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SYNOPSIS
Segmented polyurethane (PU) due to the unique ©properties
arising from the phase segregation, is one of the widely sought
material for medical application. Graft copolymers of

polyurethanes due to the improved biocointeraction have also been

used as biomaterials.’ The behaviour of these types of materials
in bioenvironment has therefore been addressed widely. One
aspect which has seldom been studied in this connection, is the

absorption and diffusion ofAsmall molecules found in body fluids,
particularly in blood. The information so far available on the
- diffusion of blood components through polyurethane and graft
cbpolymers of PU in connection with the structural features is
séanty.

The thesis proj;cts the author'é effort to wunderstand the
diffusional aspects of low molecular weight molecules found in
blood, specifically lipids, (i) through polyurethanes’as a func-
tion of structural aspects, (ii) in d;awn polyurethanes to under-
stand the influence of altered morphology on diffusioﬁ and
(iii) the diffusion in graft coﬁolymers of polyurethanes.

Chapter 1 re;iews varied applications of polyurethanes and
graft copolymers of polyurethanes, as biomaterials. The chapter
also highlights the interaction of the materials with blood and
associated interfaciél proBIems. The problem of diffusion pf
blood lipids in polymers are also surveyed.

Chapter 2 deals the objective and scope of the investiga-
tions.

Xxiv
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_However, deviation in experimental absorption from those~pr9vided
by the equation, was noted in materials having more hard segment
coﬁtents which has been tentatively explained as due to more
phase mixing resulting in the restriction of soft segment
mobility.

Activation energy for the diffuéion was found to increase
in materials having more hard segments. This is ihdeed expected
in the sense that hard domains acting as physical crosslinks
restricts the segméntkmobility there by increasing the energy for
 creating adequate space for the diffusion. The section 2 also
deals with the diffusion of the components in stretched and
relaxed polyurethanes. Both diffusion coefficients and extent of
absorption decreased in these polymers. @ The reduction of these
parameters have been visualized in terms of the altered morphol-
ogy of the polymers induced by stretching.

Section 3 discusses the effect nature and molecﬁlar weight
of polyols used as soét segment. The absorption of the diffusants
was found to be influenced by the molecular weight and naturé of
the polyol part of polyurethanes. The dependence of these
aspects have been explained from thermodynamic aspects.

In addition to the polymer characterigtics, the diffusion
was also determined by the nature of diffusing species namely
geometry, molecular weights etc. The’extent of absorption \was
less for rigid molecules like cholestrol while for linear
molecules like stearic acid it was found to be more in all
polymers.

xvii




The section 4 provides the results and discussion of the
diffusion in graft copolymers. The extent of ébsorption of the
diffusants was found to decrease with % grafting of PHEMA, PNVP
and PMMA. The theoritical % grafting required to arrest the dif-
fusion obtained from graphical plots of % absorption versus %
grafting Qere comparable with that of the experimental results.
These values were found to vary exponentially with hard segment
content. A relationship has been proposed which enables the pre-
diction of extent of grafting required to arrest the diffdsion.
On the other hand in hydrophobic and flexible P(MA) and P (BA)
grafted material, absorption reduced initially and then began to
increase with the increased % of grafting. The reduced absorp-
tion of the diffusants in the graft polyﬁers is attributed to the
lessend segment mobility. The enhancement of absorption with in-
creased grafting in P(MA)-g-PU and P(BA)-g-PU can be due to the
formation hydrophobic regions with segmenf mobility at the ex-
perimental temperature. The grafting of binary monomers
(BA+HEMA), used to study the ’simultaneous effect of flexible
poly (BA) and rigid poly(HEMA) on the diffusion. In this case
also the extent of absorption was found to decrease with increase
in % of grafting.

Section 5 sketches the absorption behaviour of
polyurethanes, and graft copolymers from the mixture of biologi-
cal components. The results obtained for the absorption of the
components, from wvarious media such as silicone o0il, phosphate
buffer and sheep‘s blood were presented. The wvariation 1in the

xviii



absorption profile of the components from medium to medium was
é#ﬁlained in terms of interaction of the components with medium
as well as with the polymers.

Chapter V draws the conclusion and future prospects. The
diffusants were found moving‘oniy to the soft segments. However,
the extent of absorption was found to vary exponentially with -the
percentage of soft segment ratherkthan linearily in linear seg-
mented polyurethanes. This behaviour has been traced.,to ‘the
phaée mixing 1in the polymers.: The reduction in absorption in
.drawn polymers has been attributed to the stretch induced changes
like the‘enhanced phase mixing. In graft copolymers having rigid

component like poly(HEMA), P(NVP) and PMMA the absorptfon was

found to decrease linearily with increased % of grafting. A non-

linear wvariation in absorption was observed in materials grafted
with hydrophobic and flexible P(BA)}) -and PMA. The absorption
data, in general, indicate segment mobility is the major factor

determining the diffusion.
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autograft 1is a proven procedure, but donor site morbidity has
been a problem of concern. Other forms of organ and graft
transplantionare still plagued with probiems related to the donor

availability, immunccompatibility, tissue preservation and func-

tional reconstitution. The use o

-ty

synthetic materials, as im-

palants has, there

fare, become a2 logical and promising alterna-
tive to modern surgical practice.
1.1. Polymers as biomaterials.
The application of synthetic polymers to medical problems

1

caralleled the development of synthetic polymers themselves.

3

has

b

However serious study of synthetic polymeric materials for medi-
cal application did not begin until the early 1950s. During this

&
=1

period, a basic understanding of toxicology and biodegradability

m

was developed and success in applying these to polymeric
bicmaterials to save lives and to improve the quality of life was
increased. Fundamental research on biological reaction to im-

planted synthetic materials continues with increased interest an

¥

effort to the present day. The wide spread use of polymers in
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medicine is readily documented(1,2). However, there are still sig-
yﬁificant problems to overcome before truly functional prosthesis
can be developed for all human organs and systems.

Polymers to be qualifying as biomaterials are supposed to
possess certain requirements(3). The biomaterial

1. Should be reproducibly produced as pure materials.

2. Shéuld be fabricated into the desired form without being

degraded or adveréely changed.

3.Should have the required chemical, physical and mechanical

properties.

4. Sterilizablé without affecting the properties.

5. Should not have their physical, chemical and mechanical

properties adversely altered by the biological environment

unless purposely designed as degradable materials.

6. Should have 'no adverse effects upon the receipient of the
implant

7.Should not induce thrombosis or intima formation or inter-
fere with the functioning

8.Should not alter configuration or stability of any cellul-
ar elements or soluble materials in blood that would lead
éell fragility, aging, allergic hypersensitive or toxic rea-
ctions.

9.Should not activate the complement system.

10. Should not induce adverse inflammatory and foreign body

reaction.

11.Should not be toxic,; carcinogenic, or mutagenic

T
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Though no man-made m?terials exist at present satisfying
all these requirements, polyurethanes, from a broad sense satisfy
several of the above mentioned aspects.
1.2. Polyurethanes as biomaterials.
Interest in polyurethanes for medical devices stems largely

from théir excellent mechanical properties specifically their

elastomeric behaviour, high tensile strength, low stress relaxa-

tion and resistance to long term cyclic flex failure(4,5). The
biomedical applications of polyurethanes have been reviewed
extensively(6-11). Biomedical application of polyurethanes ¢go

back to the early 60s, Qhen polyester urethane foam was used for
in situ bone fixation, while polyester urethane coatings were ap-
-plied to cardiovascular impiants(l?—lB). In both cases the out-
come was, however, poor due to the premature degradation of the
polymer. The initial féilure, however, did not impede continuous
efforts to develop materials with good characteristics including
mechanical. Since 1975 pacing leads with polyurethane insulation
have been used in humans. In 1882 the Jarvik- 7 total artificial
heart with blood sacs from polyurethanes was first implanted in a
humén(?). The tremendous populairty of polyurethanes as
biomaterials can be traced to the specific morphological features
leading to unparalleled properties.
1.3.Chemistry of polyurethanes.

World wide 1iInterest focussed 1in polyurethanes since its
discovery by Bayer et al in 19837(16). The reaction of aliphatic

diisocyanate and glycol led to the formation of polyurethane
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éuitable for the production of plastics and fibers. Further work
using aromatic diisocyanates with high molecular weight glycols
resulted in the formation of the first polyurethane elastomer.
Chronology of the history of polyurethanes has been documented
elsewhere(17,18). The*‘detailed_ description of chemistry of
polyurethanes has be?n;documented widely (19-21).

1.4, Aliphatic polyurethanes.

Polyurethanes aré known to suffer from poor stability to uv
radiation(22-25). Uv-induced degradation can reduce molecular
"~ weight, tensile properties and yellowing all of which can limit
potential application(26,27). Polyurethanes based on aromatic
-hard segments often exhibit Uv-radiation— induced discolouration
which has been related to the structure of the aromatic
diisocyanate(24). The degradation process has been traced to the
photodecomposition of the urethane linkage to give conjugated azo
and possibly quinone imide structure(24,28,29). However, replécing

the aromatic diisocyanate with hydrogenated analogues like H{MDI

removes the potential for conjugated structures and thus the cor-

responding polyurethanes demonstrate improved light
stability(24,26). Polyurethanes based on aliphatic diisocyanates
also show better resistance to hydrolysis and thermal
degradation(30).

1.5. Properties of polyurethanes: Corelation with the structural
features.
All these years have witnessed an exponential growth of

literature addressing the chemical structure of the polyurethanes




1.5
and resultant properties. The following sections briefly review
the physical and morphological characterization of polyurethanes.
1.5.1. Microphase separation.

The thermodynamics of phase separation of block copolymers
have been a subject of wide spread attention(31-35). Several
theoretical models have béen framed to understand the ther-
modynamic principles governing the phase segregation in
polyurethanes(36-39). Krause,Mier,Helfand and Legrand have devel_—.
oped theories based on thermodyanmic and sta‘tfsﬁcal mechanical
principles to visualise the phase morphology in polyurethanes(31-
39). The two phase st‘ructure of polyurethanes basically determines
most of the properties though severalv factors such as ségment
polarity, block length, concentration of the hard segment etc.
have a bearing on realization of such a two phase system(40-43).
1.5.2. Morphological models.

