supplied by Thermomedics Inc. Woburn, MA, ~:S.A., 
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were prepared for implantation in the form of strips C10x1~1 mm. I 

Protocol adopted was the Canadian Standard (224). Healthy rabbits 

of either sex weighing between 1.5 kg and 2.00 kg with well 

developed paravertebral muscles were chosen. The fur on both 

sides of the spinal column was clipped closely and shaven on the 

day of the experiment. 

The animals were anaesthetised with 45 mg/kg sodiumpentobar-

bitone intravenously. The skin was scrubbed with 70% ethyl al-

coho l . Three strips of the test samples were implanted into the 

p?r?vertebral muscle on the side of the spine of each of two rab­

bits. Simultaneously three strips of the negative control sample 

were implanted in the opposite muscle of each animal. The test 

and negative control strips were inserted into Klima bone marrow 

puncture needles and implantation was made by introducing the 

needle perpendicular to the longitudinal axis of the spinal 

column at such an angle to place the strip as nearly in the 

centre of the muscle bundle as practicable. Then a stile was 

used to hold the strip in place whi~e the needle was withdrawn. 

The animals were maintained under observation for a period 

of 3 months. At the end of the observation period and at periods 

of 1 week and 4 weeks the rabbits were sacrificed with an overdo-

se of anaesthetic agent. The tissue surrounding the middle port-

ion of each implant was examined macroscopically. The parameters 

used in evaluating the severity of the tissue reactions were 

necrosis, haemorrhage, encapsulation etc. The scoring of the 

histological responses was carried out by Turner's method C225J. 
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following reactions,given in Fig.3.2. Ths first reaction is the 

formation of free radical of the initiator molecule by applica-

tion of heat ~r irradiation. The radical formed reacts with the 

double bond of the monomer to form the initiated chain. The in-

itiated chains collide with other monomer molecules to form a 

growing chain.The reaction finally entls by combination or cou-

piing of two macroradicals or disproportionation where chain 

transfer of a hydrogen atom from one chain end to the free radi-

cal chain end of another growing chain takes place. Crosslinking 

takes place by similar free radical reactions, where the 

crosslinke~ molecules are multifunctional vinyl monomers. 

SCHEME - I 

Formation of biuret: 

-C0 2 

i. OCN-R-NCO + H2 0 ------~ OCN-R-NHCOOH ----~ OCN-R-NH:z 

i i. OCN -R-NH:z + OCN-R-NCO --~ OCN-R-NH-CO-NH-R-NCO 

<UREA) 

iii. UREA + OCN-R-NCO -----•OCN-R-N-CONH-R-NCO 
I 
CO-NH-R-NCO 

<BIURET) 

R= 
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Formation o~ biuret prepolymer: 

OCN-R'-NCO + OH-R"-OH ---~ OCN-[-R'-NH-COO-R"-0-CO-NH-R'-lx-NCO 
I I I 
NCO NCO NCO 

biuret prepolymer 

~ 

R'= BIURET R" = -[CH2-CH2-CH2-CH2-Jn 

Formation of crosslinked polyurethane 

CH20H 
I 

BIURET PREPOLYMER + OHCHz-C-CH2-CHs 
I 

CH2 COO-NH-.. 
i 

l 
CHzOH 

~NH-COOCH2 -C-CH2 -0-CO-NH-R' -NH-COO-R" -0-CO-.NH-R' -NH-COO--.. 
I l I 
CH2 -CHs NH 

I 
co 
l 
0 
I 
CH2 
I 

~NH-CO-OCHz-C-CHz-CH3 

I 
CHz 
I 

0 
I 
co 
i 

NH 

(Crosslinked~ polyurethane) 

NH 
I 
co 
I 
0 

~ 

Fig.3.1: Scheme of the synthesis of crosslinked polyurethane 



SCHEME- II 

Addition reactions: 

R --~ 2R* 

CH:s 
I 

free radical 

CH:s 
I 

R* + CH2=C ------~ R-CH2-C* 
I 

co 
I 
OCH:s 

methyl methacrylate 

monomer 

I 

co 
I 
OGH:s 

initiated chain 

CH:s CH:s 
I f 

Initiated chain + monomer-_,. R-CH2-C-CH2-c* 
f I 
co co 

I 
OCH:s OCH:s 

growing chain 

CH:s 
I 

CH:s 
I 

3.4 

Growing chains -------• R-CH2-c- ••••••••••••••. -C-CH2-R 

Fig.3.2 

I ~ 
co 
f 
OCH:s 

<termination) 

POLYMETHYLMETHACRYLATE 

Typical polymerisation of a vinyl polymer 

co 
1 
OCH:s 
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3.2. Infrared spectroscopy: 

Typical Infrared spectra of TDI based polyurethane PUlA and 

MDI based polyurethane PU4A are given in Fig.3.3A and Fig.3.4A. 

spectra show minor differences of peak shape at 1550 cm- 1 ,due 

to amide band and in the doublet due to the aromatic structure. 

main difference in the two polyurethane spectra,is the in­

creased intensity of the peak at 2270 cm- 1 due to the NCO group, 

seen in the case of MDI polyurethane PU4A. Increased intensity of 

the NCO peak at 2270 cm- 1 has been reported for MDI foams(226). 

Another difference observed is the intensity of peaks at 3100cm- 1 

and 3150 cm- 1 in PU4A. The increased intensity of these peaks may 

be due to the more number of aromatic protons in the MDI 

polyurethane. The general band analysis and assignments of the 

various peaks of polyurethane are given in Table 3. I. The IR band 

obtained and their respective assignments for the vinyl polymers 

PAM, PVP, PMMA,PHEMA are given in Table3. II-3.V. A comparis-on of 

the peaks for the polyurethane and vinyl polymers reveal overlap­

ping of peaks. New peaks may not be therefore expected for the 

IPNs. Fig 3.38 and 3.48 which are representative IR spectra of a 

TDI based IPN and an MDI based IPN show that the IPNs do not 

have any new peaks in comparision to the polyurethane. The minor 

peak broadening of the C=O peak at 1600 cm- 1 of PUJA-PVP 

IPN,Fig.3.38, is due to the overlapping of individual C=O peaks 

of polyurethane and PVP. The absences of major spectral dif-

ferences in the IPN and polyurethane spectra, indicates that there 

may be no chemical interaction between the constituent polymers 



in the IPN. Similar spectral features for polyurethane and PU­

-PMMA IPNs have also been reported by Frisch et al (227). 

PEAK CM- 1 

TABLE-3. I 

PEAK ASSIGNMENT OF POLYURETHANE 

ASSIGNMENT 

NHstr 

PEAK CM- 1 ASSIGNMENT 

1379 

1600 

C-CH;s,sym def. 

PHENYL 

1227 -C-O,POLYETHER 

3.6 

3300 

2941 

1724 

1538 

CH2,CH:s str 

AMIDE I, C=Ostr 

AMIDE II, NH def 1150-1160 POLYETHER, C-0-C str. 

PEAK CW 1 

2925 

2850 

1670 

1465 

TABLE-3. I I 

PEAK ASSIGNMENTS OF POLYVINYLPYRROLIDONE 

ASSIGNMENT 

C-H, str 

R 

AMIDE,C=O str. 

C-H, bend 

PEAK CM- 1 

1290 

1170 

740 

ASSIGNMENT 

c-o. acrylate 

C-C,str. 

CH2, rock 
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PEAK CW 1 

3400 

3175 

2940 

1650 

1380 

PEAK CM- 1 

3000-2960 

2925 

2850 

1730 

1266 

TABLE-3. I I I 

PEAK ASSIGNMENTS OF POLYACRYLAMIDE 

ASSIGNMENT 

NH:z, assym str. 

NH:z,sym str 

CH:z,sym str 

AMIDE I, C=O str. 

C-H, def. 

TABLE-3. IV 

PEAK CM- 1 

1280 

1138 

1050 

984 

888 

ASSIGNMENT 

C-N,str 

NH2, :rock 

CH:z, :rock 

c-c, s t:r 

NH:z, wag 

PEAK ASSIGNMENTS OF POLYMETHYLMETHACRYLATE 

ASSIGNMENT 

CH:s, st:r. 

CH:z, str. 

CH2, str. 

C=O str. 

C-0, ACRYLATE 

PEAK CM- 1 ASSIGNMENT 

1234 C-0, ACRYLATE 

1190 C-0, ACRYLATE 

1149 

746 

C-0, ACRYLATE 

C-0, ACRYLATE 

3.9 
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TABLE-3.V 

. PEAK ASSIGNMENTS OF POLY" HYDROXYETHYL METHACRYLATE 

-~-~-------------------------7-----------------------------------

YEAK CM~1 ASSlGNMENT 

-----~~----------------------~-------------

1266 c-o f ACRYLATE 

1234' c-o f •ACRYLATE 

CH2 ·.s:tr •. 1190 c-o A.CRYLATE 

1149 c-o ACRYLATE 

746 c-o .. ACRYLATE 

, ~' . -------------------------------------------. . 

s-oTvent R·es istan'ce: 

One of the m.qst -~'sim~test wa:Y to ascertain the format·ton of 

IPN is to det.ammin:e t:he. solvent resistance.Speri•;ng<22>report 

an lPN. ca:n -~ ~istigguis~ed from simple pblymer bl~nds, 

blocks and grafts, be4~use <l> an IPN swells, but does not dis-

s·oive····in· ··s-imple· -sol'ven,t.s anq ( 2) creep and flow a;re suppressed • . : ., ; " 

Solvents of• polar, a\lnd hhn PI? Lar t~pes as. mentione!;i in the ex-
., 

peri.mental section, Qhapter I {, \•fere used. to .determine the s'ol vent 

r.e.s.istance. After ~xposure to theehemical-s, e~ch of the lPN 

sample~ were examined on theib~sis of ph~sical appearance such 
0'~ 

as discolouration, 5)loss Of .loss and change in we:ight.Table3.VI 
. 

gives the weight loss of the TDI 1 based IPN~ of 90 :Wt%_ compositio.n 
. . 

of po 1 yurethane PU 1A.. It j s <;>bserved. that 1e~_s t)ial} 5 wt % 

is obtail\.ed for the lP~s in all_.the 



TABLE 3.Vl 

PERCENTAGE WEIGHT LOSS OF TDl BASED lPNS 

POLYMERS 

SOLVENTS PUlA PU1A-PMMA PUlA-PAM PU1A-PHEMA PU1A-PVP 

90/10 90/10 90/10 90/10 

Hexane 4.05 0.93 1.65 1.02 2.05 

Toluene ., 7.25 3.09 1.96 2.49 3.56 

Dioxan 15.56 4.78 3.73 3.86 5.03 

Methanol 8.89 4.41 1.56 2.68 3.24 

CC14 4.52 2.57 1.05 2.46 2.76 

10" HCl 2.53 - 0.95 1.15 1.26 

3" Hz02 2.58 0.73 1.00 0.78 0.96 

10" NaOH 1.26 - 0.50 1.10 0.64 

Hz{) 1.33 - - 0.50 -
25" CHsCOOH 2.51 0.54 - 0.78 1.10 

., 
·~ ''·'""'·'·•::· ·:. .•::c:;~ .:• ·" .!::::;:,. • "·'•·i•' ·.:"'.'?>.:'"'· •,;.; ...... ·;c;·: ·'!"' ·:.:c·..c• ... '""""'"" ·:·· ·~. 



'~-

TABLE 3.VH 

PERCENTAGE WEIGHT LOSS OF MDI BASED lPNS 

----------------------~------ - ---------------------- --

P 0 L Y M E R S 

SOLVENTS PU4A PU4A-PMMA PU4A-PAM PU4A-PHEMA PU4A-PVP 

90/10 90/10 90/10 90/10 

Hexane 3.06 0.85 1.15 1.12 1.67 

Toluene 6.35 2 .. 57 1.73 1.98 2.48 

Dioxan 11.0 3.64 2.98 2.57 4.58 

Methanol 5.78 3.20 1.18 1.76 2.28 

CCL, 3~24 1.95 1.00 1.37 2.01 

10% HCI 1.98 0.67 0.85 0.97 1..34 

3% H20z !t-86 - 1.00 0.98 1.28 

10% NaCl 0.95 - 0.25 0.65 0.88 

10% NaOH 1.05 - 0.39 0.96 0.50 

H:;;O 0.78 - - - -
25% CH£;00H 1.46 0.20 - 0 ~-,c. . ,;:;) '-' 0.98 

w 
..... 
N 



a. t.a 

each lPN is ma~imum in dioxane which i' a strong solvent 

polyurethanelwhich form.s the ~ajar continuo.us phase. The 

polyurethan,e homopolymer, PV1A, even though crossl ink_ed shows' a 
'" " " ' ' 

wei,ght lo~s _at. 15. •• 5€)% in dioxan ~nd leading to br.ittleness. In 

.. th~:JF'J'~~!: l"lP\ti~Ye~ no sucl;l .changes are observed. Tabl'e 3. VI I give:s 

weight loss of the MDI b~sed IPNs ~f 90 wt% composition of 

th,e ~.Ql IPNs. :"fh:e M,D,I. p,P,~J~Nrtti\hane ...• PU ... ;4A, .. with w~ight 

% is more ~table t.J1a.n the to I polyurethane,FU · 1A • 

. ·. mani.fested in t_he. abi)Jty ~f the mater•i.a~s t,o devel•(;).P 
~~·-~~-~---~-~-~-~~~~~------·· 

ir-rev.,ersiqle .def~.rmaticms and to .resist -f~ilure .. ~-

been s-hown_ < 34, 226,229} that .an· enl}ancemE;tnt of ppl~JII~P-' 

.· ,(.. 
.be.brpught.about QY. the _format~:C!:n o.f. hete~oge"kcH.J$ 

in which one pc:H,ymer ex,ists wJth its. glas.~ t:ransi.¥.0,-11• 

--t;~,lii)ei~tu_re, t~g c3.l)o.v,e _room ;te.JUpez:p.ture, -whi ls.t :the. oth,ar exists 

cp;-.Po,si.te, h~ving cp1e component .being glp.ssy wh.i ls.t the otl1er 

Te:mains t:\l.bbery·,.- at .room temperat.urp~ •. Byva.ryi-ng the relati;Vie . 
. i 
·~ . 

a:~oU:nts of _each. polymer, in the l.fttf, t'he .p:r.opert,i~e-s. may be .a.lte,re1~r 

v~ry of; ten r-esulting in a sy.ne.rgJs.tic behaviour <230) but t~se 

are !JlQ,inly . dependent upon wh icy{ of. the ,t\'/o ma-terials f.orm;~.-."tJJ4iil;, 

continuo.us phase. Thus, the produc~d material ~a·(i," ra('}~e f.rom a 

reinforced rubber to a high impact plastic. Synergistic behaviour 



implies that the specific interactions could 

3. 14 

lead to the 

properties of the whole material to be greater than the arith­

metic average of its part~ However, it has been reported 122J 

that properties of some materials will be average and other will 

have even below average behaviour. 