Soveral morphological models have besn propossed ko il-
lustrate the domain structure in polyurethane(44,45). Estes et al
(46) proposed an early model for schematic representation of
domain structure in an undeformed polyurethane. According to this
model both phases are continuous or interpenetrating and phase
separation is considered to be incomplete. Bonart(47), basically
based on the ¥-ray scattering studies, proposed a morphological
model for polyurethane elastomer domain structure. The model was
successful in explgining the stress hystervesis phenomenon in

polyurethanes. Wilkes,Yusek(48) and Blackwell(48) have proposed

models to expléin domain shape and chain conformation in poly-




urethanss.

Most of the earlier models are not considering the mor-
pholaogical features of poiyurethanss under deformation. Bonari et
21{(507), Desper 2t al(511}, ishinara et a1 (52} and Shibayma et
21 {53 )proposed models capable of explalining the unigue behaviour
of polyurethanes under deformation.

~1.5.3. Hydrogen bonding in polyurethanes.

Hydrogen bonding plays major role in properties of
poiyurethanes {54,551, H-bonding in polyurethanes resulits from the
-NH groups as donor and the =C=0 and the ether oxygen groups as

the acceptor. H-bonds may be in the hard segment or in the soft

segment. Relative amount of the two types of H-bonds are deter-
nined by the extent of microphass separationi{Zf8). Increased phase
separation favours interurethane H-bonding(57).

i1.6.FPolyurethanes as implants.

Today polwurethaneé are béiieved to be indispensable and
the materials find a variety of medical application. Few of the
zpplicaticons are sketched in Tablie 1.1, jide applicabiiity of
polyurethanes are believed due to their favourable interaction

with biological enviornment.

1.68.1. Blood - polyursthane interaction.

Iinteraction of polyurethanes with blood has received inten-
sive attention since the rscruitment of polyuresthanss  as

biomaterial in the late 680s(58-61). It has been generally ac—

cepted that protein adsor . event that cccurs
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protein layer at the blooé polymer interface(62).

TABLE. 1.1

LIST OF MEDICAL APPLICATIONS

OF POLYURETHANES

Total artificial hearts

Vascular prostheses

Roller pump tubings 'in artificial heart
Intra aortic baloons

Desophageél and tracheal
Prostheses
Endotracheal tubings
Catheters and cannulas
Wound dressings and draps
Peripheral nerve repair devices
Orthopaedic Casting tapes
Enveloping membranes for

‘Soft organ fixation

Filters

in blood oxygenators

Endovascular embolization

Heart valves

Vascular stents
Pericardial patches
Mammary implants
Ureteral prostheses

Fallopian tubings

‘Gastric baloons

Sutures, ligaments
Blood Bags

Adhesives

Drug delivery devices

Diafysis membranes
Pacing leads

insulation

Angioplasty baloons.

Lyman et al

adsorbed more

the surface. However, fibrinogen has

platelet adsorption and thrombogenicity while gamma globulin ac-
tivate the reaction(65]). Several investigations have shown the
dynamic nature of protein adsorption on polyubethane surface

and Brash et al(63,64)have shown
albumin adhere less platelet,

been

that the

shown to

surface,
and thus passivate

enhance
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(66,67). Some researchers have studied competitive adsorption
from mixed ©protein solution and have used albumin/fibrinogen or
albumin/gamma globulin adsorption ratios as an indication of
blood compatibility(68,68). The data, in most of the cases show

that these ratios are higher in polyurethanes than in other
polyme.rs supporting better performance of polyurethanes in terms

of blood compatibility.

" The effect of surface characteristics on protein adsorption
has figured in several studies. Baszkin and Lyman(70) compared
different polymers and found that maximum protein adsorption oc-
cured when there was a balance of dispersive and polar forces on
the polymer surfaces. Brash et al(71) observed that albumin was
adsorbed faster on a hydrophilic PEO based polyurethane than on a
more hydrophobic surface.' Stupp et al(72) found that fibrinogen
adsorption was higher on a high polyether content polyurethane
surface. Merrill(73)Jon the other hand, found thrombin adsorption
on polyurethane increased with increased hydrophilicity. The
general trend from all these studies indicates that, in wvitro
protein adsorption and by analysing the adsorbed layer can serve
as an index of thromboresistance of polyurethanes though the
reéults vary. often widely in experiments to experiments. ﬁore
recently Lelah ket al(74) studied the adsorption of protein on two
grades of Biome;;‘.- These authors showed using ESCA, a correlation
between thrombo’éenicity and fibrinogen adsorption wh_ich in  turn
depend on the‘. surface soft segment concentration. In general

protein adsorption studies indicate better blood compatibility of
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~ polyurethanes.
1.6.‘2. Polyurethane-Platelet Interaction.

Though protein adsorption studies can serve as an index of
thrombogenicity of polyurethanes, more elaborate studies in terms
of platelet adhes'io_n, platelet activation etc are necessary to
define.blood compatibility aspects. Several researchers studied
platelets adhesion and activation on polyurethanes resulting in
the correlation of several structural pérameters of the polymers
with platelet interaction(75-79).

The platelet interaction studies in a nutshell, suggest
polyurethanes tend to be more blood compatibile. More hydrophilic
polyurethanes are more inert to blood components than hydrophobic
materials. Again the nature of the surface 1is specified in
several of these studies.

1.6.3. Povlyurethane—tissue interactions.

Over the past 2 decades, considerable progress has been
made in understanding biocompatibility aspects of a wide wvariety
of polymers including polyurethanes(80,81). Majority of these
studies were based on histological observation and morphological
evaluation that were directed towards understanding cellular
aging action immediately adjacent to the implant. In general
the biocompatibility of a given implant has been described in
terms of the acute and chronic inflammatory responses and the
fibrous capsule formation which is seen over various times fol-

lowing material implantation(82,83).
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1.7. Commercial polyurethanes for medical applications.

Polyurethanes have fgund extensive biomedical uses due to
several desirable factors twhich have been summarized in the
precgeding sections. During the last 20 years a number of
polyurethanes have been developed and used in various extraéor—
poreal'and intracorporeal devices. Table 1.1l lists commercial

polyurethanes intended for various medical applications.

TABLE.L.I1

COMMERCIAL BIOMEDICAL POLYURETHANES

Biomer® Cardiothane 51
Fellethane 2363 series Tecloflex-series
Rimplast-PYUA series Thoratec BPS series
Tynadale plains hunter Texin AM,DM,M series
Estane® Biothane
Erythrothane ‘ Toyobo®

1.8. Graft copolmers of polyurethanes.

The introduction of polymeric device into a living éystem
creates an interface between the material and tissue. The surface
characteristics like surface tension,surface free energy, surface
ionic groups hydrophobicty/hydrophilicty etc of the materials,
therefore, will affect tissue-polymer interaction.lt has been
suggested that polymers with critical surface tension in the

range of 20-30 dynes/cm should show minimum adverse biological

s



¥

reports

cgveral

o

ke
o}

e

i

and

urethanes

Lt
ey

i
o

vt
K.
I
—
o
L
£y
O
£

)

nave

O
4D
T

W

o

®
et

W
£

s)

o

o)

w0
o

o
A

18]

0

more

e

1]
et

o

]

U

o

@]
0o

T
(1%}
g
4]

surfaces

St

Xl

[

U]

pe

o8
w

s}

ot

which

i

42

he

L
+
5

)

f and

rrace

he su

¥
C

Detween

tive

et

ved

(0

(o3
joN

o
]

A2

Ul

A2
O

G
[
Q.

g

0
)
red
0]

-,

-

covalent

nese

T
o
9]

£

<Ll

AL
e
et

“z

i

o]

-~
1T -

by grafting d

i

et
oo
iy
£
[
Ly

o

roved

imp

r

el

e

et

~
s

0]

advan-

-
I

o]

1

numper

=

n
o
m
e
Lt

<
o
Y

@

et
i
el
0]
=

[}

=
i)
0

-+

&=
i

cutermost

=

e
I
o
=
Q

oot

™

-

=]
i
o

pedd

i

methods of an

n

ricati

=8

i

Lap

and

the chemistry

unaffect

can remalin

palant

i
E

el

i
Lo

[

bt

axlis

cation on

et

chemical

resulted by



1.12
terials are listed in Table.l-11I]
) TABLE.L.I11
EFFECT OF CHEMICAL MODIFICATION ON THE PERFORMANCE OF A
BIOMATERIAL
Improve blood compatibility
Reduce (or increase) Tissue adhesion
Imprc;vjé. lubricating
Increase or decrease wettability of surfaces
Add biologically active substances to the
surface layers.
Alter the protein adsorption characteristics
Protect the device from the body or vice versa
Act as a rate limiting membrane.

Graft polymers have a number of important and unique advan-
tages for use in application involving the interfacing of the
synthetic materials and living systems. By optimizing the graft
methodologies the mechanical properties of the grafts can made to
closely resemble those of the unreacted trunkﬁ polymer orginally
selected to have the appropriate modulus and durability for the
proposed application. The surface properties of the graft
polymer, on the other hand, influenced by the graft and can be
engineered to produce the desired response in contact with the
biological environment.

Hydrogels have physical properties similér to those of
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human tissues and possess excellent tissue compatibility. Wich-
terle and Lim (88) as early as in 1960, demonstrated the immense
potential of hydrogels, particularly the one based on poly HEMA
as biomaterials. In subsequent years, the biomedical applications
df hydrogels has been explored extensively( 99,100). The inter-
est in hydrogels as implant devices stem from a number of adv‘an—
tages, mainly the possibility of realizing very low or zero in-
terfacial tension with the surrounding biological fluids and
tissue there in by ‘minimizing the driving force for protein ad-
sorption and cell adhesion(101-103). The serious drawback of
hydrogels is th‘eir poor mechanical properties which substantially
limits their applications. Grafting of hydrogels to mechahically
superior polymer is an attractive alternative. By optimizing the
grafting technique, it could be possible to tailor the surface
for modulating the desired bioreactibn, simultaneously preserving
the mechanical properties of the systems. This possibility. has
been explored widely(104,105).