3.4.1. Polyurethane- Polyacrylamide <PU-PAM> IPNs: 

Nominal stress-strain dependencies under conditions of 

isothermal extension were evaluated for the polyurethanes and 

I PN s, The stres.s~s t:ra in dependence curve. Fig 3. 5 , of the pol yur­

ethane PUlA <TDI-PTMG 1010-TMP> and PUlA-PAM JPNs showed the typ-

ical viscoelastic behaviour of an amorphous polymer in its rub-

bery state (2311. Fig 3.5a and Table 3.VIII. indicates that the 

ultimate tgnsile stress of the PU lA is less than that for the 

corresponding IPNs of PUlA-PAM series,Fig 3.5b-e. The IPNs could 

thus be behavfng as a reinforced rubber. Tables 3. IX-3.11 also 

indicate that in each case the homopolymer polyurethane, exhibits 

less ultimate tensile stress than the corresponding IPNs in which 

the polyurethane forms the continuous phase. The tensile stress 

of most of the polyurethane-polyacrylamide IPNs with the excep­

tion of some <PPG 2000-TDIJ IPNs are also higher than the tensile 

stress of polyacrylamide PAM shown in Table 3.XII. The synergism 

of the tensile properties observed for the polyurethane-

polyacrylamide IPNs could thus be due to the interpenetrated 

structure. 
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3.4.1.1 Effect of the second monomer composition on the mechani~ 

cal prope~ties of PU-PAM IPNs 

Tables 3.VIII-3 •. X.l give the value.s ~of ultimate tensile 

eTorigation at break and modulus at 100% elongation for 

the different PU~PAM IPNs. It can be 9~serve~d that in almost ~~~ 

an. ~nitia1 substantial increase in tensile stress over 

can be,obtained on incorporatin~ 

eve.O,.!O~w~;.% ()f PAM~ A gz:a~u~J ing,rease~ qf tensi 1 e stPess is ob,., 

~Or all the PU~PAM IPNs on subsequent iricrea~e of weight 

in sgme of the compp~itions ie. PU3A-

PAM 70130, {1'able a~ JX J, PU1A-::PAM 70/~W,and. PU.t.B-PAM 70130, ('f:ab}e 

3rVl U.>ladecrealse of tensile stress is .. observed in co.mparison to 

the aot~ compG~!;jitions of the same series • This couli\Lbe due to 

an .. ogs;;et 9fa phase. inversior1 p:rqce~ss~ Similar phase inversion at: 

approx~matalY ~60 to .70' of pglyureth~ne in other,•polyurethane 

~P9tYme~~~lm.thacryl.te lfNs has also been observed (19,333). The 

'PU fA-PAM $0/50 . l PN <Tab 1 e 3• VI 1 I> and PU3A.,.PAM 50150 IPN C Ta'bl e 

3·.X+- exhibit increased tensile .stress j;n c 0mparisiqn to that of 

corresponding with PUlA-PAM lPN with 70/30 r.atio.' This be,.. 

hav.iour, coutd .,be ·,attributed to the formation of hete~rogenou$ in.., 

tinuou~;> .phase~· Such compl e~ behav i.our of l.PNs have a).so. bE:~EiHJ o.l::!f 

S6,1rved for po1¥vrethane..,.potystyrene ,tPU-::PSl J.PNs (43J especi;~H;y 

in regions wher,e ·the two polyme/rs tend tq coexist a~h.co-
. ' 

M.ax ima and .ITjinima of:?tai ned in the • tensi,le 

stres,s of If>Ns with }ow~r NGO/,OH :r;-atio (Table3.VIII-3.·XlJ.could 
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also be attributed to decreases in hydrogen bonding within the 

polyurethane with polyacrylamide acting as plasticizer. Similar 

beh~aviour has already been reported '(233) for polyurethane-urea 

~ffect of crosslinkirig of polyurethane on the mechartloal 

of PU-PAM IPNs: 

Thj crosilinktng of the first formed polymer networ~ 

r.ephrt$d <234J to exert a dom.inant controlling effect on,; the 

of the IPNs, while the crosslinking of the second 

to have much influence on Ure properties. 

present study, the crossl inking of the. polyurethane, which 

is. the first formed network, was varied to •um::i*erst-and the .ef.fec.t 

inechanical properties of the PU,...PAM IPNs;. Generally, t.he 

crosslink density of the polyurethane is increased by varying 

NCOIOH rat:i;o ' 'Tn the pre'sent case, the NCO/.OH ratio. has 

By increasing tl')e NCO/·OH ratio,. the first formed urethane 

····reacts wrtn· excess NCO to form allophanates. Excess -NCO OP~ld 

aTso f'orm·some 'hYarogen bonding <235).. The formation of al-

lophanafes and hydrogen. bonding contribut.es towards an enha.nce­

;ment of tensile stress ·of crosslinked polyurethanes of highe.r 

isocyanate index · eg PU1B. One of the physical consequenoes of 

cros~Iinking is a reduction in volume (236) partly because crea­
./ 

tion of a network leadS to an increase in internal pressure, 

chahjes in the· local molecular packing resulting in a reduction 

occupied and free volume. Another consequence of crosslinking is 
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the reported <237) increase of tensile stress upto a crosslink 

density of 5x10- 5 mole crosslinks per gram of rubber followed by 

the decrease with increasing density of crosslinks. It is in-

herently difficult to obtain reliable structure-property 

relationships for crosslinked elastomers. The situation is fur-

ther complicated owing to the presence of distributions of 

average molecular weight, Me between crosslinks, imperfections in 

network structure eg. number and average lengths of dangling 

chains <238>. 

The nominal stress-strain plots for a polyurethane of 

higher crosslinking ie PUlB with NCO/OH = 2.01, and the PU 18-PAM 

IPNs are depicted in Fig 3.6. The behaviour of the materials is 

essentially that of viscoelastic nature, however an initial yield 

stress is observed which is attributed to enhanced en-

tanglements on crosslinking. Yield stress is usually attributed 

to a possible drop in stress on appearance of a 'neck' owing to 

the breakdown of elements of supermolecular structure at suffi-

ciently high stresses.The formation of a 'neck',usually cor-

responds to a transition in the horizontal part of a stress-

strain diagram ,characteristic of a forced rubbery deformation 

( 239) . For the PU-PAM IPNs, the extended horizontal part of the 

curve which is obtained subsequent to 'necking' is not present. 

However the stress-strain curves for the PUlB-PAM IPNs,Fig. 

(3.6b-e), indicate increased yield stress and elongation compared 

to the homopolymer PU1B. This is indicative of more toughness 
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for the IP~s which may be due to the enhanced entanglem•nts on 

fnterpenetratfon.' The higher isocyanate index of polyuretn.anes' 

Q:duld th~ref'ore lead to oetter interpenetrated structures. The 
'-~' ;) '" 

mechanical behaviOur observed both for the polyuretha:n>EJs 

PQ~N ~nd~Pu 3A '(T.bl~ 3:~~~~-3;1~ and for their c~r~ 

ndfng "IPNs i's 'that~''When th'e .. ,i;~dcyanate. inde~ for ~'~ ' 

'\ 

The increase in ten~ile 

'n~t difect1~ depe~dent on the decr~~se in elongationi 
\ 

'Fhey attributed·· the ino.:r;~a~e 

(241) 

l'ltni'ted chain extensi.bilityf240J., As. tne P:U.::r)!AM 

·be~ti·' P.t'Elrparea' by strictly controll.~i,ng. the inoi:dence 

· :c'ha'ins, 'the .. second reason. of' non-G.au.ss ia:n ef,f ect,s 

"Ttre '11lo'lecular weight. of the ptJlyol PTMG is increased· from 

·fcfto i~· PUlA and PU1B S··E!I''ies teo 2000 in PU2A .aod. EU2B:;;seri~s 

(Tabfie 3.V'l I I ~rtd '3.IX >.:The 'mechanical behaviour d·e,penQ:en~e .on 

m,dlei'eular ·'weight o.f the polyol is ·mot the· same 'foF• all com.pqs.i:­

t i ont .·Contpar·i itfF ''the teris i 1 e s t ~e.s.$ 1 <Tab 1 e 3. VII 1 , and, ·~;:)X) , e;ho~,s 

nr'gher t\tcotoH, the tensile s; tress. 'decr·eas~s f.ot · both i;he 
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and IPNs on increasing the molecular weight of the 

eg tensil~st~ess of PUlB is 22~84 MPa which is decreas~d 

ifi PU2B (except in,/ the case of the PU 2B-PAM 70130 

.. The ~dec.rease r:;~f tensl.l e stre.ss ·is accompanied by a coiF-

-··------·--"'-·-- ding· incre-ase; of. elongati.on and a d,ecrease of ~odulus. The 

o-f e.lof:lg.$:tion ca.b··l:i>e' attributed to an itrc;r.ease of soft 

pol yether o:r 

,betwee!} two cross1.inks. At lower NCO/OH ratio, 

! . -" - ~" \ ... --··:~'· ~·· -. 

polyurethane .... fo 1 1 ow.$~ the. Same trend. The tens i 1 e stress of 

the PU--PM11PNs show an in-tere.sting behc;lviour! Compar- . 

. i!'lg.~:t-bevalues o:f·st:ensite stress.for the, lPNs of PU2A series~ 

fTabie~·~.rxT· one' cp.'~ $e.e that PU1A-PM1 901,10, Fl11A'"7PAM' 80120, and 

PU.1A-PAM 70/SO ha:ye l,ess\!tensile stress and eHongation than PU2A-

80/20· and PU-2A - .PAM 70130 lPNs.. A plausible 

tensile stress of PU2A could be the in-

'G'l:?tained by the'', more number of · C-0-G groups 

temore polyac:rylamide resulting in a larger 

'l:il:l't'Qfi;iJ'F~;Sl-l~e:·t·or the l'rolyacrylamide n_etwork as reported by us-<242> 

't.tt.tJls~l!lf'lt;~t:;;~l <-39j •:have· repoi6:~d-that unequal domain size in 

\H~Ns behavipg I ike plastic reinforced rubber·. I~ case of the 

P\1~~ series; where the polyol ·molecular weight is .. again 2000,-the 

etuo.S .. sLiilking_is increased in comparison to PU2A. The flexibility 

~;f U;j,e1,. soft. segments of PU2B is t:herefore much decre:!ased ch~e 

~hfll':ef'lh~neeuzt inter 1 ock.ing of po lyo 1 segments, wh i:ch. in turn~ 
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restrict the formation of larger domain sizes for polyacrylamide. 

The more crosslinked PU2B-PAM IPNs may therefore be more phase 

mixed and have finer domain sizes. The realization of such a 

morphology decreases tensile stress than what would have been ob-

tained if there were unequal domain sizes. Ths resultant effect 

is reflected as an increased tensile stress for PU1B-PAM series 

with polyol molecular weight of 1010 over that of the PU2B - PAM 

series. 

TABLE 3.VIII 

MECHANICAL PROPERTIES OF POLYURETHANE <TDI-PTMG1010-TMPJ-PAM IPNS 

Polymer 

NCO/OH = 1. 09 

PU 1A 

PUlA-PAM 90/10 

PU1A-PAM80120 

PUlA-PAM 70/30 

PUlA-PAM 50150 

NCO/OH = 2.01 

PU1B 

PU1B-PAM 90/10 

PU1B-PAM 80120 

PU1B-PAM 70/30 

Ultimate 

Tensile 

stress,MPa 

14.12 

16.67 

18.73 

14.02 

25.69 

22.84 

55.20 

56.37 

57.84 

% Elongation Modulus at 

at break 

746 

715 

700 

700 

581 

217 

447 

415 

386 

100% elongation 

MPa 

5.69 

3.73 

2.75 

3. 14 

7.35 

18.82 

20.98 

19.60 

27.25 
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TABLE-3. IX 

MECHANICAL PROPERTIES OF POLYUREXHANE<TDI-PTMG2000-TMPJ-PAM IPNS 

-~--~-~~---------------------------------------------------------

Ultimate Percent 

Tensile elbngation 

stress,MPa at break 

Modulus at 

100% elongation 

MPa 

-~~~------~-----------------------------------------------------~ 

= 1.09 

4.80 
---·~·~·-·---~·--·-·-~-----·-

PU~A-~AM90110 36.67 

f>u2A-PAM80120 35.20 

P'U.2ir"'"PAM7oi3o 36. fo 

PU2A:':.;PAM50/50 6. 06 

NCO! OH == 2 .• 01 

·'PiJZB 

42.55 

48~63 

PUzB:..:PAM70/30 61.-18 

PU2B-PA~50150 15.39 

897 

1318 

1315 

1299 

1210 

932 

735 

740 

940 

408 

0. 49 . 

3.04 

1. 37 

3.04 

1.23 

3.82 

7.45 

10.00 

3.11 

4.49 
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TABLE-3.X 

MECHANICAL PROPERTIES OF POLYURETHANECTDI-PPG2000-TMPJ-PAM IPNS 

Polymer Ultimate Percent 

Tensile elongation 

stress,MPa at break 

ModUlus at 

100% elongation 

MPa 

-------------------------~---------~---~-~--~-------------------~ 

= 1. 09 

1.60 

4.49 

PU3A-PAM8Ql20 1.55 

PU3A-PAM 70/30 0.97 

PU3A~PAM50/50 4.25 

= 1. 68 

4.80 

PU3C-PAM90l.10 .8. 17 

PU3C-PAM80.120 2.41 

PU3C-PAM70130 3.14 

350 

1456 

666 

333 

8.99 

580 

790 

190 

170 

0.69 

0.98 

0.54 

0.70 

0.81 

3.43 

3.04 

2.45 

3. 73 

----------------------------------------------------------------

3.4.1.4. Effect of the nature of the polyol on the mechanical 

properties of PU-PAM IPNs ~ 

When polyprqpylene glycol <PPG> molBcufar weight 2000 

was used as polyol~ increased tensile stress and modulus are cib-

served <Table 3.X), on increasing NCO/OH ratio. Elongation values 

are Jenerally decreased. The values of tensile stress are not as 
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much as in the PTMG series <Table 3.VIII and 3. IX>. The as-

symetric nature of PPG with bulky (-CH3) groups could be prevent-

ing the ordering of the macromolecules required to build the 

mechanical properties (242). In addition the bulky (-CH3> groups 

. may be reducing the intercellular· spaces and hindering efficient 

penetration of polyacrylamide networks. Consequently, the tensile 

stress values for PU3A-PAM IPNs are lesser than that for PU2A-

PAM IPNs, even though the molecular weight of polyols and NCO/OH 
\ 

ratio are th~ sa~e for both the series. 

c~l properties of PU-PAM lPNs: 

In the <PTMG 1010-TDI-TMP) ·PU-PAM IPNs, NCO/OH was main-

tained at 1. 09 and isocyanate wa.s changed to MD I. As MDI is 

more simmetric than TDI, incre•sed ordering of chains and in~ 

tensile stress for the polyurethane can be expected. 

C~6i~lirikfni'¥eadtions during biutet formation can also be ex-

to be more efficient for MDI structure due to its more 

~hi~h would also increase tensile stress and 

modulus. the tens~le stress for tha MDI based polyurethane PU4A 

and its IPNs <Table3~XI> is comparitively higher than that of.TDI 

based polyurethane PUlA and its IPNs <Table 3.Vlll). Increased 

crosslinking with polyurethane continuous phase in MDI based IPNs 

reduces the elongation in comparison to that of the TDI based 

PUlA and its IPNs. A reverse trend is observed with PAM becoming 

a co-continuous phase at PU4A-PAM 70/30 <Table 3.XI> in MDI based 

IPNs. 
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TAB4~:.,,s .• ,lhf 

MECHANibAt. PROPERTIES OF POLYURETHANE<MDI-P.TMG1010-TMP>-PAM lPNS 

. . 
., .... - -~-~ -;:,-'7-:"'::'¥_-: ~ ..... ~--""\':::-·-

PU 4A · 

--· . . '"' ·"· -,-~-. --- - ""-'""'' - ~-

GF:lii4A.,.,;P:AM$012.0 

---,.. ----,-- -~~_,;,-- --.--------- ~-~-- ----- ---:'---- -- ~----
• ·Pc:~rcent 

· elongation 

at break 

30.78 563 

·.5:.39 

' 513 

7QA 

Modulus a,t 

100% elongation 

MPa 

,10. 90 

1;Q~c3~ 

11. 1~ 

12.65 
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TABLE 3.XII 

MECHANICAL PROPERTIES OF VINYL POLYMERS 

Polymer Ultimate Percent 

Tensile Elongation 

stress,MPa at break 

2% crosslinked PAM 1. 96 

2% crosslinked PMMA 10.88 

2% crosslinked PH~MA 23.73 

2% crosslinked PVP 2. 94. 

3.4.2. Effect of varying the second monomer in TDI based IPNs on 

the mechanical properties of IPNs~ 

The <PTMG 1010-TDI-TMPl PU of NCO/OH=1.09 ie. PUlA was 

selected for studying the effect of varying the second monomer in 

the IPN. The second polymer was changed from PAM to polymethyl-

methacrylate, <PMMA>,~i~2-hydroxyethyl methacrylate, CPHEMA>, and 

polyvinyl pyrrolidone, <PVPl. The crosslinking of the two 

polymers were not varied mainly for two reasons. The first one, 

being that crosslinking of the second monomer has been reported 

to be not influencing the IPN formation(239) and secondly higRer 

crosslinking ratios of the polyurethane, though they give rise to 



3.28 

more compatible IPN formation in the PU-PAM IPNs, are not 

desirable.·for biomedical applications, especially blood contact-

ing·,:a;nd soft tissue applications owing to their high rigidity. 