Though polyurethanes scores over other polymers in several
aspects, a variety of biomechanical drawbacks are associated with
the hydrophobic nature of most of the polyurethanes(lQS;mB).
Altering the surface of polyurethanes by grafting other chemical
entities is often sought as an alternative to minimize the ad-
verse reaction. Hydrophilic vinyl monomers, due to their highl_y
desirable factors, have been grafted to the backbone of
polyurethanes using me thods involving free radical

initiation(109,110), Gamma irradiation(111,86) and anionic tech nigues
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..3(112,113). One of the most widely used method for chemical
modification of pofyurethanes is grafting vinyl monomers by gamma

irradiation(114-116).

Jansen and Ellinghorst(97,117) graf ted series of
hydrophilic monomers |ike HEMA, ~AM etc. onto polyurethane and
studied for their mechanical characteristics and blood com-

patibility. They demonstrated very low interfacial tension in the
modified materials which is hypothesized as a prime requisite for
improved blood compatibility. These authors are successful in
showing increased albumin adsorption with the extent of grafting,
a sign of better blood compatibility.

P(VP) is another hydrophilic polymer wused for grafting
polyurethane surfaces. The polymer has a long history of use as
blood extender. Boffa et al(118) and Hunter et al(119) have
shown improved compatibility by grafting NVP. Egboh et
al(120,121) " have studied the grafting of NVP onto polyurethane,
in a view to widen the applicability of polyurethanes.

1.8. Biostability.

The stability of a medical device in the biological en-
viornment is equally important as that of the other aspects like
blood compatibility. The subject of biostability of polyurethanes
has been addressed widely. Hydrolysis is an important degradation
mechanism in the biological environment. Schollenberger and
Stewart(122) have studied the hydrolytic stability of different

polyurethanes.They found that polyether polyurethane 1is con-

siderably stable.

z
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Another route to biodegradation is associated with enzymes.
Liptova et al(123) ﬁave investigated the influence of enzymes in
destablizing polyurethanes. Hung et al(124 Jstudied the en-
zymatic degradation of Biomer. Phua et al(125) examined the in-
vitro degradation of Biomer in presence of wvarious enzymes  and
they observed sufficient loss of fatigue resistance. Smith et
al (126) prepared a series radiolabelled polyurethanes and studied
the effect of hydrolyti¢ and oxidative enzymes on the  stability
of these systems. The polyurethanes with a polyether molecﬁiar
seight 1000 was affected by estearse, papain,trypsin etc. Ratner
et al(127) have studied enzymatic and oxidative degradition of
polyurethanes. Varying degree of both modes of degradation were
seen.

Coury et al (128) investigated the degradation of
polyurethanes in presence of metal ions which may be present in
the environment of a device like pacemaker leads. They have shown
that the cause of degradation is ©oxidative occuring 1in the
polyether segment of the polymer. Polyurethanes are also shown to
be succeptible +to degradation by fungi(129). Darby and Kaplan
(130) studied several polyurethanes for their succeptibility to
degradation by fungi. The polyether urethanes were comparatively
nigh resistant to_the attack.

In vivo stability of polyurethanes have also been subjected
to several studies. Boretos et al (131) investigated the
stability of commercial polyurethanes by implanting sub-

cutaneously in mongral dogs. Hunter et al and Stokes et al (132,

P e e
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micro cracks resulted from the lipid absorption.

The cause of calcification, one of the most serious problem
encountered in polyurethage blood contacting devices has been in-
vestigated through the years (137,143-147). Lipid absorption has
been hypothesized as one of the factor initiating the mineraliza-
tion process (139), though validity of this hypothesis was ques-
tioned considering the fact thét silicone rubber is free from
calcification in spite of the lipid absorption(148). Sewveral of
these studies undoubtedly confirm the absorption of lipids by
polyurethane. An indepth study of this problem connecting the
structural parameters of polyurethanes has, however, yet to be

addressed.
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2.3
know about the feasibility of arresting the diffusion in the
polymers by mechanically stretching to certain degree of elonga-
tion. The aim of the present investigation was also to find the
effect of the altered morphology of polyurethanes grafted with
hydrophilic species like HEMA,NVP and hydrophobic entities such
as MA,MMA and BA. ltwas also planned to use polyurethane grafted
with both hydrophobic and hydrophilic species to know how func-
tionally different systems influence the absorption of dif-
fusants.

Though the proposéd studies with individual lipids could
help to define some of the basic aspects of absorption of lipids
in polyurethanes, particularly in terms of the characteristics of
the polymers, it appears that, to get a more realistic picture in
connection with +the in vivo situation, the studies have to be
performed using mixture of the lipids. With this aim, it was’
planned to conduct the studies using the mixture of the lipids
dissolved in a suitable medium. Té get a specific understanding,
it was also planned to persue further the absorption studies
using aqueous dispersion of lipids and blood (of suitable
specles).

It was expected that, the proposed study would provide a
deeper understanding on the phenomenon of lipids absarption in

polyurethanes of various morphology.
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grafting onto the polyurethanes.
All these monomers were purified by vacuum distillation in
presence of cuprous chloride. The middle portion of the
distillates was collected and stored at 4°C.
3.1.4.Lipids used as diffusants.

Stearic acid, Cholesterol, Cholestryl acteate, Triolein,
Methyl palmitate and Butyl oleiate were used as diffusants. All
these chemicals were procured frbm Sigma Chemicals, USA and used
without further purification.
3.1.5.Reagents.

ACD solution(PH-5) was wused as an anticoagulant. The
reagent was prepared by dissolving 2.2 g of trisodium
citirate2H20, 0.8 gm of citric acid and 2.5 g of dextrose in 100
ml distilled water. |

Phosphate buffer (0. 15M, PH 7.4) was used for making the
agueous dispersion of the lipids. The reagent was prepared by
dissolving 21.42 gm of disodium hydrogen phosphate and 4.6898 gm
of monosodium hydrogen phosphate in 1 litre of double distilled
water.
3.2.SYNTHESIS OF POLYURETHANES.

The polyurethanes were synthesised by the prepolymer method
In this method, the polymer was formed in two stages.

To +the required quantity of Hyz2MDI, taken in a resin
kettle, polyol was added slowly under stirring followed by the
addition of DMAC. Dibutyl tin dilaurate(0.2%) was added as a

catalyst and the tempﬂature was raised to 600C. The reaction was
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carried out under nitrogen atmosphere with constant stirring. The
reaction was continued to nearly 3 hrs. After cooling the mixture
to about 40°C, 1,4-butanediol was added and stirred for 1 h
simul taneously raising the the temerature to 60°C. The contents
were then cured at 65°C for 48 hrs after transfering to a glass
plate. By changing the molar ratios of the Hi2MDI/polyol/chain
' extender, polyurethanes with varied compositions were prepared.
3.2.1.Cleaning of the polymers. |

The polymer cured at 65°C was then dissolved 1in DMAC,
casted into a film and dried at 60°C in a vacuum oven. The strips
of the polymer film were then extracted with ethy! aleohol and
then with hexane to remove residual DMAC and other impurities.
The vacuum dried strips were then used for further studies.

3.3. INSTRUMENTAL.

1.Gel Permeation Chromatography (GPC). Molecular weigﬁt
parameters of the polymers were estimated using a Waters Assoc
Inc GPC system consisting of solvent delivery pump, model 6000A,
UBK injector and 730 data module. Another HPLC system without a
data module was also employed for the analyéis. A set of 3 micro-
styragel columns(Waters) of nominal pore size 10%, 10* and 10 A
were used with THF or DMAC as eluent at a flowrate of 1 ml min-!'.

The columns effluents were monitored by a R-401 differential
refractometer, The columns were calibrated wusing poly styrene
standards (Waters) as reported elsewhere(149).

2. IR spectroscopy. A Perkin-Elmer model 597 IR spectro;

photometer was used for recording the IR spectra of the materials
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The polymer as thin film was sandwiched between sodium chloride
windo&s and scanned from 4000 cm™~! to 400 cm !,

3.Stress-Strain analysis. For getting the stress-strain
behaviour of the polymers, a model 1193 Instron Universal Testing
machine was used. The testing was carried out as per ASTM 638.

4.Differential Scanning Calorimetry. To get ihe glass tran-

sistion tenperature and other transistions, a DuPont's model
1690 thermal analsyer with a 910 DSC cell was used. To obtain
subambient temperature range, liguid nitrogen was used as
coolant. 10-15 mg of the sample was encapsulated non-
hermitically and heated from -120°C to 280°C at the heating rate
of 10°C/min.

4;Thermogravimetric analysis. For assessing the thermal
stability of the polymers, a DuPont's 990 Thermal analyser in
conjuction with a 851 TGA module was used. 10—29 mg Of the
samples were heated from 30°C to 600°C at a heating rate of
10°C/min under a dynamic nitrogen athosphere.

5.0ptical ;microscopy. A Nikon model 35A optical microscope
was used for viewing the samples.For getting +the birefringence
pattern of the polymers crossed polarizers were incorporated.

6. Wide angle X-ray diffraction (WAXD)studies. WAXD studies
were performed on a Philips PW-1710 Diffractometer employing
Nickel filtered CuK«s radiation. 20 scan rate was 1°/min. |

6.Scanning electron microscopy(SEM). For obtaining the
surface morphology of polymeric materials, a Jeol 35C SEM was

used. Prior to observation, the samples were coated with an
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evaporated layer of gold. The accel vating voltage was 10Kv and
the magnification in all the observation was 1000X.

7.Contact angle measurement. To wunderstand the relative

hydrophilic or hydrophobic nature of the materials,a captive

bubble technique was usgd as described by Hamilton(150). In this
method the sample, in £he form of a film,was placed face down in
glass cell containing water after conditioning. Air bubbles were
released from the tip of a syringe beneath the sample.The contact
angle was measured using a Rame-Hart goniometer.
3.4.UNIDIRECTIONAL STRETCHING OF POLYMERS.