·-Tabl:e 3~'1/JL:J, 3 •.. X.I I I and Fig 3 .. 7 depict the changes of the 

mecha,nical properties on varying the s.econd monomer, PU-PMM~ IP.Ns 

have higher tensJ_le stress val ue;s ·'t;ha,n PU~PAM IPNs. PU-PAM and 

-~--~·--·"'---·~---~·-"' -·-. --··-··---~· 

:Py...:PHEMA have. alm?s1t,,sim4..}.a,r tens~jla:. pnoperties .lfhile PU-PVP 

I Ph :h:a·ve~the teast str.e.ng.th •. The tens i Ie stress of PU1A-PVP 90/.10 

is even less tha.n that of the homopolymer polyurethane .PUlA. 
''-I 

te.ns i 1 e stress of PU 1A~PVP 90/10 I PN. compared to PU1A, 

•. a,:t;:tributec;i ... to the grea·t~p segmental mobility of t.he 

poJyv iAi~·J -pyrr(i)l idone :un.J ts. However; the percent elop.gation at 

b:r:eak,··<~ctbi~3~:X ·I I I),; dp not show the inc~eased va I UE[!s norma 1 I y 

This may partly be due to 

Another reason r·eported by 

\..lP ..• <~4,~.};.:,cPc:UJd ;be tha,:t. the bu 11 ky-CH3 grpups of TDI and the cyclic 

qn;r~$ }5\f ~Vl.f: m~Y be hindering the free .. a,l i gnment and or!i.e.r i ng of 

v.a.l-:u.e ~is···R:ot-ed for the .•90/10 IPN which may be attribu.ted to a 

The i nc:H v idua 1 
..... 

and PVP sbow maxima .and minima in 

is. ~;l s.O €lb:;erved that. ad'd it ion of 10 wt% of any vinyl monomer can 

i tseU -produce IPNs with optimum me.cha,nical properties. 
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TABLE-3.XIII 

MECHANICAL PROPERTIES OF CTDI-PTMG1010-TMP)PU AND IPNS 

NCOIOH = 1. 09 

Polymer 

PUlA 

PU-PMMA IPNs 

PU1A-PMMA90/10 

PU1A-PMMA80120 

PU1A-PMMA70/30 

PU1A-PMMA50150 

PU-PHEMA IPNs 

PU1A-PHEMA90110 

PU1A-PHEMA80/20 

PU1A-PHEMA70130 

PU1A-PHEMA50/50 

PU-PVP IPNs 

PU1A-PVP 90110 

PU1A-PVP 80120 

PU1A-PVP 70/30 

Ultimate 

Tensile 

stress,MPa 

14. 12 

35.78 

17.16 

23.53 

38.14 

22.94 

15.29 

18.24 

17.84 

6.57 

10.69 

11.37 

Percent 

elongation 

at break 

746 

1188 

784 

693 

866 

691 

660 

613 

583 

448 

551 

566 

Modulus at 

100% elongation 

MPa 

5.69 

5. 10 

2.45 

2.75 

4.90 

6.18 

5.88 

6.76 

8.53 

3.92 

4.51 

5.39. 

--------------------------------------------~--------------------
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3.4.3 Effect of changing the second monomer in the MDI based IPNs 

on the mechanical properties of the IPNs: 

The second monomer was varied in the IMDI-PTMG 1010-TMPJ 

polyurethane PU4A. The NCO/OH of the polyurethane was 1.09. Table 

3.XI gives the tensile test results of the PU4A-PAM IPNs and 

Table 3.XIV comprises the results of the other PU4A based IPNs. 

Tables 3.XI,3.XIV and Fig 3.8, show that on increasing the second 

polymer content, the tensile stress of the lPN is increased over 

that of the polyurethane PU4A. While the elongation is decreased, 

not much change is observed in modulus values. Increases in elon­

gation could be due to a plasticizing action of the second 

polymer. The increase of the tensile stress may be attributed to 

the enhanced interlocking of polymeric chains on lPN formation. 

Lipatova has reported 111) that the presence of heterogenous in-

terfacial regions may contribute to the mechanical properties. 

The random increases of tensile stress could be due to such in-

terfacial region contributions. An interesting increase of ten-

sila stress is observed in the case of the PU4A-PVP IPNs, unlike 

the case of the TDI based PU1A-PVP IPN. The PVP homopolymer, has 

a very low tensile stress of 2.94 MPa Table 3.XII. Synergism of 

the tensile stress value on lPN formation for polyurethane PU4A 

and PVP could not be the sole reason for the increased tensile 

stress of PU4A-PVP IPN. A possible reason could be the formation 

of a lamellar type of structure composed of the cyclic units of 

PVP in one plane and the symmetric MDI units forming another 

plane. Such a structure could contribute to enhanced tensile 
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stress and elongation. Fig 3.8 gives the comparative tensile 

stress values for the PU4A IPNs. A clear trend of the superior 

IPNs at all compositions similar to that in case of(Fig 3.7} for 

the TDI based iPNs cannot be observed. However, at the 90/10 

composition it can be seen <Fig 3.8) that PU4A-PMMA90/10 has more 

tensile stress than PU4A-PAM 90/10 IPN which in turn is higher 

than that for PU4A-PHEMA and PU4A-PVP IPNs.On the whole, the 

values of tensile stress, and modulus for the MDI based 

polyurethane and IPNs are more than that for the TDI based sys­

tem. However, the elongation values of the MDI PU and IPNs, ex-

cept for PU4A-PVP IPNs,are lesser than that of the TDI IPNs, 

probably due to more efficient crosslinking in the MDI system. 

In summary the mechanical properties of polyurethane-

polyacrylamid~ IPNs are seen to be influenced by parameters such 

as molecular weight and nature of polyols, crosslinking ratio of 

polyurethane, extent of acrylamide penetration, phase mixing, 

phase separation and interfacial region contributions. For the 

other IPNs, only one polyurethane and one crosslinking ratio was 

studied and a comparison of the TDI based and MDI based IPNs 

demonstrated the superior mechanical properties of MDI 

polyurethane and IPNs. Incorporation of 10 wt% of vinyl monomers 

itself can give IPNs of superior and consistent mechanical 

properties.Among the different 90/10 IPNs of both MDI and TDI 

system, the PU-PMMA 90/10 IPN emerged as the one with the best 

mechanical properties followed by PU-PAM and PU-PHEMA IPNs. The 

PU-PVP 90/10 IPNs had the least mechanical properties in both MDI 
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and TDI system. However in the MDI system,the tensile stress 

values for PU4A-PVP IPNs were more than that for the homopolym~r 

PU4A and this have been attributed to the formation of a lamellar 

like structu~e for the PU4A-PVP IPNs. 

TABLE-3.XIV 

MECHANICAL PROPERTIES OF POLYURETHANE<MDI~PTMG1010-TMPJ AND IPNS 

---------------~-----------~-------------------------------------

Polymer 

PU4A 

PU-PMMA lPNS 

PU4A-PMMA 90/10 

PU4A-PMMA 80120 

PU4A-PMMA 70/30 

PU4A-PMMA 50150 

pu ....... pvp IPNS 

PU4A:-PVP 90/10 

PU4A-PVP 80/20 

PU4A-PVP 70/30 

PU-PHEMA lPNS 

PU4A-PHEMA 90110 

PU4A-PHEMA 80/20 

PU4A-PHEMA 70/30 

PU4A-PHEMA 50/50 

Ultimate 

Tensile 

stress,MPa 

30.78 

40.59 

47.84 

36.87 

42.55 

33.33 

56.86 

46.86 

33.24 

38.73 

33.04 

39.22 

Percent 

elongation 

at break 

56.3 

593 

682 

603 

448 

686 

796 

633 

490 

565 

490 

450 

Modulus at 100% 

elongation 

MPa 

10.90 

13.14 

13.14 

15.29 

14.51 

11.67 

12.35 

12.65 

13.53 

15.69 

16.67 

12.75 
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3.5. Dynamic Mecihanical Properties: 

Dynamic mechanical properties li~e dynamic modulus, loss 

modulus or internal friction express the mechanical properties of 

··rna ter rars- asr--tney are de_f ormed under pe:r;- i odic forces. The 

dyl)amic modulus indicat.es the inherent stiffness of mate.rial un~ 

dynamic loq,ding· oonditi.qns. The mechanical damping or inter~ 

the •mo~nt of energy dissipated as ~eat 

durTrfg the defqrmation oJ t.he material. The internal friction of 

the material is important as a property index and for en_vironmen~ 

and. indust-rial appl~cati.ons. These dynamic parameters have 
··········-·----

qeen used to determine the glas;s,transition region, relaxation 

s.j:>~ctra, degree of 9rysta.l Unity, mo.lecul .. ar .orient.ation, 

crtossl ink separatiqn, structural or mqrphologicq,l 

qlJ<mges resulting from proces$ing and chemical composition of 

... graft polymers and copolymers<244> •. The dynamic 

is sensitiv~ to many kinds of 

m,Ql,eculq,r .motion, transitions, rela_xation processes, sJr.ucturp.l 

"'- ----h-~-e~g~~-j;t:ie-s , ... 
J " ' > M:~ 

th~ morphol.o&x, .. o.f _multiph,ase. systems 

(crystalline polymers,, poJymer blends, aQd copoLymers}. 
;' " ' '. . ; ' . ' ,. ( ·. ' \ .. ~ ~ . ·;,-, ~ "' 

There~ 

f 0 :r;-e,, interpretatio.ns of the dynamic mechanical prop.ert.ies at the 

mol'$,cn~lar- le_vel are of great sp.ientif.ic a,nd. practical importance 
"',' ,. 

in. understanding the riJecha.nical behav.iour of- pol)l:mers. 

3&5.1._ Theory ot Dynamic mechanical analysis: 

The stress appl led to a visc.oelastic body results in a 

linear or non linear dynamic response. The applied force and the 
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·resulting deformation both vary sinusoidally with time;For linear 

viscoelastic beha~iou~, ~he strain alternates sinusoidally but it 

is out of phase with the stress. This phase lag results from the 

t~me necessary fbr molecular rearrangements and is associa~ed 

with relaxation phenomena (245). The stress <!' and strain~ can 

be expressed as follows C244J: 

~- = lfosin Cwt + 6> ~ ••••• 3. 1 

·£' -· -€!•osin wt ••.•••• 3. 2 

the angular fr.equency and S is the phase angle. 

'1 •• • •••• 3. 3 

The stress can be considwred to eansist of two components, one .. in 

phase with the strain c(f0cosb) and the Other 90 degree out Qf 

sin¢ ) • When these are d i v iQed by the s trai.n, the 

be separated into an in-phase <real.)· and .out of phase 

component. 

'tanf>·r= E" IE' ••••••• 3. 4 

The teal part of the modu1i !' is called the storage moduli and 

is related- to the storage of energy as potential energy and its 

re"lease in the periodic deformation. .The imaginary part of ~the 

irrodul i E"' is 'c1al lE~d"' the loss inodul i and is associa.ted with the 

d-issii~ation o'f energy as heat when the materials are deformed. 

The loss tangent tan b, called internal fr·iction or damping, is 

the ratio of energy dissipated per cycle to the maximum potential 

energy stored during the cycle <244>. 

3.5.2. Primary and secondary transitions: 

The dynamic mechanical properties of polymers are us.ually 
~ -: > "~' 
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studied over a wide temperature range C-150.300 Degree C). 

Typical dynamic mechanical properties as a function of tempera-

ture {244> plots, indicate that in the region where the dynamic 

modulus temperature curve has an inflection point, the internal 

friction Ctan St curve goes through a maximum. This transition 

region is called the glass transition r~gion where the dynamic 

mQdulus E' changes from approximately 1 GPa in the glassy state 

to'about 1 MPa in the soft rubbery state. 

In the transition region, 

initiation of microbrownian 

the damping is high owing to the 

motion in molecular chains. 

Microbrownian motion is concerned with the cooperative dif­

fusional mgtion of main chain segments. This transition is so 

conspicuous that it is called the primary dispersion Co( peak}. 

This peak is usually associated with the glass transition tem­

perature. The loss modulus E• goes through a peak at a slightly 

f~wer temperature than the internal ftiction E•/E'. 

Other relaxation transitions can be found in a glassy state 

bn the lower temperature side of the primary dispersion. These 

are cal.led secondary dispersions and are usually designated r· ¥ 

etc •. in order of decreasing temperature. 

3.5.3. Loss factor behaviour of the TDI based IPNs: 

The dependence of loss tangent on temperature for dif­

ferent lPN systems of 90/10 composition based on PU1A with TDI as 

curative is shown in Fig 3.9. In the case of polyurethane CPU1Al, 

the loss factor exhibits a maximum at -22 degree C corresponding 

to glass transition. In the case of. IPNs based on 90% PU1A the 



3.38 

location of this transition peak is shifted to higher tempera­

tures indicating enhanced compatibility between the components of 

the IPNs. 

General l y, if two polymers are incompatible, the loss fac-

tor of the blend exhibits maxima corresponding to the Tgs' of the 

components. If the two components are completely compatible, the 

blend shows a single transition peak at a temperature inter-

mediate to the respective transition t&mperatures 1246). In the 

case of IPNs also, Frisch et al (43) have reported a single tran-

sition that is intermediate in temperature to the Tgs' of the 

component networks for compatible IPNs. However, Klempner et al 

(19) also state that two inwardly shifted transitions are indica-

tive of semicompatible IPNs. Lipatov. et al (247> have reported 

a third transition as being a contribution of interfacial region. 

Thus, Fig.3.9, indicates that there exists some amount of 

compatibility between the components of IPNs in PUlA. The mag-

nitude of tan b max and its temperature of occur~nce for the 

various IPNs are shown in Table 3.XV. The temperatures at 

which,Tg is obtained, do not strictly follow. the random 

copolymer,or Fox equation 122). The shift in Tg of IPNs to 

higher temperatures than calculated Tg from equation could be due 

to increased hydrogen bonding in the IPN system. Such behaviour 

of departure of Tg has been reported 

segregated urethanes. 

(248) for weakly phase 

The second polymer polymethyl methacrylate <PMMA> used in 

the TDI based IPNs is more hydrophobic than the polyurethane PUlA 
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Polyacrylamide, <PAM), polyhydroxyethyl methacrylate CPHEMA), and 

polyvinyl pyrrolidone, <POPt are more hydrophilic than PUlA. 

The st~ucture of PAM and PHEMA ~hich'have free -CONH2 group 

and -""UH g-roup-arid PVP with -OH and -C=O groups can contribute to 

hydrogen.bonding which in turn could raise the temperature of Tg. 

The 90110 PU1A-PHEM~ IPN system shows an unusually broad tan 

.,.p~ak and is eminently suitable.for dampitig applications. 

Tl'fec~origini:U interpretation of a single broad transition was 

that diffeH'erit regions of space had different compositions each 

yielding its ow:rf glass t:Ji'ans-ition temperature·<2-''n. Sperling et 

al (22T repcrrt that if, the minimum v.olume require-d for indepen-

dent cdntr.i'butions to the rei ax'ati.on spectrum is the same or 

smaller than that required to yield homogen~:rus overall cdmpdsi-

tions, a broadened transition will result. 

inc-~-,-effe¢:t a compourd· transi tidn generated by a: spectrum :of quasH 

c:no.s~kdnk.-densi.tw'es which-area manifestation of the restri'ctfo'ri' 

im;posed by. rigid .pol.ymer content on the segmental mobU'i.tY of the 

elel.s tomer•.-

From Table a.xv, it is ·observed that except for PUfA;..PHEMif 

90110 lPN, all the other TDI bp:s-ed IPN systems e>ehibft h~gher £'B:n' 

bmax v-alues· than PUlA. Many investigators (2291 hav-e 

report-ed, that the tan e ;:lnax vafues will be redu¢-ed hi 
. •,,, 
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TABLE-3.XV 

LOSS TANGENT PEAK PARAMETERS OF TDI BASED POLYURETHANE IPNS 

Polymer 

PUlA 

PU1A-PMA 90/10 

PU1A-PMMA 90/10 

PU1A-PVP 90/10 

PU1A-PHEMA 90110 

Tan i; 

Deg.C. 

-22 

12 <BROAD> 

0,32 " 

10 " 

<-14 TO 49)" 

Tan ~ max 

value 

0.253 

0.425 

0.315, 0.294 

0.33 

0.175 

IPNs but Frisch 1249) states that a departure of two phase medium 

behaviour can be expected for IPNs with a complex morphological 

situation in which the interpenetration results in a third phase 

or where no phase is properly dispersed in another. In such 

cases, the properties of the IPNs would not satisfy in good ap-

proximation, the predictions of mean field theories or strictly 

be bounded by properties of series and parallel combination of 

two network phases. The observed trend of increased values of 

tan S max and other properties for certain IPNs may be therefore 

attributed to such complex behaviour. The tan' max values of all 

IPNs are however lower than that of the acrylic polymers Tabte 

3.XVI. As the formation of sequential IPNs is reported to resul~ 
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in smaller domain sizes and more compatibility <22>, an enhanced 

compatibility and smaller domain sizes can therefore,be expected 

for the PU1A-PHEMA 90/10 IPN which is of sequential type. This 

enhanced compatibility can contribute to the reduction of tan 4 
max of PU1A-PHEMA 90/10 when compared to PUlA. 

TABLE-3.XVI 

LOSS TANGENT PEAK PARAMETERS OF VINYL POLYMERS 

Polymer 

PHEMA 

PAM 

PMMA 

Tan 6 
Deg.C. 