To understand thé effect of room temperature stretching on
the structural features of polyurethanes and the subsequent
effect on the diffusion and absorption of lipids, polyurethanes
with varied hard/soft segment contents were subjected to
stretching. Three polyurethanes‘samples with 23%, 33% and 47%
hard segment céntent were used for the stretching studies.Polymer
strips(2x7 cm?) were stretched to varied degree of elongations
using an Instron Universal Testing Machine(modell1193) at a cross
head speed of 100 mm/min. The materials after drawing to the
desired elongations'were allowed to remain in the stretched state
for 15 min. After removing the applied stress, the polymers were
allowed to relax at room temperature for 72 h. . These materials
were used for further studies.
3.5.SYNTHESIS OF GRAFT COPOLMERS OF POLYURETHANES.

Radiation grafting method was used for preparing the gréfts

of polyurethane with different entities. Gamma irradiation has
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been used extensively to create free radical sites on polymer
chains. These radicals can either initiate the polymerization of
a second monomer or recombine with growing radicals, yielding the
expected grafts. Several specific procedures have been discussed
by Chapiro(151;152).

The direct radiation grafting which has been followed
widely, (153-155) was wused to prepare the grafts. In this
procedure, the polymer strips were swelled in the monomer
followed by gamma-irradiation. As radicals were formed on the
polymer, they initate the polymerization of the monomer. Grafts
were grown from these sites with the simultaneous formation of
the homopolymer.

Three polyurethaée samples having a hard segment content
of23%, 33% and 47% were used for grafting. 2x8 cm? strips of
the polymers were immersed in the vinyl monomers;HEMA,NVP, MMA, MA
and BA to varied pefoid of time. After exposing to the monomers,
the strips were slightly pressed between filter paper to remove
the superficial monomers and immediately subjected to ‘gamma-
irradiation from a Co®°® source (Panoramic batch irradiator, BARC,
Bombay) under a blanket of nitrogen. The total dose was 0.5 Mrad
at dose rate of 0.23Mrad/hr. Increased grafting yield was
achieved by increasing the swelling time rather than inéreasing
the total dose.

The binary grafts were prepared by grafting BA and HEMA
simul taneously from the mixture of these two. The polymer strips

were -swelled in 1:1 mixture of these +two monomers and subjected



to gamma-irradiation.
3.5.1.1solation of the grafts.
1.poly(urethane-g-HEMA). The polymer stripsr after

irradiation, were extracted with hot water(50°C) for three.days
for removing ungrafted polyHEMA and unreacted monomer. The dried
polymer strips were then extracted with THF for removing homo
polyurethane. The graft found as an insolouble residue was washed
several times with methanolvand then vacuum dried.

2.Poly(urethane-g-N-Vinylpyrrolidone}). The NVP gfafted
polyurethane strips were extracted with water continowgly for 4
days. The dried polymer strips were then extracted with hot
dichloromethane to remove homo polyurethane. The poly(urethane-g-
NVP) found, as a residue was isolated and vacuum dried.

3.Poly(urethane-g-MMA). The MMA grafted polyurethane was
isolated by a two stage dissolution process.Ungrafted PMMA chains
were removed by extracting the graft with toluene. The residual
strips were then extracted with DMAC to remove homo polyurethane.
The highly swelled residue,the graft copolymer,was washed with
methanol and vacuum dried.

Poly(urethane-g-MA) and Poly(urethane-g-BA) were also
cleaned adopting the same procedure used for the cleaning of MMA
grafts.

4.Binary grafts. Poly(urethane-g-HEMA/BA). The polymer
strips after irradiation were extracted with water as in the case
of Poly(urethane-g-HEMA)to remove ungrafted polyHEMA chains. The

strips after this treatment were dried and then extracted with
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dichloromethane to remove homo polyBA and homo polyurethane. The
binary graft was isolated as insoluble residue and dried.
3.5.2.Estimation of graft yield(% grafting).

% grafting was determined using the relationship

%grafting=(W-Ws /W )X100 - -------—~-~ 1
where W is the weight of the graft polymer and W, is the initial
weight.
3.5.3.Characterization of the grafts.

The instrumental technigues (IR, SEM,Contact angle and
Stress-Strain analysis) mentioned earlier were employed for anal-
ysising the grafts. The GPC method was also used to confirm the
grafting. The GPC system already mentioned was used for this
purpose.

HEMA grafts and binary grafts(HEMA/BA) were found to be

insoluble in common GPC solvents., Poly(urethane-g-NVP) was found
to be soluble in THF and the GPFC analysis was carried out wusing

THF solution of the grafts employing THF as the moblle phase.

Poly(urethane-g-MMA), Poly (urethane-g-MA) and Poly(urethane-g-
BA)were found‘ to be soluble in chloroform and these grafts were
aﬁalysed using chloroform as mobile phase. In all the analysis
the flow rate was 2mlmin-! and the eluted peaks were monitored by
VRI detector.
3.6.DIFFUSION STUDIES.

Silicone o0il (M5200/200,GLC grade,BDH,Poole,Englandlwas used
as a medium for dissolving the lipids as well as for performing

the diffusion studies. The diffusion of the lipids through‘the
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polyurethanes was a very slow process and therefore ,immersion
and weighing method was adopted as suggested ie the
literature(156). Rectangular polymer strips having an area of 2
cm? and 0.5 to 0.51 mm thickness were conditioned in silicone oil
for several days at the experimental temperature of 37°C. These
strips after pressing between filter paper,for removingA the
. adhered silicone oil,were weighed and then placed in the silicone
0oil solution of(3mg/mllof the respecﬁive lipids. At definite
time intervals, the bolymer strips were taken out, pressed between
filter paper and weighed. The experiments were continued until
constant weight gain or equlibrium % absorption was attained.
All these studies were performed at static conditions.
Alternatively IR spectral analysis was used to estimate the
‘amount of lipids diffused.
3.6.1.Estimation of diffused lipids wusing IR spectroscopic

method.

The polymer strips recovered from the respective lipid
solutions were extracted with 3 ml of Ccls for half an hour which
was fixed by -performing extraction efficency experiments as
discussed in section 3.6.2. The solution was concentrated to
0.5ml. Control polymer strips(polymer kept in silicone oil for
the same peroid) were also extracted in a simillar fashion. A
matched pair of O.2mm sodium chloride cells(Perkin-Elmer) were
used for recording the spectra. In the reference beam the Ccl,
extract of control polymer strips was kept to balance the

absorption of the silicone o0il in the sample solution to avoid
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the interference. By comparing the spectra of the lipids with
spectra recordea using known concentration, the gquantification of
the diffused lipids was achieved.
3.6.2.Extraction efficency.

” The extraction efficency of each of the lipids was
determined. For this purpose, both polymer and lipid were mixed in
~a known proprotion and dissolved in dichloromethane. The
solution was then poured into a watch glass to cast a film. The
solvent was evaporated in an vacuum oven. The ‘lipid from the
polymer film was extracted with Ccls. A 10 minutes peroid was
founa to be sufficient to extract over 98% of the lipid.
3.6.3.Estimation of diffusion coefficients.

Diffusion process is quantitatively expressed by Fick's
law(156).

dc/a.=div(DgradC) ———————— 2
where ¢ is the local eoncentration of the diffusant,t is the time
and D is diffusion coefficient,Assuming D is a constant, independ-
ent of the diffusant concentration,a solution to equation(2) in
terms of M. (mass uptake at time tlis
Mt=2Mm(Dt/L2)”2{1/1l"2+2£i(—1)"erfc[nL/(Dt)‘”]} —————— 3

where Mgis the amount of diffusant absorbed as t+® , The form of
this equation suggests that a plot of fractional equlibrium mass
uptake My /My versus t*'72 should be linear at small times and the
diffusion cdefficient can be calcuated from the initial slope. At
longer time intervals another solution +to equation-2 is

proposed(156}.
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ion of 2mg/ml. The polymer strips kept 1in the the solution
were weighed at definite time interval as mentioned in
section.3.6.

3.7.2.Phosphate buffer dispersion of lipids. The six lipids
were dissolved in hexane and evaporated the solvent by a stfeam
of nitrogen. To +this phosphate buffer was added to give a
concentration of 2mg/ml and sonicated wusing a Sonipred 150
ultrasonic disintegrator(MSE Scientific Instruments,UK)to get a
fine dispersion. 0.2% sodium azide was added to this to retard
the growth of biocorganisms. The polymer strips kept in the buffer
disperson at 37°C were taken out at a definite time interval,
vacuum dried and weighed. The polymers were kept in the
dispersion for a total period of 30 days.

3.7.3.Absorption from blood. Sheep's blood was collected using
a syringe into glass bottles containing ACD solution as
anticbagulant (iml to 10 ml of blood). Polymer strips sterilized
by | gamma irradiation(2.5Mrad) were placed in the bottles
containing the blood and kept at 4°C for 30 days. The polymer
stripé were taken out, cleaned with water and then kept in 1%
Trition ¥-100 solution to remove the adsorbed proteins.The vacuum
dried strips were then weighed to obtain the % absorption of the
lipids.
3.8.CHROMATOGRAPHIC SEPARATION OF LIPIDS.

To know the absorption profile of the lipids absorbed from

different media, a chromatgraphic separation is necessary.The

chromatography of lipids has been widely documented (157, 158).Most
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of these papers are, however, dealing with the strategies of
methodlogy development and optimization of separation of a given
class of components(steoriods, phospholipids etc). The lipids used
in the present investigation consisted members belonging to
different classes namely free fatty acids, fatty acid esters and
steorids. Adopting any of the existing procedure may not provide
a satisfactory separation particularly in the isocratic mode
which is essentially needed if refractive index detsctor is used.
To address the separation, an effective chromatographic procedure
involving an non-aqueous solvent system was developed. For
seperating the lipids a micro-bondapakC18 column(Waters Assoc
Inc,USA) was used. The mobile phase was prepared by mixing
methanol and acetone(60:40V/V). A standard solution(lmg/ml)of the
lipids was prepared by dissolving all the six components in the
same solvent mixture used as the mobile phase. The separatiop was
effected at a flow rate of 1ml/ min and the column effluents were
monitored wusing a Differential Refractometer detector. Silicone
0oil was found to be insoluble in solvent mixture used as the mob-
ile phase. Thié avoided the interference of the oil in the
analysis.