138 

69 

180 

150 

Tan b max 

value 

1. 05 

0.87 

0.8 

0.4 

3.5.4. Loss factor behaviour of PU1A-PMMA IPN systems: 

The effect of composition on loss tangent bf PU1A-PMMA 

IPNs is shown in Table 3.XVII and Fig 3.10. 

tan b max value due to to PUlA increases on 

It is observed that 

incorporation of PMMA 

to form the IPN system~ The transition is also shifted inwards. 

After 30% PMMA content there i.s an inversion in this value. Lip-

tova (42) observed heterogenity even when 10 wt% of polyacry-

late in a polyurethane-polyacrylate IPN and predicted phase inve-
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rsion around 40% of the second network. The complex behaviour of 

IPNs discussed by Frisch <249) and the presence of interfacial 

mat•rial discussed by Lipatov (42) could be responsible fqr in­

creasing the values of tan S max over that of PUlA. The shoulde~ 

rs obtained at 32 degree C and 14 degree C for 90/10 and 50150 

PU1A-PMMA lPN support this assumption. The phase inversion at 

70/30 PU1A-PMMA lPN could be responsible for the exceptional 

high value of,. tan 6 max for this. IPN. 

TABLE-3.XVII 

LOSS TANGENT PEAK\PARAMETERS OF TDI BASED PU-PMMA IPNS 

Polymer Tan 0 
Deg. C.· 

Tan 6 max 

value 

-----------~--~---------------------~~~-------------------~------

PUlA -22 0.253 

PU lA.;;.PJifMA. 90/10 0,32 0.315,0.294· 

PU1A-PMMA 70/30 7 0.49 

PU1A-PMMA 50/50 4,14 0.351,0.37 

PMMA 150 0.5 
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3.5.5. Loss factor behaviour of PUlA-PAM IPN system: 

The effect of composit~on on the loss. tangent of PUlA-PAM 

IPN is shown in Table 3.XVIII and Fig 3.11. A single broad tan J 
pea~ i~ obierved, which is shifted inwards. The value of tan S 
max is less than that of PAM but increased in comparison to PUlA. 

However, phase inve]:'sion at 70/30 ratio is not observed as the 

tan ··s ~~x va I ues are grad\la 1 1 y de.creas i ng. 

'tABtE-3. XV I I I 

LOSS TANGEN.T PEAK PARAMETERS OF TD I BASED PU-PAM IPNS 
·-

PUlA 

PU lA-PAf•i 90/10 

·PU1A-PAM.:70'130 

PUlA-PAM :50150 

PAM 

Tah _S 

De'g. C. 

Tan b 
value 

max 

~---------~~-------~------------­"," 

-22 0.253 
y' 

\~ /' 

12 o·. 4~5. 

-11 0.37 

-20 TO 20 0.25 

180 0.8 

------------------------------------------------------------------ ' 
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3.5.6. Storage modulus behaviour of TDI based lPN systems: 

The dynamic modulus-temperature plot for the 90/10 TDI 

based IPNs are depicted in Fig 3.12. The values of storage 

modu I us, E • , fa l 1 in the temperature range -70 degree C to -20 

degree C, which is characteristic of the glass to rubber transi­

tion. The broad temperature range over which the dynamic storage 

modulus decreases is an indication of increased degree of inter-

mixing as reported by Lee et al ( 250). The dynamic modulus 

values for the IPNs namely, PU1A-PMMA 90/10, PU1A-PHEMA 90/10 and 

PUlA-PAM 90/10 are higher than that for the pure polyurethane 

PUlA. The modulus value of PU1A-PMMA 90/10 IPN is the highest and 

that for PU1A-PVP IPN is the lowest. Synergism of modulus has 

been noted for compatible PPO-PS blends (251) and has been 

ascribed to an increase in packing density on blending. FIPNs of 

PPO-PS have also been reported (252Jto exhibit an increased 

modulus which has been attributed to the amount of permanent 

chain entaglements between the two networks giving a resultant 

increase of packing density. In the present case, the increase 

of the dynamic storage modulus for PU1A-PMMA 90/10 IPN, PU1A~PAM 

90/10 IPN and PU1A-PHEMA 90/10 IPN could be attributed to a simi­

lar enhancement of permanent chain entanglement or in other words 

increased intermixing of the two networks. PMMA with a solubility 

parameter of 9.3 (cal/ml) 112 is very close to a polyurethane 

solubil"ity parameter of 10 <cal/mlJ1' 2 <229> and hence, _js ex­

pected to be more compatible and contribute to greater chain en­

taglement. The highest increase of the dynamic modulus for this 

1 
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IPN substantiates the expected observation. 

with its highly amorphous and less phase mixed structure as 

cussed in section 3~4.5. ~ould be expected td have a 

Polymer 

PUlA 

PU1A-PAM· 9.0/10 

PUlA-PAM 7013.0 

PUlA-PAM 50150 

the I PN. and hence the dynamic modulus 

in magnitude.~ · After the Tg region, 

constant ahd'equal to 

Values of 

of 

of the IPNs 

~ho~opoly•er polyureth•he PUlA. A 

acrylic polymer is al•o seen 

composition. 

Storage modulus.· Polymer 

MPa 

. 2. 1 

2.5 

3.0 PUlA-PMMA 

2.3 PU1A-PMMA 

90/10 

70/30 

50150 
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3.5.7. Comparis.on of the MDI and TDI based systems: 

The dependence of loss tangent on temperature 

ferent lPN systems 90/10 composition based on PU4A with MDI 

curative is shown in Fig 3.13 and Table 3.XX. In the case 

the loss factor exhibits a maximum at -24 degree C corresponding 

to the glass transition. In the case of the IPNs based on 

PU4A the transitio~ is shifted to higher temperatures indicati 

the enhanced compatibility between the components 

The higher glass tansition temperature for the TDI system 

been attributed by Yu Yu Kercha et al (2531 to a homogenizatio 

of the system. Tan b max values for the PU4A based IPNs do 

show apprec~able changes which could be due to the formation 

structure with less interfacial material. 

TABLE-3.XX 

LOSS TANGENT PEAK PARAMETERS OF MDI BASED lPNS 

Polymer 

PU4A 

PU4A-PAM 90110 

PU4A-PMMA 90110 

PU4A-PVP 90/10 

PU4A-PHEMA 90/10 

Tan 8 
Deg.C. 

-24 

-15,15 (BROADl 

0 II 

-15, 14 " 

-10, 10 " 

Tan & max 

value 

0.24 

0.24 

0.26 

0.26,0.225 

0.25,0.225 
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The dynamic storage modulus-temper~ture plot for the MDI 

based IPN, Fig 3.14, indicate that the modulus values are similar 

to those obtained for TDI systemm. The E' for the PU4A based IPN 

systems falls from 108 - 109 Pa to 106 Pa. TheE' values fall in 

a broad range of -80 degree C to 10 degree C. The broad region 

could be due to the greater interpenetration of MDI IPNs. 

Greater interpenetration of MDI based IPNs is also borne out by 

the fact that in all cases the dynamic modulus values before the 

transition are higher than that for pure polyurethane PU4A. Sec-

tion 3.4.7 discusses probable reasons for a greater mixing of 

PU4a-PVP IPNs. This greater mixing could be contributing to an 

increase of packing density and subsequent· increase of dynamic 

modulus for PU4A-PVP 90/10 lPN compared to PU4A unlika the case 

of PUlA series. 

3.6 Thermal analysis: 

3.6.1. Glass transition behaviour: 

Polymers, undergo a phase change from glassy to rubbery 

state as the temperature is increased. Rubbery polymers become 

stiff and brittle below this glass 

Most polymer physical properties, 

transition temperature, Tg. 

such as brittleness, modulus 

and heat capacity, undergo a marked change at Tg . 

On a molecular scale, the glass transition signals the 

beginning of large scale molecular motion. Below Tg,the molecules 

are confined to vibrate in a localized lattice, although there is 

no large scale molecular order. Many theories have been proposed 

to explain the glass transition phenomena. 

is that of Shen and Eisenberg<254). 

An excellent review 



3.54 

The glass transition appears to be a thermodynamic effect 

superimposed on a ki~etic effect. Therefore, Tg is often referred 

to as a pseudo-second order phase transition since the glassy 

state is a quasi-equilibrium state. In the glassy state, the 

polymer molecules are stable in terms of short range molec~lar 

motion, whereas they are unstable with respect to long rarige mo-

tion. 

The study of glass transitions; is complementary to mor-

phological studies, The Tgs' of IPN's can be studied in a 

variety of ways. The methods available to measure Tg may be con-

veni•ntly divided into two groups: mechanical and nonmechanical. 

The most widely used nonmechanical .method is differential scan.:.. 

ning calorimetry, DSC. Many attempts (255-258) have been ma'de to 

predict the Tg for compatible po.ymer blends. Most of these 

treatments have been empirical in nature. Frisch et al (19i43) 

an~lys~d the Tg behaviour, beginning from the random 

copolymer equation Tg (av) = WJ <Tg , ) + Wz <Tg 2) where Tg, and 

Tg2 ~epres;ent the glass transition ~emperatu~es of polymer 1 and 

polymer 2, respectively • . w, and wz. are their weight fractioris' 

and T•<av) is the predicted value of the glass transition tern-

perature of the IPN. The equation finally deri~ed by the Frisch 

et a 1. 

= Tg - Tg (av> 

1 + t". Tg (av) 

where e- is a measure of interpenetration of networks; and accord-

ing to Frisch et al <43) should have a value betwe•n 0 and 1 to 
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depict ideal interpenetration. 

3.6.1.1. Glass transition behaviour of IPNs: 

The glass transition temperature of the TDI based 

polyurethane, PU1A, vinyl polymers: polymethyl methacrylate, 

PMMA; poly 2-hydroxyethyl methacrylate, PHEMA; polyacrylamide, 

PAM; poly vinyl pyrrolidone, PVP; and IPNs of 90 wt.% PU1A com­

position were evalua~ed by DSC. The experimental and calculated 

values of Tg along with the ~values are given in Table 3.XXI. 

The values of ~lie between 0 and 1 indicating that the IPNs are 

well inte~penetrated structures. The values of Tg from DSC do 

not exactly coincide with the value of Tg obtained from DMA 

measurements mainly due to the different nature of the measuring 

method. The values obtained from DMA are higher. Hourston et 

al(259) have also reported higher values of Tg obtained by DMA, 

especially when the measurements were carried out at 35Hz, as in 

the present case. 

The glass transition temperatures obtained by DSC, for the 

MDI based polyurethane PU4A and IPNs of 90 wt% composition of 

PU4a are given in Table 3.XXII. ~is again between 0 and 1 in-

dicating the interpenetrated structure. 

The 90/10 IPNs, of both the TDI based PUlA and MDI based 

PU4A, are therefore compatible IPNs. 



TABLE-3.XXI 

GLASS TRANSITION BEHAVIOUR OF TDI BASED IPNS 

Polymer 

PUlA 

PU1A-PMMA 90/10 

PUlA-PAM 90/10 

PU1A-PHEMA 90/10 

PU1A-PVP 90/10 

PMMA 

PAM 

PHEMA 

PVP 

Tg o K 

(expt.} 

247 

258 

261 

260 

253 

431 

438 

407 

342 

-~ = Tg - Tg<av) 

1+8" Tg<av) 

Tg<av)°K 

(cc;dc.) 

265.4 

266.1 

263.0 

256.5 

0.029 

0.019 

0.012 

0.014 

3.56 
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TABLE-3. XX II 

GLASS TRANSITIDN TEMPERATURES OF MDI BASED IPNS 

Tg °K 

(expt. ) ( ca I c •. ) 

253 
- ~-~ < 

PU4A-PMMA 90/tO 268 270.8 0.010 

PU4A-PAM 
":> 

90/10 267 271.3 0.017 

PU4A-PHEMA 90/10 264 268.4 0.016 

PU4A-PVP 90/10 258 261.9 0.015 

-----------~----~-----------------------------------------------

TABLE-3.XXIII 

TEMPERATURES OF <TDI-PTMG1010JPU-PAM JPNS 

~~-~-•-------------~-w--~--~--------------------~-------------~-~ 

···(expt.) (cal c. ) 

' . ··- -
-------------------~------~--------------------------------------

PUlA 247 

PU !A-PAM 90/10 261 266.1 0.019 

PUlA-PAM 80120 251 285.2 0.135 

PUlA-PAM 70/30 263 304.3 0.157 

PAM 438 

. . . , 

--------------------------------------------~--------------------
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TABLE-3.XXIV 

GLASS TRANSITION TEMPERATURES OF <TDI-PTMG2000>PU-PAM IPNS 

Polymer 

PU2A 

PU2A-PAM 90110 

PU2A-PAM 80120 

PU2A-PAM 70/30 

Tg o K 

(expt.) 

188 

207 

193 

202 

Tg<av)oK 

(calc.) 

213 

238 

263 

0.029 

0.233 

0.300 

On increasing the concentration of the second monomer, the 

compatibility gradually decreases, as evidenced by the gradually 

increasing values of ~·in PU-PAM IPNs. Representative examples of 

such increasing ~values are given in Table 3.XXIII and 3.XXIV. 

However, as the value of ~do not exceed 1, the present IPNs are 

not considered as phase separated. 

3.6.2. Thermogravimetric analysis: 

The technique of TGA involves change in weight of a 

material under examination as the temperature is increased at a 

predetermined and preferably at a linear rate. Applications of 

TGA to polymers include comparisons of relative thermal 

stability, the effect of additives on the thermal stability, 

study of degradation kinetics, oxidation stability etc. 
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Thermogravimetric studies on the polyurethanes and IPNs of 

wt% PU composition were carried out • Fig 3.15 shows a !typical 

thermogram of the TDI based, PU1A and PU1A -PAM IPNs. The thEU'·_, 

The : · f;ir$t 

.c>f decC),~p~~ ftidri'corr~sponds to the·''uretharve: bond: b:F'eaki:~g 

·and. occurs at 350 De:g·.C <Fig 3.1Sa>. Stage II is the pQ'lyol deodt:.· 

Dig~ ~o~· the polyurethane 

PU1A-""PAM'90/1Ch it is at '450 Deg C. 

obtained for the MD.I based p6fyurethahe 

Fig. 3.1~ is~ representative. TGA ther~ 

lPN. F.ig:S~17 shows the DTG ~urves of 
. . 

IPN -wi tn'•'the characteristi~.· two step 

The thermogram for the· v i.·R)t:.l 

pol~mers is r:eprefsented. by the thermog.ram of polya,cry lamide, Fig 

3. f$:. s"lni'i(~r: 'C';ltfrv1~S w·ere· dbtai ne'cf fOr 11 '1;11'97 other V1i;nyl pod·ym:-e;i'S·1 
~--.·-~- .. ~.-

PMMA~ ln a 11 the ·cas•es'of tn:e .y inyi '' pofyme r-s• , a 

is 

··at· the "polymer· chain• •. 

A''')n~1a."suie ;·of' :'t"heirnial .~Tisfal:iit i'ty' :of polyurethanes and 

,ttrei'f.r IPNs cari be ascertaine'd from the tempe!ratute of :s:o~ de¢"Grtll-

positfon. 

~-. -:.> 

50% w.eJght l os~s ''and the · f ina 1 decomp<is if ion ' Of the TD }: based E\1.•.: 

and t'P#~ are irldicat~d. Sf ight. enhancement of. thermal 

is observed for the IPNs over that of the pOLyuret~ane 



TABLE- 3.XXV 
' . 

. THERMAL DECOMPOSI T IO~ TEMPE.!lATURES OF TD I BASED lPNS 

. . 
-i~ ::-~- ~ 7' ~ 7,7>-~ '7~:~t-- ::::---I"-~-~ '7'<~<7'': ""'5 '"'"!' "':. ~,--: ~,~----- -::-~ ~ :- "':'"'.- ":'"'- ------ ~ ~-,"7--- -:._-- ~\~~ 

Deg.C. 

420 

410 

400 

4.15 

0.-'T -~ 
l ~ 

J)eg.c. 

470. 

48.5 

t,m_pfi:l~at!.A~f!~ 9:£,; t~t;t:.ftlP! ;J?aseq 

arff,,$h~wn in Table 3. XXVI. 
< • ·•· c''{ '' '< -~ -, • '\!. •, C ~:; , ,~d.,, 

~,...~--~hlrli~~iHii--<r-~~~~.,.,..~Fl~···S,i·g ni f icaflct increase of the r ma 1 s tabi li t¥. 

af:;~·~ne potyu·r~thane j,s,,observed. Tat?T~ 3.XXVI.i, · . '' -'', '- ' ' - ' ' ' ~~" .,, ' ' ' - ' ·" -,_, ' 

,g~u$~.~n.e~,.,j;t§l~m~l. deS~~!;iation telfiperat.~~'ce}s of the vi n¥.1·:'l?<l}Ytn~rs;. 

~~~!l~~rJif;L.!JJ§l~LQal!i~· oJ:. PVP, .the other ±hl)ee pol yme.rs, ;"RMMA, PAM 

!Jl~J~!Yl:li~~~elf+Yr~~r: clu~!if!ring curvee for.:J:ne IPNs is how~Mer, 

This behaviour of clusterin.g o.f curves. has alsobeEJn 

l:;JY Kim .et a 1 ('20) f o.r PUlPMMA IPNs. 
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They have attributed this behaviour for similar thermal 

degradation behaviour of polyurethane and IPNs. Belyakov (260) 

has suggested a synergistic radical mechanism for the thermal 

degradation of PU/PMMA IPNs.This mechanism requires a close jux-

~ taposition of the two polymers, which may be enhanced by IPN for­

mation. 

In the present case, clustering of the thermal degradation 

curves indicate the close juxtaposition of the polymers obtained 

during lPN. formation. 

TABLE-3.XXVI 

THERMAL DECOMPOSITION TEMPERATURES OF MDI BASED lPNS 

Poly~er 

PU4A 

PU4A-PAM 90/10 

PU4A-PMMA 90110 

PU4A-PVP 90/10 

PU4A-PHEMA 90/10 

Initial Decom­

position temp. 

Deg.C. 

335 

325 

327 

340 

330 

50 % Decomp­

osition temp. 

Deg.c. 

410 

410 

410 

410 

412 

Final Decomp­

osition temp. 

Deg.C. 

475 

465 

470 

490 

480 



TABLE-3.XXVII 

THERMAL DECOMPOSITION TEMPERATURES OF THE VINYL POLYMERS 

Polymer 

PAM 

PMMA 

PVP 

PHEMA 

Initial Decomp­

osition temp. 

Deg.C. 

150 

290 

400 

380 

50 % Decomp- Final Decomp-

osition temp. osition temp. 

Deg.C. Deg.C. 

400 

386 

449 

407 

475 

430 

475 

465 

3.66 
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3.7. Surface study by contact angles: 

A surface cannot simply be considered as an extension of the 

bulk material. The local chemistry, forces and bonding charac-

teristics in the vicinity of the surface are generally considered 

different than those within the bulk. Furthermore, they are not 

invariant, and can change significantly dependihg on the natur~ 

and number of other phases the material surface has contacted. 

The surface characteristicsof biomaterials are believed to 

be more r~lated to their blood-material interaction. A measur~ of 
·' 

surface free energy and/or surface wettability of solid materials 

is most readily and simply obtained by measuring 'the contact 

angle of a diagnostic liquid on the solid surface. This is an 

extrem~ly sensitive technique for identifyi,ng changes in the sur-

face co~position (261). Though contact angle is usually measured 

in the' advancing mode C262>, for those polymers which have a sig-

nificant d~gree of surface mobility and can readjust their1: s.ur-

face region in response to their local environment, the contact 

an.le measuted in air or vapour is not jenerally satisfactory. 

More direct information re.lated to polymer-water interfaces is 

• obtained via the captive ~ir or captive bubble technique <i32l. 

3. 7. 1. Cord~act angles of PU-PAM IPNs: 

The air-water contact ang 1 e. and octane-water contact 

angles for a lightly crosslinked, NCO/OH = 1.09 and more 

crosslinked, NCO/OH = 2.01, PU-PAM lPNs are depicted with" 

respect to composition of the IPNs in Fig 3.19. The air;...water 

contact angle roughly decreases with ~ncrease in acrylam~de cant-
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ent while the octane-water contact angle increases in a NCO/OH 

= 1.09. PU-PAM lPN system .l3.19 A,C). Such behaviour is indica-

tive of the more hydrophilic surface of the PU-PAM IPN, on in-

cr~as1ng acrylamide content. The IPNs of the more crosslinked 

network NCO/OH = 2.b1 however. show random changes of the contact 

angle as seen in Fig 3.19.B and 3.190. This may be due to the 

inability of £6e surface to orient itself when equilibrated with 

water ih~a more·cro~slinked system, Holly and Refojo <71) have 

suggested •that a <PHE.MA> surface is capable of changing its free 

energy thro.ugh reor:ientat:i.on of the polymer side chains and chain 
•. 

segments depending on the nature of the adjacent phase. From the 

bj. oma ter Ia l s point .of view, the s~rfice of the lower cross1inked 

IPNs NCO/OH = 1•·09 is more suitable due to its capacity for 

orienting itself. 

3.7.2. ~ontact angl•s o~ the TDI and MDI based IPNs: 

The ·ai~~waier contact angle and octane-water con-

tact arigle of the 'l"DI based polyurethane PUlA and IPNs of 90· wt% 

PU1A are given in Table 3.XXVI I I. As the decrease of air-water 

contact angle and increase of octane-water contact angle is taken 

as a measure of hy4rophilicityC132), the PU!~-PMMA 90/10 IPN .can 

be considered as relatively the most hydrophobic. The trend of 

decreasing hydroph{licity ~s gi~en by PUfA-PVP 90/10 > PUlA-PHEMA 

90/10 ) PUlA-PAM 90/~0. ) PYlA ) PUlA-PMMA 90)10. The surface 

hydrophilicity of IPNs is therefore influenced by even 10 wt~ of 

the·second polyme~~ From the values of air~water contact angle 

and octane-water contact angle a~d utilizing the several assumpt-



~ ~ .• l 

TABLE 3.XKV Ill 

CONTACT ANGLES & SURFACE PARAMETERS OF TDI BASED IPNS 

f) &It' Boct&M (Ysu-YIUI) IIIII fi 
y BU 

p 
y su Ysu y"" 

POLYMER . 0 dynes/em dynes/em dynes/em dynes/em dynes/em dynes/em . 

PUlA 53.6 115.0 42.73 71.86 21.37 25.56 46.93 4.2 

PU1A-PMMA 61.2 110.0 34.69 67.77 17.62 22.74 40.36 5.69 

90/10 -

PUlA-PAM 43.7 130.3 52.06 83.16 19.45 34.24 53.69 1.63 

90/10 

PU1A-PHEMA 42.5 130.0 53,08 82.97 20.62 34.08 54.70 1.62 

90/10 

PU1A-PVP 40.0 135.0 55.16 86.20 19.50 36.79 56.29 1.14 

90/10 

.(;. 
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ions (132) of surface energy and from the Young's equation <263) 

of Tsv- ~sl= '(lv cosEt, one can calculate the interfacial free 

energy of the hydra ted- ge 1-wa ter ( "tsw), the i nterfac ia l free 

energy for hydrated-gel-water vapor (~sv}. ()(sv -·~sw) is com-

monly called adhesion tension. lsw is the non dispersive polar 

interaction at the gel water interface. '8 svd and 'tsvP are the 

dispersion and polar components to the surface free energy. The 

values of these parameters are given in Table 3.XXVIII. Tbe min­

imum interfacial fre• energy hypothesis (~64,70) of protein ad~ 

sorption 'states that if the gel-water interface has a very low 

interfac.ial f~ee energy, then protein adsorption should be very 

low and highly reve~sible. Though the hypothesis has been found 

to be·more applicable to the fully hydrated hydrogel system, the 

IPNs in the present case also ~ave the interfacial free energy 

'tsw tending towards 0, especially in the more hydrophilic PU1A-PVP 

90/10 IPN. 

The air-water and octane-water contact angle of the MDI 

based PU4A and IPNs of 90 wt% composition PU4A are given in Table 

3.XXIX. The s<:ime trend of decreas'i ng hydroph i 1 ic i ty with change 

of second monomer to a more hydrophobic one is observed as in the 

case· of the TD I IPNs and is as P~U4A-PVP 90/10 > PU4A-PHEMA 90/10 

>PU4A-PAM90/10 > PU4A > PU4A-PMMA 90/10. Comparatively the MDI 

based IPNs on the whole are more hydrophilic than the TDI based 

IPNs which may be due to the more hydrophilic nature of the MDI 

based polyurethane itself. The interfacial energy contributions 

of the MDI IPNsi except in the c•se Qf P04A-PMMA90/10. IPN .are all 

tending towards. o: The MDI based I~Ns of the present study may 



'1 
,. 

e otr 
POLYMER . 
PU4A 40.3 

PU4A....:PMMA 51.0 

90/10 

PU4A-PAM 36.0 

90/10 

PU4A-PHEMA 39.0 

90/10 

PU4A-PVP 34.0 

90/10 

... ;,· 

TABLE 3.XXIX 

CONTACT ANGLES & SURFACE PARAMETERS OF MDI BASED IPNS 

-------~--~----------~----~~--- -~-----~~---~------~-----

eoctono (y,II-Ysw) fsw d 
Ysu 

p 
Ys11 y,IJ Ysw 

• dynes/em dynes/em dynes/em dynes/em dynes/em dynes/em 

136.0 54.91 86.81 18.71 37.31 56.01 1.10 

120.0 45.31 75.75 20.09 28.41 48.5 3.19 

143.0 58.25 90.83 18.08 40.84 58.92 0.67 

140.0 55.95 89.18 17.48 39.37 56.86 0.91 

148.0 59.69 93.32 17.13 43.12 60.24 0.55 

' 

w 
-...:I 
N 
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therefore be quite suitable for blood contacting applications 

based on the assumption of the minimal interfacial energy 

hypothesis. 

3.8. Density and Crosslink density: 

The crosslink densities of the TDI based polyurethane PUlA, 

and IPNs of PUlA are given in Table 3.rxx. The crosslink den-

sities were cal~ulated from the swelling values of the materials 

in toluene as discussed in Chapter II. The variation of crosslink 

density with the amount of polyacrylamide is shown in Fig.3.20. 

There exists a similarity between variation of crosslink density 

and tensile strength with the amount of plastic content as is. 

evident from the comparison of Fig.3.20 with Fig 3.7, (Chapter 

3>. Although any conclusive and self st~nding implications on 

chain stretching effects ar~sing due to interpenetration are not 

possible based on crosslink density data, the close similarity of 

the trend of variation of crosslirik density with that of mechani~ 

cal property is interesting. Incorporation of 10 wt% 

polyacrylamide increases the crosslink density of the IPN. At 30 

wt% of polyacrylamide, the crosslink values decrease. This 

decrease could be attributed to the onset of the phas~ separation 

process. The data can be rationalised on the same grounds as for 

the anamolous mechanical property by suggesting uncoiling of 

chain segments and further stretching, res~lting in increased 

free volume between the chains in juxtaposition. 

This permits increased swelling and results in apparent 

-decrease in crosslink densities. The average molecular weigh~M~ 
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TABLE-3.XXX 

DENSITY, CROSSLINK DENSITY AND AVERAGE MOLECULAR WEIGHT BETWEEN 

CROSSLINKS OF TDI BASED POLYURETHANE AND IPNS, NCO/OH = 1.09 

Polymer Density Crosslink density Average Molecular 

(eval.> X 10-4 weight between 

-glee mol Icc crosslinks, Me 

PU1A ().833 3.39 2950 

PU1A-PM1 90/10 0.915 3.75 2667 

PUlA-PAM 80/20 0.918 3. 88 . 2577 

70/30 0.914 3.17 3155 

PUlA-PAM 50/50 0.917 4.00 ?500 

PUfA-PMMA 90/10 0.844 4.45 2247 

PU1A-PMMA 80120 0. 836s·· 4. 10 2439 

PU1A-PMMA 70/30 0.893 4.2# 2358 

PUlA-PMMA 50150 0.885 4.52 2212 

PU1A-PHEMA 90/10 0.925 4.00 2500 

PUlA-PHEMA 80/20 0.865 3.75 2667 

PU1A-PHEMA 70/30 0.918 3.81 2625 

PU1A-PHEMA 50/50 0.923 3.74 2674 

PU1A-PVP 90/10 0.940 3.23 3096 

PU1A-PVP,80/20 0.925 3.42 2924 

PUlA-PVP 70/30 0.917 3.35 2985 



TABLE-3.XXXI 

DENSITY, CROSSLINK DENSITY AND MOLECULAR WEIGHT BETWEEN 

CROSSLINKS OF MDI BASED POLYURETHANE AND IPNS,NCOIOH = 1.09 

3.76 

Polymer Density Crosslink density Average Molecular 

( eva 1 • ) X 10-4 weight between 

glee malice crosslinks, Me 

--------------------------------------~--------~~--~-------------

PU4A 1. 014 4.83 2070 

PU4A-PMMA 90/10 1.036 5.12 1953 

PU4A-PMMA 80120 1. 130 5.30 1887 

PU4A-PMMA 70/30 1. 114 4.98 2008 

PU4A-PMMA 50150 1. 126 5.06 1976 

PU4A-PAM 90/10 1. 018 5.00 2000 

PU4A-PAM 80/20 1.027 4.96 2016 

PU4A-PAM 70/30 1.033 5.36 1866 

PU4A-PAM 50150 1.058 5.32 1880 

PU4A-PHEMA 90/10 1. 026 4.86 2058 

PU4A-PHEMA 80120 1.063 4.97 2012 

PU4A-PHEMA 70/30 1. 087 4.88 2049 

PU4A-PHEMA 50150 1. 116 4.98 2008 

PU4A-PVP 90/10 1. 035 4.85 2062 

PU4A-PVP 80120 1.068 5.54 1805 

PU4A-PVP 70/30 1. 109 5.32 1880 
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between crosslinks also <Table 3.XXX> showed the reverse trend. 

The density changes on IPN formation <Table3.XXX ) however, do 

not show any substantial changes. Shibiyama et al (265) have also 

observed tha~ density values would not. change much during IPN 

formation. 

The density, crosslink density, and average molecular weigh~ 

between crosslinks for MDI polyurethane and IPNs are given in 

Tab 1 e 3. X X X I. The same trend of similarity of crosslink density 

and tensile stress data is observed as in the case of the TDI 

IPNs. The individual values of crosslink density of MDI IPNs are 

much higher than that of TDI IPNs. The average molecular weight 

between crosslinks obtained in case of MDI IPNs is lower than in 

case of TDI IPNs. This increased crosslinking of MDI IPNs could 

be contributing to the increased tensile stress obtained in case 

of the MDI polymers. 

3.9. Morphology: 

Morphology was .studied by scanning electron microscopy. 

Fig.3.21A is the microphotograph of the TDI based polyurethane, 

PUlA. The microphotograph is essentially featureless, with no 

observable domain structure. Fig3.21B is the SEM of PUlA-PAM 

90/10 lPN. The microphotograph of the lPN does not contain any 

distinguishable fea~ures that differentiate it from the basic SEM 

of PUlA. More compatibility of the two componerit polymers could 

be responsible for generating such a SEM. A similar morphology 

is obtained in the case of PU1A-PMMA 90/10 IPN (Fig.3.21Cl. The 

morphology of PU1A-PVP 90/10 lPN and PU1A-PHEMA 90/10 lPN as 
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Fig. 3.21 : Scanning electron microphotographs of TDI based PU 

and IPNs. A-PUlA, 8-PUlA-PAM 90/10, C-PU1A-PMMA 90/10, D-PU1A-PVP 

90/10, E-PU1A-PHEMA 90/10, F-PU1A-PMMA 50150 IPNs. 
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D 
E 

Fig. 3.22. : Scanning electron microphotographs of MDI based PU 

and lPNs. A-PU4A, B-PU4A-PMMA 90/10, 1 C-PU4A-PAM 90110, D-PU4A­

PHEMA 90/10, E-PU4A-PYP 90/10 IPNs. 
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A B 

Fig. 3.23 : Scanning electron microphotographs of IPNs depicting 

phase separation. A-PU4A-PAM 50150, PU4A-PMMA 50150 IPNs. 
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depicted in the microphotographs <Fig.3.21D and 3.21E) reveal the 

semicompatible nature of these IPNs. Semicompatibility is evi-

dent from the different phases seen in the -microphotograph. On 

increasing the second component (especially at equal ratios of 

50150), the SEM depicts more phase separation which is repre-

sented by the SEM of PU1A-PMMA 50150 IPN (Fig.3.21Fl. 

The SEM of the MDI polyurethane PU4A is d~picted in 

Fig.3~22A. The- SEM is_ again essentially featureless~ Fig.3.22B is 

the SEM of the PU4A-PMMA90/10 IPN. The compat~bJ~ nature of th• 

PU4A-PMMA 90110 IPN is clearly seen in the fig\ire. Fig 3.22C and 

3. 22Ir~ ·a.-re~---tne SEM of PU4A-PAM 90/10 IPNand PU4A-PHEMA 90/10 IPN, 

respectively. Some differentiation of phases can be observed 

which are ~epresentative of less compatibility. However, as the 

DMA--·stuctt-es---(--5-ec-tcion 3. 7) do not indicate phase separation, the_ 

PU4A-PAM 90/10 lPN and PU4A-PHEMA 90/10 IPN can be considered as 

semicompatible. Fig.3.22E is the SEM of the PU4A-PVP90/10 IPN-

which shows more phase separation than PU4A-PAM90/10 or PU4A-

PHEMA 90110 IPN. As the concentration of the second component 

polymer 1 increases, the phase separation increases. Fig3.23A ~nd-

Fig.3.23B are representative morphologies of the PU4A-PAM 50/50 

IPN and PU4A-PMMA 50150 lPN. 

3.10. Radiation stability: 

The TDI based pdlyurethane PUlA and IPNs of 90 wt% composi-

tion of PUlA were evaluated for their radiation stability upto a 
' 

total dose of 2.5 Mrads. Table 3.XXXII gives the results of ten­

sile stress and percent elongation at break,after1firradiation to 
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TABLE-3.XXXII 