The polymer strips from the mixture of the components
(Silicone oil,Phosphate buffer disperson and Blood) were
extracted with 2ml each of the solvent mixture (mobile phase) and
concentrated to 500 microlitre. 100 microlitre of these solutions
was used for the analysis.

Control polymers were also extracted similcﬂy © and ana-



lysed under the same chromatographic conditions
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CHARACTERISATION OF
LINEAR SEGMENTED POLYURETHANES



CHAPTER 4

The observation of high plateau modulus in linear segmented
polyurethane in the absence of crosslinking or crystallinity led
Cooper and Tobolsky to assign a microphase separated structure to
linear polyurethane(159). Clustering of hard and soft segments
into sepérate entities, arising from the thermodynamic incom-
patibility, has been traced to the realization of such a morphol-
ogy. In later years, several invesfigators using independent
techniques including electron microscopy have arrived at similar
conclusion (42,49, 160-162). The morphology, however, to a large
extent, is governed by several factors like synthetic conditions,
molecular weight and nature of both hard and scft segments, in-
teraction betwéen the segments, crystallinity, molecular orienta-
tion,casting solvents, temperature etc. Probing of molecular ar-
chitecture of segmented linear polyurethane, has always been a
challenge and 1in spite of the existence of substantial litera-
ture, the exact nature of the microphase structure of this class
of polymers haé yet to be elucidated (7). This is particularly
true in the case of PU based on H,.MDI which is picturised as a
polymer contalning phase mixed state in comparison to the
aromatic counterpart (MDI) and as relatively less phase separated
entity according to several other investigators(163-167).

The following sections deal with wvarious parameters
obtained using different techniques in order to elucidate the

structural features of the synthesized polymers.



4.1.1.1. Infrared spectral studies:

The relevant parameters of the synthesized polyufethanes
are shown in Table 4.1. The molecular weight averages of the
polymers slightly vary from sample to sample. However, the dis-
persity of the materials is close to 2 indicating the molecular
wight distribution is nearly identical irrespective of the varia-
tion of the hard and soft segment content.

Infrared spectroscopic method is one of the widely employed
techniques to und;rstand the morphological features of
polyurethanes particularly in terms of hydrogen bonding(168, 169)
It has also been used as an effective method to determine the ex-
tent of phase separation in polyurethanes(74). Earlier studies
showed that nearly all -NH groupsin polyether polyurethanes are
hydrogen bonded(169). However, in actual practice, only a portion
of the urethane carbonyl! groups is involved in hydrogen bonding
as the -NH aéceptor. It has been postuléted that, substantial
degree of hydrogen bonding of the -NH group occurs with the ether
oxygen of the polyether segment(169). Hydrqgen bonding between
-NH and carbonyl groups of urethane is assumed to take place in
hard segment aggregates while hydrogen bonding between -NH and
ether oxygen of polyol is suppo§ed to take place at the domain
interface and between urethane segments dissolved in the soft
segments. Based on these assumptions, the ratio of hydrogen bonded
to free urethane carbony! peaks has been considered as a measure
of phase separation(74). Additionally, the ratio of absorbance of

bonded carbonyl to bonded -NH peaks has been considered as an




TABLE-4.1.

RELEVANT PARAMETERS OF THE SYNTHESIZED POLYMERS

Polymer Hard segment Mwx10-3 Mnx10-32 D(Mw/Mn) Tg of soft

content (Wt%) segment (°C)
PU-0 0 2.02 1.0 2.02 -71
PU-1 23 2.10 1.05 2.01 -53
PU-2 33 2.32 1.09 2.12 | ~42
PU-3 47 1.93 1.03  1.87 -31
PU-4 66 1.83 0.95 1.93 -
PU-5 100 1.75 0.85 2.06 -

indication of the extent of phase mixing of hard and soft segment
phases(74). |

A typical infrared spectrum of the polymer is shown ib
figure 4.1. The -NH peak centered around 3300 cm™!' appears io be
an indication of high degree of hydrogen bonding. The free -NH
peak around 3460 cm~! appears as an extremely weak shoulder. An
expanded version of the carbony!l absorption region,illustrated in
the in - set of figure 4.1, shows two peaks, one at 1730 cm~!' of
free -C=0 groups and another at 1702 cm™ ! indicative of bonded
-C=0 groups. Considering the molar extinction coefficient of both
bonded and free-C=0 groups as equal(170), the peak ratio of
bonded to free -C¥O groups was oomputed for all the polyurethane

samples having varied hard and soft segment contents. Similarly
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the ratios of bonded -C=0 and bonded -NH groups were also es-
timated.These values are summarized in Table 4.11.

It can be seen from the data shown in this Table that
bonded to free -C=0 ratio progressively decreases askthe % hard
segment content increases indicating enhanced phase mixing. The
ratio of 1702 and 3300 absorption peaks of bonded -C=0 and -NH
groups, also shows the decreasing trend with the increase of hard
segment content. An indication of phasé separation is said to be
the constancy of this ratio regardless of the amount of soft
segment(74). The decreasing trend of this ratio as in the case of
-C=0 absorption ratio further support the phase mixing with the
increase of hard segment content.

The infrared spectroscopic analyses indicate that the
polyurethanes used in present studies are extensively hydrogen
bonded. Further it shows that the extent of phase mixing numeri-
cally increases with the increase of hard segment content.
4.1,1.2, Differential scanning calorimetric studies:

| Seymour et al(171) and Van Bogart et al (166) have exten-
sively studied the thermal behaviour of wvarious types of
polyurethanes. Apart from the glass transistion temperature (Tg)
of the soft segment, above room temperature three regions of
themal transistion have been observed. Theyf&rst endotherm cen-
tered around 70°C is attributed to the disruption of domain
with limited short range order. The endothermic peak around 120-

180°C has been assigned to the dissociation of domains having



TABLE.4.11

INFRARED SPECTROSCOPIC DATA

Polymer Hard Segment IR absorption ratio
(Wt %)
(Ay702/7A1730)%K100 Ai702/As300

PU-0 0 - -

PU-1 23 71 3.10
PU-2 33 ‘ 58 2.70
PU-3 47 28 1.96
PU-4 66 - - -
PU-5 100 -- -~

long range ordér and the endotherms above 200°C is attributed to
the melting of microcrystallities.

DSC traces are depicted in figure 4.2. Tg of soft segment
is found below room tempefature. This transition progressfvely
shifts +to higher temperature scale depending upon the éxtént of
hard segment content. This Upward shift is due to the mixing of
more hard segments 1in the soft segment domains. Tg values ob-
tained from the DSC traces are summarized 1in Tabie 4.1. This
parameter is higher than the pure PTMG(-79°C) and increases with
the % of hard segment contents indicating solubilization of hard
segment sequences in soft segment phase. The Tg values apparently

support the infrared spectral evidence of enhanced phase mixing
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with the increase of hard segment content. PU-4 (66% HS) did not
show any soft segment Tg apparently due to very low quantity of
soft segment content and possibly due to differed morphology from
other polymers.

The absence of any endotherm at lower temperature in the
DSC scans indicates'the lack of soft segment crystallinity. The
soft segment crystallinity arise only if the molecular wéight of
the polyol soft segment is around 2000 br more(172). Even if pos-
sible, the more dispersed hard domains in the soft segment domains
rule out the ordering required to realize the crystallinity.

PU-3, PU-4 and PU-5 show a broad and comparatively weak en-
dotherm centered around 80°C. fhis endotherm may be arising from
the disordering of hard segment domains with a relative Qegree
of short range order. All the DSC scans except PU-O (100% soft
segment),show broad endotherm centered around 200 °C which shifts
to upper scale as the % hard segment increases. The endotherm
could be due to the melting of the crystallities.

The crystallinity in polyurethane,based on H;.,MDI has been
stgfed to be low(166). This is attributed due to the existence of
isomers of H;,MDI namely cis-cis, cis-trans and trans-trans. The
configurational isomers lead to form a random hard segment struc-
ture from which the probability of crystallization is rather low.
However, hard segments composed of trans-trans sequences can give
some degree of crystallinity. Bryne et al(173) have demonstrated
increased shore hardness in polyurethanes basedon H,:MDI contain-

ing nearly 70% trans-trans isomer and the increased hardness has
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Fig.4.4.

Polarized optical

microphotographs of polyurethanes:
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that they increase in number with the increase of hard segment
content.
4,1.1.5. Mechanical Properties.

Figure 4.5 illustrates the tensile stress—strain curves of
the polyurethane samples. Polymers having 66% (PU-4¥ and 100%
(PU-5) hard segment content show charécteristic yield stress

typical of plastics. The behaviour of other polymers having 23,33
and 47% hard segment content is that of elastomers. Table 4.111
summarizes the ultimate mechanical parameters and modulus at 100%
strain.

The stress-strain behaviour changes with the composition
of the continuous phase of the material from a predominantly soft
segmenﬁ to a predominantly hard segment.

A graphical representation of ultimate tensile stress ver-
sus hard segment content is shown in figure 4.6. The ultimate
stress increases steadily upto 47% hard segment content. Around
52% hard segment content, the curve shows an inflection. That is,
beyond 52% har§ segment content, the ultimate stress decreases.
Such inflection may be arising from the phase inversion. The
phase inversién of soft to hard segment has been noted earlier
by Zdrahala et al(175). The curve depicted in figure 4.6, ap-
parently indicates a phase 1inversion from a soft segment rich
matrix to a hard segment rich matrix occuring at about 52% hard
segment content. The ultimate stress in PU-4 and PU-5 is found to
be lower compared to PU-3. This could be due to the low soft seg-

ment content in PU-4 and its absence in PU-5 apart from the phase
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TABLE-4.111

MECHANICAL PROPERTIES OF THE POLYURETHANE SAMPLES

Polymer Wt% hard Stress (MPa) Strain (%) Modulus at 100%
'segment strain’
PU-1 23 39.0+0.8 690+16 4.5+0.40
PU-2 33 44.5+1.2 498413 5.2+0.20
PU-3 47 57.8+1.4 456+9 12.5+0. 4
PU-4 66 49.6+0.6 435+7 19.5+0.1
PU-5 100 33.7+1.0 150+4 31.2+0.3
inversion. It may be relevant to point out that, the ultimate

stress in polyurethanes considerably depends also on the soft
segment content due to the ability of soft segment to orient
along the stress direction and the possibility of strain- induced
crystallization(176). The reduction in soft segment content,could
therefore,affect the ultimate stress.