MECHANICAL PROPERTIES OF TDI BASED POLYURETHANES AND IPNS ON1. 

IRRADIATION, NCO/OH = i.09. 

----------------------~~~-~-~-~~------~--------------------------

birig:i nal ·· Fti:na 1 

~ehsile tensile 

~t~ess,MPa stress,MPa 
~-~--~-···~~------~~~---·-~··· 

Original 

% elong­

ation 

. F ina.l 

% e long-. 

ati.on 

i~-- --,-~~--- ---;...- ---.-- -,-i;-r,-,:-·---- ---- -~·- ---------- ~·-.-.-:-- -~---- -----------

1!4.12 ·13. 56 746. .726 

9"0110 -Hl~ 6-1 15. 9.3 7~5 700 

PUfA~'FMMA 90/TO 3·5. 78 34.64 1188 1146 

22.94 21.79 .. 691 656 

6.28 448 425 

,--- ~:----- ---------- """'!'.•~ ""':"' ~·------- ---·-- -·---- _,_ ---------------~c----.----

2~·5 Mrads.··The results indicate that the materials are all radia­

tion stable and the ch•nges observed in tensile stress or elonga-

tion a~e within the standard deviation of the results. Similar 

results <Tab I e 3. X X X I I I l are obtai ned on ivr~~cl.ia.tin.s the MD I 

polyurethane PU4A and IPNs of 90 wt% composition of PU4A. 
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TABLE-3.XXXIII 

MECHANICAL PROPERTIES OF MDI BASED POLYURETHANE AND IPNS 

ON~IRRADIATION,NCOIOH = 1.09 

Polymer 

PU4A 

PU4A-PAM 90110 

PU4A-PMMA 90/10 

PU4A-PHEMA90/10 

PU4A-PVP 90110 

Original 

tensile 

stress,MPa 

30.78 

37.94 

40.59 

33.24 

33.33 

Final 

tensile 

stress,MPa 

28.56 

36.84 

39.34 

32.56 

31.66 

Original 

% elong­

ation 

563 

739 

593 

490 

686 

Final 

% elong­

ation 

534 

702 

573 

473 

656 
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3.11 Solid state 13 C Nuclear magnetic resonance <NMR> studies: 

13 C solid state NMR studies of the polyurethanes and- 80/20 

weight fraction of polyurethane and vinyl polymers were carried 

out to study the structure and interactions if any~ 

3.11.1 13 C NMR spectra of the homopolymers: 

The 13 C NMR resonances of the TDI based polyurethane PUlA 

are given in Fig.3.24A. The peaks at 70.9 and 27.1 ppm are at-

tributed to the -CH2-0 and CH2 carbons of polytetramethylene 

glycol <PTMG>. The resonance at 17.5 ppm is due to the CHs carbon 

of the toluene diisocyanate <TDI>. The peaks at 156.9, 136.5, 

130.5, 121.2, and 114.9 are attributed to aromatic carbons of the 

b~uret of TDI. The signals at 178.5, 174.5, and 163.9 ppm are due 

to the C=9 carbons of the biuret of TDI-PTMG units. 
-~ ·--~· ----- -~-·~-- ·---- --~-·----·--"------

The 13 C NMR signals of MDI based polyurethane PU4A are given 

in Fig. 3.24B. The peaks at 70.8 and 27.019 ppm are attributed to 

-CH2-0 and CH2 carbon atoms of the polyol units of < PTMG >. The 

resonances at 40.012 is due to CH2 carbons of MDI. Peaks at 

95.182, 124.2, 130.3, 136.13, 154.99, are assigned to aromatic 

carbons of the biuret of MDI. The C=O carbons of the biuret of 

MDI-PTMG units show resonances at 176.7, 170.9 and 164.7 ppm. 

Fig. 
13 3.24C is the : -C NMR spectrum of polyacrylamide <PAM>. 

The peaks at 179. 78 ppm is due to the C=O. The Co(. and C ~ resona-

noes are 41.577 and 36 ppm respectively. 

The 13 C NMR of polymethylmethacrylate <PMMA) is shown in 

Fig. 3.24D. The resonances at 177.7 ppm is due to the C=O group. 

The OCH 3 group gives a signal at 51.994 ppm, while the Co<. and C~ 
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give the peaks at 44.919 and 51.994 ppm respectively. The peak at 

16.551 ppm is assigned to CH3. 

Fig. 3.24E is the 13 C NMR of polyhydroxy ethylmethacrylate 

<PHEMA>. The resonance corresponding to C=O is at 178.82 ppm. 

-CH20H gives the peak at 67.234 ppm while -oc~~ gives the peak at 

60.033 ppm. The • resonances at 45.126 and 55.034 ppm are assigned 

to C~and Cp respectively. The signal at 1&313 ppm is attributed 

to the CH3 group. 

Fig. 3.24F is the 13c NMR of polyvinylpyrrolidone <PVP>. 

The resonances at 176.9.+ppm is assigned to the C=O group. The C-

N group at the q5)carbon atom of PVP tives the signal at 63.452 
lie 

ppm. Carbons at 4 and 3 position <Fig 3.24F) give the merged sig-

nal at 31.849 ppm. The carb6n at 2 position gives the peak at 

18.505 ppm, while the peak a~ 43.782 ppm is assigned to the 

carbon atom position 1. 
,, 

3.11.2. ,C NMR spectra of IPNs: 

Typical ~~~ NMR spectra of IPNs of TDI and MDI are depicted 

in Fig.3.24 G-J Fig 3.24G is the spectra of a MDI based PU4A-

PMMA 80/20 IPN. A weak signal at 53 ppm may be due to the carbon 

resonance of PMMA. Fig 3.24H is the 13 C NMR of the TDI based 

PU1A-PVP 80/~0 lPN. Weak resonances at 42.42 and 50.44 ppm may be 

attributed to peaks coming from PVP. Also a shift in the carbonyl 

peak is observed. This may be due to the weak hydrogen bonding 

interaction of the pplyvinyl pyrrolidone with the polyurethane in 

the IPN matrix. This was ~lso reflected In the maxima and minima 

of tensile stress as discussed in section 3.4. 
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Fig. 3.241 is the 13 C NMR of MDI based PU4A-PHEMA 80120 lPN. 

All the characteristic peaks corresponding to PHEMA at 66.92, 

59.683, 54.36 and 44.66 ppm are observed. 

Fig. 3.24J is the 12C NMR spectrum of TDI based PU1A-PAM 

80120 IPN. The spectra is· identical to that of polyurethane. The 

resonances of the CH2 and CH carhon atoms of acrylamide are so 

weak that they are merged in the intense peaks of the aliphatic 

region of the polyurethane. 

The NMR spectra therefore, indicate that interpenetration of 

the constituent polymers takes place on lPN formation. Grafting 

reactions of the polyurethanes and vinyl polymers may be ruled 

out. The NMR alio indicate, that a small degree of interaction of 

the constituent networks takes place through hydrogen bonding in 

the polyurethane with the formation of the PU-PHEMA and PU-PVP 

IPNs. 
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INVITRO S1lUDIES 



4.1 

CHAPTER-IV 

During recent years a large number of investigations have 

been undertaken to develop blood compatible biomaterials which 

offer a variety of applications in medicine, surgery and artifi-

cial organs. The physiology of the human body is such that it can 

recognise any foreign surface and promote clot formation on it. 

The question of how the interface triggers clot or thrombus for-

mation is not completely understood. The suggested sequence of 

events (266) at the polymer interface leading to the formation of 

a thrombus is depicted in Fig.4.1. 

Polymer 
r 

Protelnladsorption 

Albumin globulin 

fibrinogen 

of thromboresistance Pl!telet adhesion 

~ 
Platelet aggregation 

fi1in formation 

clot 

Fig.4.1-Sequence of events at the polymer interface 
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In addition, it is also reported that the decrease of intracel-

lular cyclic AMP, the rapid adsorption and desorption of dena-

tured thrombin, hemolysis of red cells, adhered white blood 

celtsrsurface activation of intrinsic coagulation factors •nd/or 

the release of adsorbed fa~ty acids may cause the formation of 

thrombus {95). A thrombus is then the end result of a complex in-

teraction~.of various processes. Several investigations (95,267> 

have' dealt~ in detail with the cascading series of pathways that 

lead to the final formation of fibrin threads. 

The present work deals with the development of a biocom-

patible IPN material. The following sections deal with the ln~ 

vitro studies carried out to estimate the blood contacting potenr 

tial oi -t~e lPN materials. Invitro studies have been recQmr 

' 
mended by the Gu elines of the National Institute of Health 

{2681 mainly for the larger number of samples that can be tested~ 

and ar.Eii not expected to give the complete picture of events at 

the invivo situation. 

/1. .. 1 .. ~Reca.lcification time test: 

.In t~is test citrated plasma is recalcified and clotting 

takes place via.the intrinsic pathway, being initiated by the 

surface activity of the materials of the clotting tube.The recal~ 

cification time obtained fo~ the control platelet rich plasma 

(calf blood) CPRPJ in a glass tube coated with a blood compati~1e 

com~ercial polymer•Tecoflex 60D,the TDI based polyurethane PU4A 

and IPNs of 90 wt% composition of PUlA are given in Table 4~l~ 

The normal range of recalcification time <RCT) reported for 
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TABLE-4. I 

RECALCIFICATION TIME OF TDI BASED lPNS 

----------------------------------------------------------------. . 

Polymer R.C.T. Polymer R.C.T 

aecs. sees 

-------------------------------------------------------~---------

Control PRP 75 PU1A-PMMA 90110 80 

Tece>flex E)OD (8 PUlA-PAM. 90/10 100 

PUlA 78 PI)1A-PHEMA 90/10 86 

PU1A-PVP 90/10 110 

--~,-:-- "": ~ -::---- ~- ~ ~- "';"'-::"'-- ~- ---- ~.--- """': --~- ---- -~-- ----------- .... ----~- ---,--

for the.fuaterJals all fail in the normal range except for PUl:A-

I?:YP 90110. fo.r w.hicb a' slightly prolonged time is e>btained.. ·A 

prqlorig.ing of r:e,calcification time within limits is· considered aa 

an inc~iGat.ip.n .Qf .~·nc::reasing n.onthrombogenicity. A II the 

mater ial.s ... can theref.or~ be considered as. npnthrombogenic. The. 

blood contacting behaviour is e.ither s.imilar .or even. slightly 

better in some cases than the biomedical grade polyurethane used. 

in similar conditions. Reca.l c if ica tion time . for the con t ro.l PRP 

in ~,gla,s.s tube, Tecof l e,K 60D,. the .. MDL. based po.lyurethane PU4A and 

IPNs of 90 wt% compQsii;..io.n of PU4:A are given in Table 4. I I. The 

val\JeS are again, observec,i to be. within the normal I i·mits of RCT 

of domestic animal.s. PU4A w,ith RCT below even the control PRP 

value, ,is . however, observed to be more thrombogenic tb·an .. the 

oi;.h.er JllaterJals. The TDI based IPNs in genert;il, are more non 

' ., 



TABLE-4. I I 

RECALClFlCATION TIME OF MDI BASED lP~S 

4.4 

---------------------------------------~~~--~---------~-~~~~~~~-~ 

Polymer R.C.T. Polymer R.C.T. 

sees. 

---------------------------------------- -~--~-~-----~~ 

Control PRP 

Tecoflex 60 D 

PU4A 

75 

78 

72 

PU4A-PMMA 90/HJ 

PU4A-PAM 90/10 

PU4A-PHEMA 

thrombogenic than the MDI based 

RCT times obtained. eg PUlA-PAM 

PU4A.;..PAM 90if6 has a RCT value o:f 87 

bogenicity of MDI IPNs in ~omparison 

the original thrombogeni~ 

r PN formation with hyd roph i l i c and hydrophobi'e 

have synergistically increased the nor\thP.ombog~rnio oharae,te~ 

the MDI polyurethane. It is also obsel'vect in'l'able 

that incorporation of more hyd roph1Jic monomer <Seetien 

results in an increasing nonthrombogeni¢ character fotr 

The PU-PHEMA IPNs are however, an exceptipn and PUlA-PHEMA 

though more hydrophilic than PUlA-PAM 90/f~ is also more 

bogenic than PUlA-PAM 90/10. Othar 

heterogenous structure of this IPN 

towards such behaviour. 
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4.2. Haemolysis 

This test was conducted mainly to see the effect of the 

materials on the red blood cells. Damage to red cells as a 

result of exposure to foreign surfaces and rheological stresses 

have been reported (270). Indeglia et al also report that the 

canine erythrocytes release several lipids from the cell membrane 

when a flowing suspension of cells is exposed to a foreign sur­

face. The position of red cells in thrombosis is rather unclear. 

However, they can adhere to a surface and if haemolysis (or 

breaking up the red cells with the release of haemoglobulin) oc-

curs, erythrocyte ghosts are formed. Red cells also contain both 

clot promoting factor lerythrocytin) and platelet aggregating 

substance <ADPJ which become available by haemolysis 1267). At­

tempted phagocytosis of the ghost by the platelet triggers 

platelet release reaction (271) leading onto platelet adhesion 

and aggregation. The complex mechanisms of the red cell interac-

tion with surfaces is poorly understood. However, Autian et al 

(2721 report upto 5% haemolysis is permissible for a biomaterial. 

The Table 4. III gives the% haemolysis values of plasma exposed 

to the TDI and MDI polyurethanes and IPNs. The values are 

either less than or near about 2% making the IPNs suitable can­

didate materials for further studies. 
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TABLE-4. III 

PERCENT HAEMOLYSISOF PLASMA IN CONTACT WITH THE IPNS 

< < -----------------------------------------------------------------
S1;1.mple % Haemolysis Sample % Haemolysis 

----~---~------------~-------------------~~-~------~---~---~~-~-

PU,lA 

9Q(l.O 

PlJlA...,P~M 90110, 

PU 1A::-PHEMA 90110 

2.0 

1.8 

1.5 

PU4A 2.3 

PU4A-PMMA 90:110 

PU4A-PAM 90110 

PU4A-PHEMA 90110 1.9 

PU4A-PVP 90110 Gli5 

------ ----- .,......,--- ~ -------- -- --- -,· ---· .._._......._-- ~-- --------..;;...-- ~ """'f" .... - --..;.....;... -..;,..---- ,"'""':-

aggreg~tiort. W<hen ,bLood contacts an, artificial surface, the fm-

meq~aj:~, e,fJeqt is,, protein adsorption, which is folJowi3d by 

~nd plate let .agg,rega t ion. The initial adhesion 

p:r;oc:S,,§.§ c.aJ1ript be ;valfciJY init.iated outside the living Vessel as 

the mechanism is difficult to investigate experimentally. T}te 

process of aggregation on the other hand, can be observed in 

vitro by v,~r i.ous methods :in which it appears to operate much as 

in vjvo{273>. In vitro, humatl platelets are caused' to aggregat~ 

by p.denos ine5' -,diphosphate ( ADP>, adrenaline, 5-hydrox:ytryptamine 

thrpml::>i[l. collag~n. vasopr~ssin, arachidonic acrid and its metabo-

lites, and platelet aotivatitlg factor <PAFJ as well as by 

other ag~nts tess immediately relevant to haemostasis. 

of other mammalian sp~cies ar~a also aggregated by •some 
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agents but not all of them are active in all species (274). The 

mechanisms of the platelet activation, aggregation have been 

reviewed(275,276). Usually the effects of added ADP on platelets 

causing aggregation is studied with reference to differences with 

other agents. A spectqophotometic method (221) is adopted for 

the study of platelet aggregation. The platelet suspension is 

first exposed to the foreign surface or IPN materials. The for-

eign surface could induce changes in the aggregatory properties 

of platelets. The treated. platelet suspension is then induced for 

aggregation with added ADP. The aggregation potential of the 

treated platelet suspension is measured with reference to the 

original untreated platelet suspension. The rate of aggregation 

is measured as the slope of the change in optical density trace 

obtained on adding ADP as in the inset of Fig. 4.2. Fig 4.2 is a 

representative reciprocal plot of the rate of aggregation for 

platelet suspension in contact with different material versus 

concentration of added ADP. The reciprocal of the intercept on 

the ~X> axis gives half maximal saturation concentration <HMSC> 

of the agonist ADP. In other words, it is the concentration of 

agonist required for getting half the maximum aggregation. The 

reciprocal of the (YJ axis intercept gives the R max or the rate 

of maximum aggregation. Table 4. IV gives the half maximal 

saturation concentration values <HMSCJ of the TDI based and MDI 

based lPNs. A Tecoflex 60D material was used as a control 

material. The values of the HMSC for the samples are comparable 

with the values obtained for Tecoflex 600. The aggregatory poten-
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TABLE-4.1V 

ADP INDUCED PLATELET AGGREGATION OF PLASMA EXPOSED TO PU~IPNS 

Polymer HMSC 

ADP flM 

Polymer HMSC 

ADP J1M 

------------------------------------------------~----------------

TECOFLEX 60D 

PIJ1A 

PU.1A-PAM 90110 

PU1A~PVP 90110 

PU1A-PHEMA 90/10 

PU1A-PMMA 90110 

0.95 

0.90 

0.99 

1. 0.8 

1. 15 

1.4.3 

PU4A 

PU4A-PMMA 90110 

PU4A-PAM 90110 

PU4A-PHEMA 90/10 

PU4A-PVP 90/ 10 

0.80 

0.85 

0.96 

0.98 

1. 12 

tial of. the lEN materia.ls can therefore be termed as equivalent 

or ev.en .slightly less than the Tecof lex materiaL The platelet 

aggregafarj( properties .of the MDI based polyurethane PU4A and an 

IPN, PU4A-PMMA 90/10 and TDI based polyurethane, PUlA are ob­

ser~,>ed to be more than that of Tecoflex 60D. due to the lower 

value of. HMS~ obtained for these two materials. A lower value of. 

HMSC indicates Jess amount of ADP is needed for aggregation of 

plate lets. This could be a consequence of the material interac~ 

tion with th' platelets lead~ng to the early release o.f ADP 

and henp.e, less amount of. added ADP is required fo.r subsequent 

aggregation in comparision to the reference untreated platelet 

suspension. Higher amount of HMSC within J.imits can mean that the 

material h~s better platelet contacting properties. The materials 
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with the exception of PU4A and PU4A-PMMA90/10 can therefore be 

considered as candidates for potential blood contacting applica­

tion. 

A point to be noted in the context of invitro studies is 

that the tests cannot accurately predict that a surface will turn 

out to be bland and unreactive in vivo in long term use. The use 

of invitro static and dynamic tests for assessment of blood 

material interactions is controversial (268). However, there is 

general agreement that invitro tests are most useful in detec-

tion of artificial surfaces that are highly reactive with various 

blood components and produce rapid activation of the blood 

coagulation sequences or other blood cells markedly. 

4.4. Stability in phosphate buffered saline: 

Fig.4.3 shows the tensile stress changes of the TDI based 

polyurethane PUlA and IPNs of 90 wt% co•position of PU1A.The ten­

sile stress is only nominally decreased. Fig.4.4 shows the corre­

sponding changes in percent elongation at break for the same mat-

erials. Slight increases of elongation are observed in some IPNs 

The changes in both the tensile stress and % elongation at break 

fall within the standard deviation limits, so it can be concluded 

that practically no change takes place on exposing the TDI based 

IPNs to an aqueous environment.Fig.4.5 and Fig 4.6 are the change 

n tensile stress and per cent elongation at break for the MDI ba­

sed polyurethane, PU4A and the IPNs of 90 wt% composition of PU4A 

respectively. Again no substantial changes occur suggesting that 

both MDI and TDI IPNs are quite stable in an aqueous environment. 
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Chapter V 

5.1 Toxicological Analysis of Materials: 

5. L L Acute systemic. injection test: 

5.1 

This test i.s an acute toxicological test useful to dete.ct the 

p~es•n9e of injurious leachab}e substances in a material. Mice 

subjeqted .to t}le systemic; injection test with the extracts of the 

test materials, (as reported in Chapter II>, showed no signs or 

SYillptoms st,tgges ti ve o.f systemic toxicity up to 7 daYs. They were 

alert, actjv.e. and normal in their habits and feeding. There was 

no chan~e in, .t:he bel'J"}v :Lot,tr or loss .of body weight of these 

those .the control group which received either, 

IP or refined cotton seed oil, the 

I.ntracuta.ne.ous irritation te.st: 

The intra.cutaneous test carried out in rabbits with the ex­

traG:ts of sodium chloride injection IP and refined cotton ·seed 

o~l did not elicit significant erythema, oedema or necrosis sug-

gestive of cutaneous irritation. The scores obtained for the 

test s~mptes were well comparable to thbse~of dbntrol. 

The I?esu l ts of the two tests de. tailed above i rid icate that 

aLs are devoid of gro.ss toxicity and show 

consid.eration. aS. biomaterials. 
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5.2. Biostability: 

Prolonged contact of a biomaterial with biol.ogical systems 

often results in alterations of the chemica1 and physical 

properties of the biomaterial. There are few biomedical appli~a-

tions such as absorbable sutures or some controlled drug release 

systems, in which biodegradation of the material is a desirable 

characteri~tic, but it is undesirable for most applications. 

Biodegradation and/or biotransformation may take the form of 

biological molecules attaching to, or penetrating into, the 

polymer or of biological reactions altering the polymeric struc-

ture of the material. The result may be an increase or decrease 

in crosslinking, degradation, or fragmentation of polymer chains 

with a concomitant change in physical, mechanical and biocom-

patibility characteristics. These degradation products,when they 

·are not assimilated, may initiate or participate in local or sys-

temic toxic reactions, 

verse effects. 

hypersensitivity reactions or other ad-

In general, invitro tests are of little value, in accurately 

estimating, the performance of materials in the complex biologi-

cal environment. In the present study, the IPNs were implanted 

for a post implantation period of three months in subcutaneous 

pouches of wistar rats. properties of the 

materials before and after implantation were evaluated to es­

timate the changes in properties of the material on implantation. 

The changes in mechanical properties are a reffection of the 

changes in the micromorphology of the materials. 
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5.2.1. Changes in the mechanical properties of TDI bjsed IPNs: 
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TABLE-5. I 

PERCENTAGE CHANGES OF MECHANICAL PROPRETIES ON IMPLANTATION 

Polymer 

TECOFLEX 60D 

PUlA 

PUlA-PAM 90/10 

PU1A-PMMA 90/10 

PU1A-PVP 90/10 

PU1A-PHEMA 90110 

PU4A 

PU4A-PAM 90/10 

PU4A-PMMA 90110 

PU4A-PVP 90/10 

PU4A-PHEMA 90/10 

% Decrease of 

Tensile stress 

35 

20 

18 

1 

1 

15 

10 

12 

23 

28 

14 

% Increase of 

Elongation 

20 

0 

13 

22 

19 

27 

17 

27 

78 

30 

21 

ogy of the PUiA-PHEMA 90/10 IPN as realised by DMA studies 

(section 3.5) is a heterogenous one. The heterogenous structure 

could account for the degradation of this lPN. 

The homopolymer, polyurethane PUlA has the maximum per cent 

decrease of tensile stress with practically no change in elonga­

tion. The polyurethane may therefore be undergoing considerable 

chain scission reactions in the hostile physiological environment 
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ment. A linear biomedical grade polyurethane Tecoflex 600 also 

showed CFig.5.3 and5.41 a substantial decrease of tensile stress 

and increase of elongation. Modification of polyurethane 

homopolymer to IPN structures may therefore serve to reduce the 

extent of invivo degradation. 

5.2.2. Changes in the mechanical properties of MDI based IPNs: 

Fig.5.3 and Fig.5.4 represent the change in tensile stress 

and chan n elongation on implanting the MDI based polyurethane 

PU4A and the IPNs of 90 wt % composition of PU4A. The changes of 

the biomedical grade polyurethane Tecoflex 60D is also included 

in the figures for comparision. In comparis on to the TDI 

polyurethane, the MDI polyurethane seems to possess better 

stability as the percent decrease of tensile stress is less for 

the PU4A. It is also accompanied by relatively increased elonga-

tion. However, the MDI based IPNs have relatively decreased ten-

sile stress in comparison to the TDI based IPNs especially in 

case of the PU4A-PVP 90/10 iPN and PU4A-PMMA 90110 IPN. The PU4A 

-PMMA 90/10 IPN shows a substantial increase of elongation <Table 

5. Il which could be due to the plasticizing action of biological 

mol~cules. This plasticizing action could contribute to the 

decrease of tensile stress. The fact that increase of elongation 

of the PU4A-PVP 90/10 lPN is comparable to that obtained for 

other IPNs, indicates that plasticization alone could not be 

responsible for the decreased tensile stress. The structure of 

the PU4A-PVP 90/10 IPN is considered as a lamellar one (section 

3.4). PVP being a hydrophilic polymer could selectively absorb 
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water leading to structural reorganisation of the lamellar struc-

tuare. The structural reorganisation could result in phase 

separation and decrease of tensile stress. So plasticization and 

phase separation could together contribute to the decrease in 

tensile stress for PU4A-PVP IPN and there may not be much 

degradation. In general, all the TDI and MDI based IPNs, are 

quite stable in the biological environment. The degradations ob-

served in certain IPNs, as discussed above,are minor. The changes 

of tensile stress can be mainly attributed to plasticizing action 

of water and biological molecules. 

5.3. Histopathological studies: 

Implantation techniques primarily are used for safety (or 

biocompatibilityl assessment of materials or devices that will be 

ih contact ~ith subdermal and soft parenteral tissues. The test-

ing of a new biomaterial in man, regardless of its proposed spe-

cialized use, usually follows the gross and microscopic examina-

tion of the response to the material implanted in test animals. 

The extent and duration of the acute and chronic inflammatory 

response evoked by subcutaneous or intramuscular implants an-

ticipates the response to them in parenchymal organs or other 

specialized sites (278). Furthermore, the extent and duration of 

the inflammatory response are more or less similar in rodent, dog 

rabbit or in primates, allowing inferences to be obtained for 

the anticipated responses in man (279). 

5.3.1. Histopathological evaluation of TDI based IPNs: 

The tissue responses to the TDI based IPNs are scored as 
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per the method of Turner et al ( 225) , for their histological 

criteria ( Table 5. II-5. IV>. Other parameters evaluated were cal­

cification, necrosis and haemorhage. The thickness of the fibrous 

capsule was also noted. The necrosis varied from mild to moderate 

while there was neither haemorhage nor calcification in any of 

the samples. The mean fibrous capsule thickness was 20 pm for 

a I 1 the samples. The responses were further classified into 

either inflammatory or connective tissue responses. A 

predominance of neutrophils in the inflammatory reaction is 

termed as an acute inflammatory response designated (A) • A 

response with macrophages, lymphocytes and plasma cells is termed 

as a chronic inflammatory response (8), which may be without 

g ian t ce I 1 s or w i t h g ian t c e 1 1 s ( C l . Presence of a response with 

eosinophil {Dl would indicate hypersensitivity. Connective tissue 

responses are the combination of a cellular response consisting 

of a predominance of fibroblasts and fibrocytes IE) or a col-

lagenous response which consists of mainly collagen fibres with 

sparse fibrocytes IF). The total reaction is summed up based on 

the relative increase of A,B,C,D,E or F. The summing up of the 

response is also carried out following a numerical rating system 

<Table 5.Vl where + = 5, + =10, 2+ = 20, 3+ = 30 etc. The 

numerical scoring system is advantageous to distinguish the 

tissue response to different materials. 

The results of 7 day post implantation study of the TDI bas­

ed IPNs of 90 wt% PUlA, polyurethane 'PUlA and a control biomedic­

al grade polyurethane Tecoflex 60D, are summarised in Table 5. II. 
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TABLE-5. I I 

7 DAYS POST IMPLANTATION OF TDI BASED lPNS, 

HISTOPATHOLOGICAL EVALUATION OF ADJACENT MUSCLE. 

His topa tho logy Control PUlA PUlA- PUlA- PUlA- PUlA-

PMMA PAM PHEMA PVP 

90/10 90/10 90/10 90/10 

Neutrophil s-A + + + + + + 

Macrophages 2+ .3+ 4+ 3+ 3+ 3+ I 

Lymphocytes B + + + + + 0 

Plasmacells 0 + + + 0 + 

Giant ce II s c 2+ + 3+ + + 3+ 

Eosinophi 1 s D + 2+ + 3+ 3+ 2+ 

Fibroblasts E 3+ 4+ 4+ 3+ 4+ 4+ 

Fibrocytes F + + + + 0 + -
Fatty infiltrate 0 + 0 0 0 0 

----------------------------------------------------------------
Scoring based on a 0 to 4+ scale, 0 = item not present. 

~ = item occasionally present. + = item present to a mild degree. 

2+ = item present to a moderate degree. 3+ item present to a 

marked degree. 4+ = high degree. 

A - acute inflammatory response,B - chronic inflammatory response 

C chronic inflammatory response with giant cells,D-hypersensit-

ivity,E- connective collagenous tissue response.F connective 

cell~lar tissue response. 
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The tissue responses for all the samples as well as the con­

trol can be seen to be a mixture of inflammatory and connective 

tissue type. Various studies t280) of tissue response to im-

p 1 anted-maT:eria1 s have indicated neutroph i I mi gra ti on into the 

wound site following implantation. And~rson C280J has stated 

that the preferential migration of neutrophils mediated through a 

chemotactic stimulus is a well known characteristic of the acute 

How·ever; monocytes and lymphocytes also 

migrat.e into the wound 5iite during the seven day period after im-

plantation and macrophages are also reported (280) to be present 

at their highest concentration during the same period. 

Hence the classification of the inflammatory reaction as 

acute or chronic is erroneous at this period. The 

photomi crbgraphs C Fig. 5. 5 and 5. 6 J of t.he tissue responses around 

the contro 1 and a respres.enta t i ve test materia 1 PU.!A...;.PAM 90/10 

indicate that the r~spon~es are similar~ Similar responses .as 

observed for the materials of this study have also been reported 

for ot-l'ler biocompatible materials <281). 

Histopathological findings of tissue sfte around implants 

for a post implantation peri~~ of one month are given in Table 

5.III. Neutraphils are absent indicating the end of the acute 

inflammatory phase. Inflammation is still evident in the form of 

lymphocytes and macrophages as well as few ~iant cells around 

samples, PUlA and PUlA-PAM 90110. However, fibrocytes along with 

collagen tending to form a capsule around implant is also seen 

[Fig 5. 7 CA-C l J. 





B 



g. 5.7:Tissue response of po1yurethanes and TDI based IPN a t 

one month. A-Control po1yurethane,B-Po1yurethane,PU1A, 

C-PU1A-PAM 90/10 IPN. 
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Fig. 5.5 Tissue response of control polyurethane at 7 days 

Fig. 5.6 Tissue response of PUlA-PAM 90110 IPN at 7 days. 



5.l5 

A 
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c 

Fig. 5.7:Tissue response of polyurethanes and TDI based lPN at 

one month. A-Control polyurethane,B-Polyurethane,PUlA, 

C-PU1A-PAM 90/10 lPN. 
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TABLE 

2+ 2+ 

0 + + ·o 
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Anderson ( 280) has speculated that foreign body giant cell 

formation is a function of polymer chain mobility at the surface 

which facilitates the motility of macrophages and their sub­

sequent fusion to form foreign body giant cells. The low glass 

transition temperatures of the TDI based polyurethane and IPNs as 

discussed in section 3.6 could be an indication of the greater 

segmental mobility of the IPNs. This factor could be contributing 