It appears from the generated data that,the polymers
possess two phase amorphous structure. Both DSC and IR spectral
’data indicate enhanced phase mixing with the increase of hard

segment content.



| 4.1.2 |
CHARACTERISATION OF
STRETCHED POLYURETHANES
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Studies on molecular orientation in segmented polyurethanes
under strain have been reported extensively with a view to under-

stand the mechanism of deformation as well as to get a deeper in-

sight of structure-property relationship(177-180). The orginal
morphology may be altered by stretching to high
elongation(44,181). Since the diffusion and permeation of

molecules through polyurethanes, to a large extent, are governed
by the complex macromolecular structure ; the strain- induced al-
teration in the polymers would affect the diffusion of lipids.
The reorganization of soft segment molecular chains is possible,
by applying strain at room temperature due to the existence of"
considerable degree of freedom in chain mobility arising fro@ the
below room temperature glass transition temperature of soft seg-
ment. To the best of our knowledge, no studies have been reported
on the diffusion of biological components in connection with the
stretch- induced structural alteration. The following section at-
tempts to wunderstand the altered morphological feature of
polyurethane effected by the uni-directional stretching.
4,1.2.1. Wide angle X-ray diffraction studies.

AFigure 4.7 illustrates the WAXD curves for PU-1 stretched

to 0%, 200%, 400% and 600% elongation respectively. The first

~trace (A) of unstretched sample is free from any reflections as-
sociated with orientation or crystallinity. The material
stretched to 200% elongation, however, shows weak, relatively

sharp peaks at diffraction angles of 18.6 and 19.6 degrees. These

two peaks become weaker in the material subjected to 400% elonga-
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tion. Addtionally two weak reflections appear at 20.2 and 22.4
degrees. 20.2 peak becomes relatively stronger in material
stretched to 600%. The *‘d' spacings estimated for these angles
are summarized in Table. 4. IV,

The structural features of PTMG have been studied using X-
ray diffraction method(182). The prominent peaks arising from the
2ig-Zag unit cell of PTMG have been found at 4.40 and 3.60A.  The
‘presence of 4.40 A peak in the present case can be assigﬁgd to
the PTMG soft segment. The WAXD curves for H,.MDI/BD hard segment
alone and stretched to 100% elongation are shown in figure 4.8.
The first trace points out the lack of any crystalline order. The
second trace, however,shows relatively sharp peaks at diffraction
angles corresponding to‘d'spacings of 4.77 and 4.54A.

The morphology of MDI/BD hard segment has been widely
studied and as many as 12 reflection arising from different
{(h,k, l)plane,have been assigned by Blackwell et al(183). Cooper
et al(165) have found major crystalline peaks of MDI/BD hard seg-
ment at'd'spacings of 4.7 and 4.53A in segmented polyurethane
samples. The H,.MDI/BD hard segment is of course different from
MDI/BD. However, by comparing the results of these studies with
that of the present investigations, ’it seems that, the two peaks
at 4.77 and 4.54A of H,2MDI/BD are associated with the similar
ordering in the aromatic counter part. One noticeable difference
between the X-ray diffraction results of MDI/BD and H,.,MDI/BD, is
the strikingly low intensity of the peaks of the H12MD/BD. It is

reasonable to presume that these peaks are associated with the



TABLE 4.IV : SUMMARY OF WAXD RESULTS

Polymer . Elong- Diffraction "dr Nature of
"ation angle(2®) spacing peak
PU-1 200 18.6 4.76 RS
18.6 4.62 RS
400 18.6 4.76
18.6 4.62 M
20.2 4.40
20.4 3.86 VW
600 20.2 4.40 RS
PU-2 200 18.6 4,76 : RS
19.6 . 4.62 RS
20.2 4.40 VW
22.4 3.90 VW
400 18.6 4.76
19.6 4.62
20.2 4.40 RS
22.4 3.80 W
480 20.2 4.40 RS
PU-3 200 18.6 4.76 W
| | 19.6 4.862 RS
20.2 4.40 _ W
22.4 3.96 VW
400 18.6 4.786
19.6 4,82
20.2 4,40 RS
22.4 3.890 W
450 20.2 4.40 \ RS
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orientation and noncrystalline ofdering (Short range order) of
the segments rather than the crystalline order.

The two peaks appeared at 4.76 and 4.52A in 200% stretched
PU-1 could be due to the orientation and ordering on the hard
segments. Cooper et al (46, 184) have shown that when both soft and
hard segments are amorphous, both segments orient along the
stretch direction. It is apparent now that, stretch-induced or-
dering 1in hard segment is retained even after removing the
stress. The lack of any peaks associated with the soft segmeﬁt iﬁ
200% elongated material, however, indicates the completé réelaxa-
tion of the soft segment chains to randomness.

The presence of more hard domains in the soft segment phase
can enhance the viscogity and subsequently reduce the probability
of relaxation resulting in the retention of orientation or
ordering(164). PU-1, in fact, contains less hard segment domains
and naturally their concentration in soft segment domains would
be low. The retention of stretch-induced orientation is therefore
absént. When PU-1 is subjected to 400% elongation, the diffrac-
tion trace(Clshows reflections at 4.40 and 3.86A indicating the
retention of orientation in soft segment. Simultaneously hard
segment ordering begins to decrease as reflected in the weakening
of 4.76A peak. There 1is a dramatic alteration in material
stretched to 6800% elongation (D). The p;ak at 4.76A nearly disap-
peared indicating the disruption of hard segments ordering. 4.40A
reflection of soft segment becomes relatively stronger reflecting

considerable degree of retained orientation and ordering in soft



segment.

The orientation behaviour of hard and soft segments in
polyurethanes, particularly based on aromatic diisocyanates, as a
function of stretch has been studied by several researchers(185-
187). The aromatic hard domains orient transversely at lower
elongation Ca 200%. At higher elongation the hard domains disrupt
and orient along the stretch direction. Kong et al(188) have
shown considerable disruption of hard domains at higher elonga-
tion leading to enhanced phase mixing. Recently Shibayama et
al(53) using Small angle light scattering(SALS)and Small angle X-
ray-scattering(SAXS) techniques have demonstrated similar be-
haviour in polyurethanes. They found beyond 200% elongation, SAXS
pattern became diffuse and 1is spread out towards the meridian
suggesting disintegration of hard segment lamellae and broaden—
ing of the intérlamellar spacing. SALS analysis showed, deforma-
tion of the hard domain spherulitic texture with increased elon-
gation. The infra red spectroscopic studies of Yamamoto et
al(189) have also demonstrated enhanced phase mixing in
polyurethanes by stretching. These authors have shown that the
spherulitic structures of hard segment domains were selectively
destroyed at the equatorial zone of the spherulities with respect
to the stretching direction and then fragmented hard segment
domains were dispersed in soft seywmks.

PU-2 (33% HS content) also showed a similar behaviour of
PU-1. The only difference is the presence of weak reflection at

4,40A of PTMG soft segment even at 200% elongation. This could be
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expected due to the presence of more hard domains in the soft
segment which enhance the possibility of the retention of orieta-
tion. In fact, Bonart(47) has shown the profound influence of
hard segment domains in the retention of orientation in
polyurethanes. PU-3 (47% HS content), on the other hand,exhibited
relatively stronger 4.40A reflection when stretched to 200%
(Fig.4.9). This material has a higher hard segment conteﬁt and
relatively has more dissolved hard segment domains in soft seg-
ment phase, which in fact, retain the soft segment orientation byg
checking the relaxation. Generally all these three materials be-
have more or less similarly except in the relative intensity of
the wvarious peaks.For the purpose of comparison, the results of
WAXD studies on these polymers are summarized in Table 4.1V,

The X-ray analysis results indicate three stages of altera-
tion in the materials. At 200% elongation, hard segment
domains,attain some degree of orientation and ordering and the
orientation of soft segments is rather less or even absent as in
PU-1. At the second stage,the behaviour is slightly different
from material to material.In PU-1,the disruption of hard segment
domains starts and subsequently soft segment achieve some orien-
tation. In PU-3 and to a lesser extent in PU-2,drastic changes
occur in hard segment domains, in the form of considerable dis-
ruption and a greater degree of soft segment orientation is
retained. At the third stage, that is at elongation closer to the
breaking point, PU-1 exhibits relatively high degree of soft seg-

ment orlentation subsequently leading to the complete disruption
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of hard segment domains. PU-2 and PU-3 show nearly the second
stage behaviour except the lack of any trace of ordering in hard
segment domains indicating their complete disruption.
4.1.2.2, Differential Scanning Calorimetric Studles.

DSC studies have been carried out on the polyurethane
gamples to get further insight into the altered features of mor-
phology. DSC thermograms for the three polyurethane samples,
unstretched and stretched <close to the breaking poinﬁg are
depicted in figure 4.10. The soft segment glass transitian tem-
peratures of the samples obtained from the thermograms are shown
in Table 4.V.

In all the three cases, the Tg showed an upward shift; in-
dicating morphological changes induced by stretching. The in-
crease in Tg has been repeatedly stated as resulting by the dis-
solved hard segment domains in the soft segment phase(164,165).
The enhanced cohesiveness in the oriented soft segments induced
by stretching could also increase the Tg. It seems, however, that
disrupted hard segment domains, fesulted by stretching, solubil-
ize in the soft segment domains leading to inéreased phase mixing
leading to observed upward shift in Tg. In fact, WAXD results
also showed the disruption of hard segment domains at higher
elongation. [t may be relevant to point out that, Tg could also
be increased due to the stress-induced soft segment microcrystal-
linity. The DSC scans, however, do not show any low temperature
endotherm (<50°C) which is normally associated with the soft seg-

ment crystallinity(165). The lower molecular weight of polyol
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STRETCH INDUCED VARIATION IN GLASS TRANSITION TEMPERATURE OF SOFT

TABLE 4.V

SEGMENT.