to the presence of giant cells as speculated by Anderson (280). 

Table 5.Y gives the numerical rating for characterising the 

tissue response. The connective tissue response rating which is 

indicative of the repair process is either equal to or more than 

the inflammatory response rating in case of the IPNs. The con-

nective tissue responses are however, slightly lower than the in­

flammatory responses for the control polyur.ethane and the syn­

thesised polyurethane. Hence, at the end of one month the 

responses of the IPNs indicate them to be more biocompatible than 

the polyurethanes studied. 

The post implantation studies <Table 5. IV> of the TDI based 

IPNs at the end of the 3 months period showed that the inflam-

matory responses had subsided. However, some neutrophils are 

noted for the polyurethane PUlA. The PUlA-PAM 90/10 IPN and 

PUlA-PHEMA 90/10 IPN also show some lymphocytes which are nor­

mally associated with an immune response <123). 
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TABLE-S. IV 

3 MONTH POST IMPLANTATION OF TDI BASED IPNS, HISTOPATHOLOGICAL 

·-·~-----~-"-~-'--·--.c---···~-'·-~-·~EVALUAT ION OP~ ADJACENT MUSCLE 

H:i~st;~atho . .,. Control PU 1A PU 1A-PMMA PUlA-PAM ·pu 1A-PHEMA PU 1A-PVP 

90/10 90/10 90/10 90/10 
h '! 

o. 0 0 

;t + 0 

.;t :2+ 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 0 

+ 2+ + 2+ 0 

+ 2+ + + 2+ + 

·Fatty- + 0 0 2+ + + 

infiltration. 

----------------------------------------------------------------~ 
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TABLE-5.V 

NUMERICAL RATING FOR TDI BASED lPNS 

----------------------------------------------------------------
3 month implantation 

30 

40 

3+ = 30, 4+ = 40 

B + C 

0 5 
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The numerical rating in Table S.V indicates that in all 

cases the repair reaction is more than the inflammatory response 

for all samples. PU1A-PMMA 90/10 IPN and PU1A-PVP 90/10 IPN show 

a completa absence of inflammatory response and also have a mini-

mum connective tissue response. Connective tissue responses 

though favourable for encapsulating a material and rendering it 

more inert, should not indefinitely increase so as to form a very 

thick capsule. The minimum connective .tissue response at 3 month 

period for the PU1A-PMMA 90/10 IPN and PU1A-PVP 90/10 IPN can 

therefore be considered as the reactions of more biocompatible 

and inert materials. 

A comparison of the numerical rating of responses at 1 month 

and 3 months <Table S.V> indicate that the inflammatory response 

rating of one month is reduced for all the samples except PU1A­

PHEMA 90/10· at the end of 3 months. The connective tissue 

response rating of all the samples, except PUlA and PU1A-PHEMA 

90/10 IPN, is also reduced by 3 months. Hence the PUlA and PU1A­

PHEMA 90/10 can be termed as more reactive to the tissue when 

compared to PUlA-PVP 90/10 or PU1A-PMMA 90/101PN or the control 

polyurethane. The sample PUlA-PAM 90/10 lPN shows more reac­

tivity to tissue than PUlA-PMMA 90/10 or PUlA -PVP 90/10 on ac­

count of the presence of some inflammatory response. However, 

the PUlA-PAM 90/10 is less reactive in comparison to the PU1A or 

PUlA-PHEMA 90/10 lPN. Among the PU1A and PUlA-PHEMA 90/10, though 

the response rating of PU1A is better than that of PUlA-PHEMA 

90/10 on account of a lower rating of inflammatory response, the 
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. 5.8: T i s s u e responses of po1yurethanes and TDI based IPNs a t 

Dnths. A-PU1A, B-PU1A-PMMA 90/10, C-PU1A-PAM 90/10, D-PU1A-

1A 90/10, E-PU1A-PVP 90/10, F - C o n t r o l Tecof1 ex 60D. 
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p r e s e n c e o f n e u t r o p h i l s f o r PU1A i n d i c a t e s t h a t PU1A c o u l d be 

more r e a c t i v e t h a n PU1A-PHEMA 90/10. 

I n a l l t h e c a s e s , a t h i n c a p s u l e c o n s i s t i n g o f m a t u r e c o l ­

l a g e n w i t h few f i b r o c y t e s i s seen s u r r o u n d i n g t h e i m p l a n t . 

F i g . 5 . 8 ( A - F ) a r e t h e p h o t o m i c r o g r a p h s o f t h e samples f o r t h e 

t h r e e month p o s t i m p l a n t a t i o n p e r i o d , s h o w i n g t h e c a p s u l e f o r m a ­

t i o n . The t h i c k n e s s o f t h e c a p s u l e was f o u n d t o v a r y b e t w e e n 20 

urn t o 30 um. T h i s t h i c k n e s s i s r e p o r t e d ( 2 8 2 ) t o be o f i d e a l 

g r a d i n g f o r b i o c o m p a t i b i 1 i t y . 

5.3.2. H i s t o p a t h o 1 o g i c a 1 e v a l u a t i o n o f MDI based IPNs: 

The 7 day i m p l a n t a t i o n c h a r a c t e r i s i n g t h e a c u t e i n f l a m ­

m a t o r y phase i s more o r l e s s s i m i l a r f o r a l l p o l y m e r s and i s 

d e t a i l e d i n s e c t i o n 5 . 3 . 1 . 1 month p o s t i m p l a n t a t i o n s t u d y ( T a b l e 

5 . V I ) i n d i c a t e t h a t n e u t r o p h i l s a r e a b s e n t e x c e p t f o r a few i n 

cas e o f PU4A-PMMA 90/10 IPN. Macrophages and l y m p h o c y t e s a r e ob­

s e r v e d a r o u n d a l l t h e samples i n d i c a t i n g t h a t i n f l a m m a t i o n i s 

s t i l l p r e s e n t . The r a t i n g f o r t h e i n f l a m m a t o r y r e s p o n s e o f t h e 

MDI p o l y m e r s a t 1 month g i v e n i n T a b l e 5.VI I i n d i c a t e s t h a t t h e 

i n f l a m m a t o r y r e s p o n s e i s more t h a n t h e c o n n e c t i v e t i s s u e r e s p o n s e 

f o r a l l t h e IPNs e x c e p t PU4A-PMMA 90/10. Though t h e c o n n e c t i v e 

t i s s u e r e s p o n s e w i t h t e n d e n c y t o f o r m c a p s u l e i s p r e s e n t , t h e i n ­

f l a m m a t o r y r e a c t i o n s a r e more p r e d o m i n a n t . F i g 5.9 (A-C) d e p i c t 

t h e c h r o n i c i n f l a m m a t i o n a r o u n d t h e MDI i m p l a n t s a t one month. 
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C 

5.9: T i s s u e responses of MDI based IPNs a t 1 month. A-PU4A, 

4A-PVP 90/10, C-PU4A-PHEMA 90/10. 
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TABLE-5.VI 

ONE MONTH,POST IMPLANTATION OF MDI BASED IPNS, Hl$TOPATHOLOGJCAL 

EVALUATION OF ADJACENT MU.SCLE 

PU4A-PHEMA PU4A-:-PVP 

90/10 90/10 90110 901 

-~------~~--~-----~----~~-~-----~---~--------~----------

Neyt;rophtl?>~A 0 

Mac:rOphj:i.gef§l 2+ 

Ly111phoc:ytes~B + 

Fi b:rq.cy: tes.,F 

Fatty-

infi J trati.on 

0 

+ 

+ 

0 

0 

0 

+ 

+ 

+ 

+ 

0 

0 

0 

+ 

2+ 

0 

0 

2+ 

+ 

+ 

0 

0 

2+ 

0 

0 

+ 

2+ 

0 

+ 

+ 

+ 

+ 

0 

0 

0 

3+ 

0 

0 

0 

+ 

+ 

0 
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TABLE-5.VII 

3 MONTH POST IMPLANTATION OF MDI BASED lPNS, HISTOPATHOLOGICAL 

EVALUATION OF ADJACENT MUSCLE. 

Histopatho- Control PU4A PU4A-PMMA PU4A-PAM PU4A-PHEMA PU4A-PVP 

logy 90/10 90/10 90/10 90/10 

----------------------------------------------------------------
Neutrophil s-A 0 0 0 0 0 0 

Macrophages 0 2+ 0 0 0 0 

Lymphocytes-a + 2+ 0 + + + 

Plasma cells 0 0 0 0 0 0 

Giant cells-C 0 0 0 0 0 0 

Eosinophils-D 0 0 0 0 0 0 

Fibroblasts-E + + + + + + 

Fibrocytes -F + + + + + + 

Fatty- + + 0 0 + 0 

Infiltration 
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NUMERICAL RATING FOR MDI BASED lPNS 
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1 month implantation 3 month implantation 

Samples 

Control 

PU4A 

PU4A-PMMA 90/10 

PU4A-PAM ~0/l,O 

PU4A-PHEMA 90110 

Inflammmatory Connec-

response 

35 

20 

25 

35 

35 

30 

tissue 

response 

30 

20 

30 

30 

20 

20 

Inflammatory 

response 

10 

40 

0 

10 

10 

10 

Connec­

tissue 

response 

20 

20 

20 

20 

20 

20 

At the end of the 3 month period, the inflammatory responses 

for all the materials except the homopolymer PU4A have subsided 

and a thin capsule is laid down Fig.5.10<A-Dl. Mean thickness of 

capsule is around 30 urn so the materials can be termed to be 

biocompatible as in case of TDI based IPNs. The responses given 

in Table 5.VII indicate that some lymphocytes remain in case of 

all s••p1e• except PU4A-PMMA 90110 lPN even after 3 months. Lym­

phocytes are round 5-10 urn cells de~ived both from the bone mar­

row and from lymph nodes.They are characteristically present at 
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D 

F i g . 5.10: T i s s u e responses of MDI based IPNs a t 3 months. 

A-PU4A, B-PU4A-PMMA 90/10, C-PU4A-PHEMA 90/10 ,D'PU4A-P VP 

90/10. 
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materials prepared utilizing this concept. According to this 

concept, the interfacial free energy of the material surface 

should be 0. This concept has however, not been correlated to 

invivo tissue responses. The 3 month post implantation his-

tological responses of the TDI based IPNs indicate that PUlA-PVP 

90/10 and PUlA-PMMA 90/10 IPNs are most inert and PUlA-PAM 90/10, 

PU1A~PHEMA 90110, PUlA are slightly bioreactive. The surface 

properties of· the TDI IPNs as discussed in section 3.7 indicate 

that PU1A-PMMA 90/10 IPN is the · most hydrophobic and PUlA-

PVP90/10 IPN is the most hydrophilic while PUlA-PAM 90110 IPN, 

PU1A-PHEMA 90110 IPN and P01A are having intermediate hydrophobi-

city or hydrophilicity. The interfacial energy of the PUlA-PMMA 

90110 IPN (section 3.7) is 5.674 dynlcm. Hence the requirement 

for blood compatibility· that interfacial free energy (Osw> should 

be 0 may not have much significance for the correlation of tissue 

responses. Moreover, PUlA-PAM 90/10 and PUlA-PHEMA 90/10 with 

rsw of 1.619 dynlcm and 1.633 dyn/cm respectively are relative)y 

more reactiva than PUlA-PMMA 90/10. It could therefore be specu-

lated that the relative hydrophobicity or hydrophilicity of the 

surface may be a more important factor determining the tissue 

response. In the case of intermediate hydrophobicity or 

hydrophilicity, other factors may also come into play in deter-. 

mining the tissue response. Some neutrophil is observed 

<TableS. IVJ with PUlA during 3 months, Woodward et al (283) also 

have observed neutrophil infiltration for weeks after sub-

cutaneous deposition of methyl 2 cyanoacrylate. The presence of 



the neutroph i 1 s have be'ein att:ribeted t282} to be from a variety of 

circumstance, eg~ infect ±.on, degradation of bioma tar ials or ex ten:,.., 

s i ve ,necrosis of tissue due to other causes. The PU 1A undergoes 

so.me. degradatf.on as di$.cussed in section 5.2.1. The emergence of 

n~E!utto"phils f.or PUlA could therefore be due to. this degrc:fda-; 

The increased connective tissue response rat i·ng of 

rrtontf'!s <Table 5. V l could be aimed .c:i.t· 

effi.cien t.ly. PU 1A-PHEMA 

degradation and has a total :i. rtf la:mma tory 

8 mocn;ths <Tabl'e 5.V) is .PU1A,-,PHEMA 901;1.0 •. 

i9DitO is the sequential lPN which is synthesised by 

ing the polyurethane with HEMA monomer as discussed in 

process increases the volume fraction 

the dimensional changes involved. 

cUring and extraction methods result 

re13ultant pore size of the PU1A'-PHEMA 90110 

be different from that of the other 

material though very biocompatible (284> has 

been J.<nowh to elicit tumorogenesis and calcification <285) 

used in porous form,The increased inflammatory response for 

PU1AtPHEMA 90110 IPN could thus .be a result of the 

p.orosity and the minor degradation. 

Tbe o~der of ine~tness for the TDI based 

taking. into account all the above mentioned factors could 

fore be. PUlA-PMMA 90110 = PU 1A PVP 90110 > PU 1A-"PAM 90/10 

-PHEMA.90110 



ln case: of the MDI based polymers as discussed in sectio,n 

5.3~2., lympnooytes are observed at the 3 month period. which i$ 

attributed to. the slight degradation of the PU4A and its IPNs 

The rating response is similar for all the 

probably due to the influe~ce of 

th~ conne·cti.ve tissue response rating 

or IIJore encii;psutation.· No attempt has 

H ··'b~e;ri.:~;.;.:~ac:fer· ·to z;t-ettict th~ trend of· inertness for these .. 

-Howe~, owing to· the presence of these lymp}'ugcytes in 
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AND 
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6. 1 

CHAPTER-VI 

Summary and Conclusion: 

The thesis compr~ses the author's efforts to synthesise and 

evaluate polyurethane based interpenetrating polymer networks f.or 

biomedical applications. Interpenetrating polymer networks 

\IPNs.J of polyurethane and vinyl polymers having varying relative 

hydrophobicity and hydrophil icity have been synthesised. The 

IPNs synthesised a.re polyurethane-polymethylmethacrylate, <PU .... PMM.A 

polyu~&thane-acrylamide ( PU-PAM) • polyurethane polyvinylpyr-

rolidone <PU-PVPl and polyurethane-poly 2-hydrox:y ethylmethacry­

late <PU-PHEMA). Different polyurethanes were prepared by varying 

the polyq1s, isocyanate& and the NCO content. Varying combina-

tTons bfweigtit of polyurethane and vinyl polymers were used to 

prepare the different IPNs. The chapter I I comprises the details 

of the synthetic procedures and the experimental details of the 

characterisation.. .The procedur.es used to study the invitro blood 

cgm}?~t:~l::liLityand stability and in vivo biocornpatibility and 

biostc.tJ?i Lft,Y are. aLso discussed. 

Chapter Ill summarises the results and discussion of the 

characterisation of the synthesised IPNs. The IPNs were found to 

be quite stable in a wide range of solvents.The infra red spectra 

and NMR spectra demon~trated that there was no chemical interac-

tion between constituent networks.The mechanical properties of 

the IPHs were seen to be influenced by extent of crosslinking of 



and nature of 

of poJ.ymer 2. 



J 

transition .beb•viQ~(l., 







6.6 

hydrophobicity and hydrophilicity and any accompanying degrada-

tive,piocess. 

several IPNs have been synthesised and 

physi~ochemical characteristics and biocom-

'rhese could be utilized for use as 

the; appropriate response reqiilreEt. 

the TDl based PU1A.,.PVP 90/H) 

~Hi th PU1A~PM:f4A :.9;0110 

and PU1A-PVP 90/10 

Its can be tai lQl" ma·d'e. 
_Z't~'-j_ ,{ --gr .J J' /{ ''l:_<'i'' 

t;,;¥~~.J~~-~iJ~ 1 i ty .. requir:em.:e:~it;.s'. 
main 1 y · concer.ne.d wit'h 

\;>e utiliZied. 

Other parameters to. G'El 

Further, though the 

tn;vivo .blood corttacting applieaf..io.ns · 

This' is mainly_ to assess the blo~i:i con-_ 

flowing conditions and in 

fiowerver, the ll?·N~ could be us•t;l as 

· ing · a~pl ications.··· 
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APPEND I X-C 

LIST OF ABBREVIATIONS 

PU - Polyurethane 

PTMG - Polytetramethylene glycol 

PPG - Polypropylene glycol 

TDI - Toluene diisocyanate 

MDI - Diphenyl methane diisocyanate 

TMP - TTi methylolpropane 

PUlA - Polyurethane of PTMG{molecular weight=10101,TDI~TMP 

NCO/OH = 1.09 

PU1B - Polyurethane of PTMGimolecular weight=1010l,TDI,TMP 

NCO/OH = 2.01 

PUZA- Polyurethane of PTMG<molecular weight=2000l,TDI,TMP 

NCOIOH = 1. 09 

PUZB - Polyurethane of PTMG<molecular weight=2000l,TDI,TMP 

NCOIOH = 2.01 

PU3A -Polyurethane of PPG<molecular weight=ZOOOJ,TDI,TMP 

NCOIOH = 1.09 

PU3B - Polyurethane of PPG{molecular weight=20001,TDI,TMP 

NCOIOH = 1. 68 

PU4A -Polyurethane of PTMGimolecular weight=1010l,MDI,TMP 

NCOIOH = 1.09 

PAM - Polyacrylamide 

PMMA - Polymethylmethacrylate 

PHEMA- Poly 2-hydroxyethyl methacrylate 



PVP -Polyvinylpyrrolidone 

BOP - Benzoyl peroxide 

AIBN - Azobisisobutyronitrile 

Dibutyl tin dilaurate 

glycol Jimethacrylate 

spectrosccOpY 

phosphate 

dextrose 
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