Polymer Hard segment Extent of Soft Segment T(°C) Delta Tg
content stretching - .
Witk Control Stretched (Tgu-Tgy
Tg, Tgu
PU-1 23 600 -53 -50 3
PU-2 33 480 -42 -34 8
PU-3 47 450. -31 -17 14
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soft segment together with the more dispersed hard segment
domains which prevent the long range ordering required to realize
the microcrystallinity, may be the factors responsible for the
lack of the crystallinity.
4.1.2.3. Polarized Optical Microscopic Studies.

The optical micrographs of controls and samples stretched
close to the breaking points,viewed under crossed polarizers are
shown in figure 4.11. The star-like structures have already been
shown due to the hard segment aggregates in section 4.1.1.4.
Drastic changes can be seen in the stretched materials. The in-
crease in spherulitic-like structures in the materials subjected
to atretching could be arising either duetothe induced cryétal—
linity in soft segments or due to the more dispersed Safd seg-
ment domains altering the localized ©polarizabilities leading
birefringence. The DSC studies summarized in the previous sec-
tion, clearly rule out the presence of any microcrystallities in
soft segment induced by stretching. Then the second alternativé
seems to be operative.

4,1.2.4, Thermogravimetric Studies.

TGA is perhaps the straight forward technique which could
provide the thermal stability of a polymeric material. The dis-
ruption of a polymer under heat certainly depends on the extent
of 1interaction between the molecular entities of the polymer.
TGA, therefore, can reflect the stretch-induced morphological
changes leading to the alteration 1in molecular interactions.

Yypical TGA thermograms of control and a polymer sample stretch
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ig.4.11.Polarized optical microphotographs of A: PU-3(control)

and B:PU-3 (stretched to 450%).0riginal magnification, 40X




4,30

close to the breaking point (PU-3) are shown in figure 4.12.
The enhanced thermal stability of stretched polymer is evident
from the traces.The temperature at 50% dissociation of the
polymers 1is taken as a simple measure of thermal stability(180).
These values for the polymers are tabulated in Table-4.V1. ‘The
difference in temperature between control and stretched polymers
increases in the order PU-3>PU-2>PU-1. The thermal stability in
terms of this parameter is more prominent in polymér having
higher hard segment content. More dispersed hard segment domains
in soft segment,can reduce the segmental mobility which in fact
increases the energy barrier for the dissociation
process.Further,the dispersed hard segment domains can be stabi-
lized through hydrogen bonding between the -NH and ether oxygen
of the soft segment. A wide variety of conformation having a
range of energies are possible in an amorphous polymer dependjng
upon the -N-H...0 bond distance. The stretching of these
materials could 1lead +to the homogenization of the hydrogen
bonds.In fact a number of studies have reported substantial
changes in -N-H stretching wvibration 1in polyurethanes under
deformation indicating alteration in hydrogen ©bonding index
(191) ¢ The increased thermal stability could be due to the
stronger,more uniformly distributed hydrogen bonds. Born et
al(192) have demonstrated all trans conformation of the chain ex-
tended sequence -0-(CH2)4-0-using ¥-ray scattering studies. On
stretching the sequence is twisted by 8.6 degree out of the phase

of the neighbouring urethane groups. The hydrogen bonds between
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TABLE 4.VI

EFFECT OF ROOM TEMPERATURE STRETCHING ON THE THER!‘[AL STABILITY OF THE POLYURETHANES

«

Polymer Hard segment Extent of 50% Dissociation Temperature Deita T

content stretching
(wt%) (%) Control(Typ Stretched(T (T2 -Ty
PU-1 23 600 400 4086 8
PU-2 33 480 378 382 14
PU-3 47 450 360 383 23

ey
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adjacent molecules are parallel forming a two dimensional array,
which certainly favours a higher thermal stability.

The results emerged out from the four independent tech-
niques apparently show morphological changes induced by room tem-
perature stretching. WAYD studies suggest ordering in hard seg-
ment at relatively low elongation. At higher elongation, hard
segment domains disrupt leading to an enhancedxphase mixing. Sub-
sequently soft segment retain orientation which is more in
materials having higher hard segment content. DSC and Polarized
microscopic techniques indicate more phase mixing. TGA reflecting
higher thermal stability show better stabilization presumably by

the formation of more hydrogen bonds.



4.1.3
. CHARACTERISATION OF
GRAFT COPOLYMERS OF POLYURETHANE
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Segmented polyurethane, in different forms, is one of the
extensively used material for blood contacting devices. Most of
the favourable properties of these materials are considered due
to the formation of microphase separated structure arising from
the clustering of hard and soft segment domains into different
entitfes. In spite of the several inherited desirable properties,
chemical modifications of polyurethanes, with an aim to func-
tionallze thelr specificity further towards blood compatibility
have been the subject of numerous studies (90-87). The behaviour
of such modified materials in harsh biological environmen£ has
also been studied (7,117, 183) extensively. However, all 'these
studlies have not thrown much light regarding the diffusion and
absorption of lipids which are abundant in blood. With an aim to
understand the problem of lipid absorption in graft copolymers of
polyurethanes, different graft copolymers congisting of
hydrophilic as well as hydrophobic moieties were synthesized and
the efforts to characterize tﬁese materials are sketched in the
following sections.

4,1.3.1. Characterization of hydrophilic grafts.

Poly (urethane-g-HEMA).
Typlical infrared spectrum of Poly(urethane-g-HEMA) is
shown in figure 4.13. The spectrum shows peaks centered around

3500 Cm ' and 9800 cm?', characteristic of grafted Poly(HEMA).
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SEM microphotographs of homo and FPoly(HEMA) grafted polyurethane,.
are shown in f;gure 4,14, When the homo polyurethane is viewed,

the surface appeared to be smooth (A). When Poly(HEMA) is grafted
the surface gets altered and seems that the grafted species are
localized (B). However, as the % grafting increases, the whole
surface is spreaded with the grafted Poly(HEMA) chains (C). Table

4.VIl provides the wunder water air bubble contact angle of

ungrafted and grafted polymers with increased percentage of

grafting. The decrease in contact angle with the increase in %
grafting indicates the enhanced hydrophiiicity of the graft or in
other words the contact angle values further suggest the grafting

of Poly(HEMA) onto polyurethane.

It seems that the grafting is taking place at the soft seg-
ments. This conclusion is tentatively arrived by performing the
grafting studies in 100% hard segment polymer (H,.MDI/BD). The
material 1s found to be impermeable to HEMA(Table.&.Ulli){ Both
ATR-IR and SEM techniques further confirmed the absence of graft-
ing on 100% hard segment polymer.

The ultimate mechanical parameters of the Poly(HEMA) graft
polyurethanes are shown in Table 4. 1X. The wultimate strain is
considerably reduced in the grafts. The flexibility of
polyurethanes, as is known, is arising from the soft segments.
The reduction in strain with % grafting reflects the confinement

of grafting to the soft segment as mentioned in the previous



0p
Fig.4.14. SEM microéraphs of A-polyurethane (PU-2) control,B-

PHEMA grafted PU (grafting-4%) and C-PHEMA grafted

PU (grafting-12%).0riginal magnification 1000X
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* ' TABLE A4.IX

EFFECT OF POLY(HEMA) GRAFTING ON THE ULTIMATE STRESS - STRAIN

PARAMETERS OF THE POLYURETHANES

Polyme Grafting Stress(MPa) Strain(%)
r

PU-1 0 38.010.8 690116
4.5 33.5+0.6 635+21

16 26.5+1.2 525+16

23 19.5+0.9 450+11

PU-2 0 44.5+1.2 4868+13
4 40.540.7 44017

12 36.0+1.1 310+4

16.5 28.0+0.8 280+16

PU-3 o] 57.8+1.4 456+9
3.3 55.0+1.1 380+6

6.5 49.5+0.7 325+16




TABLE.4.V111

EFFECT OF HARD SEGMENT CONTENT ON THE UPTAKE OF MONOMER

Polymer Weight % HS % absorption®
PU-1 23 51
PU-2 33 38
PU-3 47 16
PU-5 : 100 : 0

* Exposed to 30 miniutes.
paragraph. The reduction in wultimate stress and strain,as
reported in previous works (117) may be a manifestation of mor-
phological changes induced by grafting. The probabilities of soft
segment orientation along the direction of stress and stress-
induced soft segment crystéllinity have been stated to be addi-
tional factors deciding the ultimate mechanical parameters (176)
The grafting of Poly(HEMA) chains, particularly to the soft seg-
ments, certainly affect these factors resulting in a gross reduc-
tion of mechanical properties.The interaction among the domains
could also bé affected by the grafting process. The soldpility
parameter of Poly(HEMA) is substantially higher [11.6(Calcm
3172 than the soft segment (8.7(Calcm™3)'72]1 and thé sub-
sequent thermodynamic incompatibility rules out the segmental

miscibility Ileading to the formation of a homogeneous ‘phase
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which would also affect the mechanical propertiss. The thermal
stability of the graft copolymer, as apparent from the TGA
traces(figure 4.15) is higher than the homo polyurethane. The
grafted Poly(HEMA) chains increase the rigidity of the polymer.
To increase the segmental mobility leading to a reduction of “the
cohesivehess of polymer chains and subsequently to the dissocia-
tion need more thermal energy. All these factors namely, the
decrease in cohesiveness among thebtdomains, reduction 1in
‘flexibility of the soft segments resulted by the introduction of
Poly (HEMA) chain to the backbone, the thermodynamic incom-
patibility and the interference of the grafted chains in the
orlentation of the soft segment chains under stress,are respon-
sible to reduce the ultimate mechanical properties of the graft
copolymers.

Poly(urethane-g-NVP) grafts.

Figure 4.16 illustrates GPC traces of homo polyurethane and
NVP grafted polyurethane. The shift to the lower time scale of
the graft sample, indicates a higher molecular weight or in other
words ’the GPC analysis confirms the grafting process. The in-
frared spectrum of the graft copolymer recorded as thin film be-
tween sodium chloride windows, is shown in figure 4.17. The peak
centered around 1670 cm~! arising from the -C=0 stretching mode
of P(VP) ©branches, further shows the grafting of NVP onto

polyurethane. The peak at 1702 cm ! is due to the -C=0 groups of
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Fig.- 4 - 16. Representative GPC traces of (1) PU-2 and

(2)Poly (VYP)grafted PU-2 (°, grafting -29)
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polyurethane. Typical TGA traces for the graft copolymer together
with a homo polyurethane sample are illustrated in figure 4.18.
The P(VP) graft registered an enhanced thermal stability. The
shielding of the -NH-CO-0-groups by graft ends forming hydrogen
bonds between the backbone and -C=0 groups in the grafts has been
assumed fbr the increased thermal stability (121).
4.1.3.2. Characterization of hydrophobic graft copolymers

of polyurethanes:>

Though polyurethane grafted with typical hydrophobic
species for improving the biocompatibility are wuncommon in the
literature, these studies are undertaken to know how diffﬁsion
and absorption of lipids are effected in polyurethane matrix en-
riched with hydrophobic grafted components. With this aim, graft
copolymers of PBA, PMA and PMMA with polyurethanes are syn-
thesized. Characterization of these materials are attempted in
the following paragraphs.

Poly(urethane-g-BA).

Infrared specturm of PBA-g-PU is shown in figure 4.189. By
comparing the spectra of homo PBA and PU, the peaks at 1720 cm™!
and 1420 cm~! are assigned to the grafted PBA branches. The -C=0
absorption of polyurethane 1is centered around 1700 cm~! as a
separate peak. The typical GPC traces of polyurethane and a graft
sample are depicted in figure 4.20. The graft polymer elutes at

lower time scale indicating higher molecular weight resulted by
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grafting. The surface morﬁhology of the grafts wvisualized by SEM
are shown In flgure 4.21. The altered surface resulted by graft-
ing is evident from the SEM analysis. The under water air bubble
contact angle wvalues of the PBA grafts afe shown in Table 4.%.
The graft copolymer at a low % grafting registers nearly identi-
cal or eQen less contact angle values of homo polyurethane. This
is indeed surprising, considering the hydrophobicity of PBA which
should show an enhanced contact angle.bThis anomaly, reflects the
less concentration of hydrophobic PBA chains on the surface. The
’contact angle, however, increases as the % grafting increases in-
dicating the spreading of PBA on the surface. The SEM picture
(figure 4.21-A) of the graft having a low degree of grafting. in-
dicates the surface is almost simillar to that of polere{hane.
The graft containing a higher extent of grafting (B} evidently
show altered surface in the form of a grafted layer.

In the first case, prior to irradiation, the polymer strips
are exposed to th n-butyl acrylate monomer to a shorter period
and at best the monomer might have penetrated only to a few
layers. Nevertheless, the concentration gradient already estab-
lished drive the monomer to the bulk depleting the surface con-
centration. The grafting, persumably due to this, majorly take
place in sub surface rather than at the surface. Internal
stresses may be set up when the monomer diffuses into the

polymer(184). It is to be expected that the inner, unswollen part




g.4.21. SEM micrographs of A,PBA grafted PU-2(grafting-4.2%) B,

PBA graft (grafting-21%). orignal magnification 1000X




EFFECT OF PBA GRAFTING ON THE UNDER WATER AIR BUBBLE CONTACT

TABLE 4.X

ANGLE OF POLYURETHANES

Polymer Graft yield(%) Contact angle
PU-1 0 62+1.0
6.6 59+1.2
34 65+0.7
PU-2 0 59+0.7
5.4 54+0.5
35 6311.0
PU-3 0 57+0.5
3.3 51+0.6
12 58+1.0
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(hard segment domains) of the polymer will exert a compression
force on the outer swelling part while the swollen part will ex-
ert on the unattached region, a force which tends to expand the
polymer. The polymer chains will tend to relieve these stresses
by changing the conformation. That is, a reorganization would be
possible‘ pushing the unswollen hard segment domains to the sur-
face resulting in a slight enhancement of surface polarity. The
observed results on contact angle value, and the SEM could be
traced to these possibilities. At a substantially high degree of
swelling, the monomer is distributed nearly uniformly through out
the polymer leading to the grafting reaction both at surface and
bul k. Both SEM and contact angle data again favour this situa-
tion. The ultimate mechanical parameters of the graft copolymers
are summarized in Table 4.X1. The reduction in ultimate stress,
unlike in Poly(HEMA) graft is rather low in PBA grafts. The rela-
tively low reduction 1in stress may be traced to the structural
variation of the graft copolymer in comparison with-
polyurethanes,like the reduction in the interaction between the
domains. The ultimate strain of graft copolymers, however, in-
creases considerably 1indicating the increased flexibility upon
polyurethanes. The increased strain may be a manifestation of the
formation of a homogene ous phase between the soft segment and
grafted PBA chains. From a thermodynamic point of . v%ew,the

homogenisation is quite possible due to the closeness of the



ULTIMATE STRESS

TABLE 4.X1

- STRAIN PARAMETERS OF MIXED GRAFTS

Grafted PU - 1 PU - 2 PU - 3
chains .
Stress Strain Stress (MPa) Strain Stress (MPa) Strain (%)
(MPa) (%) (%)
PBA 38.7x1.1 1060160 38.2+.2 725125 52.5+1.9 480128
14%) (12%) (10%)
P(HEMA) 26.5%1.2 525%16 28.01+0.9 280zx11 49.5%1.1 335%7
(16%) (14%) (6.3%)
PBA+PHEMA 27.8%1.2 740125 34.2%1.4 515122 40.0x1.6 380z14
(23%) (26%) (12.3%)

The values in brackets

is the % grafting of respective sampies

€
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solubility parameters of soft segment [8.7(Calcm-3)t/2] and PBA
chains [8.8(Calcm~3)t721],

Poly (urethane-g-PMA).

The grafting of MA onto polyurethanes is confirmed by dif-
ferent methods already used to characterize other grafts. In com-
parsion Qith PBA grafts, the mechanical properties of PMA grafts
(Table.4.¥11) show some interesting aspects. The wultimate %
strain is higher than the homo poyurethanes. The ultimate stress
is, however, lesser than that of the trunk polymer (polyurethane).
It seems that, the change in mechanical properties of PMA grafts
can be compared with that of a rubber toughened brittle polymer.
In a typical rubber toughening procedure, rubber particles are
dispersed in a brittle polymer. The elongation at break of the
material by this process increases from about 3% to over 40%,
subsequently showing a reductioninstress and an increase 1in
tougheness (195). The Young's modulus of the rubber particle is
several orders of magnitude lessery than that of the matrix. This .
leads to a stress concentration arround the particles and shear
yielding or crazing throughout a large volume of the material
rather than just 'at the crack tip and hence the polymer absorbs
more energy during deformation resulting in improved toughness,

though showing a reduction in the ultimate stress.



Poly(urethane-MMA graft).

Comparing to PQA and PMA, PMMA is glassy at ambient tem-
perature and morphologically PMMA grafts would be différent
from the other two hydrophobic grafts. The IR spectrum and GPC
traces of graft copolymer are 1illustrated 1in figures 4.22 and

TABLE-4-¥X11

EFFECT OF PMA GRAFTING ON THE STRESS-STRAIN PARAMETERS OF

POLYURETHANE
Polymer % Grafting Stress (Mpa) Strain(%)
PU-1 0] 38.0 +.80 690116
17.4 31.0 +.12 750421
PU-2 0] 44.5 +.11 498+13
16.8 34.6 +.90 610+22
PU-3 0 57.8 .14 456+09
16.6 44.6 *.16 548+18

4,23 respectively. The characteristic absorption peaks of PMMA
are around 1145 cm~! and 740 cm~! (196). The other characteristic
-C=0 bands are, however, merged with the peaks of polyurethanes,
more or less in the same regions The peaks at 1145 CM-*' and 740
CM-' indicate the grafting of MMA onto PU. The peak around 1700
cm™ ! broadended due to the mixing of the absorption peaks of the

two polymers. The GPC analysis conclusively confirms the grafting
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process since the GPC traée of graft copolymer shifted to Ilower
time scale favouring higher molecular weight. Distinctively the
altered surface resulted by grafting is evident in the SEM
(figure 4.24). The grafted PMMA chains in the form of clusters
almost cover the entire surface.

Binary Graft:[Poly(urethane-g-HEMA/BA).

To date most of the studies of »chemical modification of
polyurethane by grafting have been restricted to a single
hydrophilic monomers(87,117-120). Grafting from a binary mixture
congisting of two types of functionally different monomers could
be beneficial because of a large spectrum of properties. To un-
derstand the ébsorption of lipids in graft copolymers consisting
of two different entities with independent hydrophobic and
hydrophilic chains, binary grafts of polyurethane are synthesized
by grafting n-butyl acrylate and HEMA simultanecusly from a mix-
ture. The efforts to characterize these grafts are traced in the
following paragraphs.

Figure 4.25 shows the infrared spectrum of the isolated
graft containing both PBA and Poly(HEMA) chains. The peak cen-
tered around 3500 cm-!* is assigned to the grafted Poly(HEMA)
chains. The grafting of PBA is confirmed by the presence of two
characteristic peaks of PBA chains at around 1720 cm™! and 1420
cm™ ! respectively. The -C=0 absorption peak of polyurethane ap-

pears around 1700 cm~!.
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Fig.4.24. SEM micrograph of PMMA grafted PU-2 (grafting-16%).

Original magnification 1000X
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The SEM microphotograph of the binary graft Iis shown 1in
figure 4.26. The SEM microphotographs of Poly(HEMA) grafts and
PBA grafts are shown in figures 4.14 and 4.21 respectively. The
binary graft shows uniformly distributed thick bunches. . In com-
parison, however, the surface roughly resembles to thét of
Poly (HEMA) grafted surface. This observation probably can be
deduced as; Poly(HEMA) is mainly responsible for the surface
modification while PBA is grafted to é large extent in bulk when
grafting is carried out from the ﬁixture of these two. The BA
monomer, presumably due to its better thermodynamic interaction
with the soft segment, rapidly move into bulk. This aspect, based
on solubility parameter concept, has already been discussed in
section 4.1.3.2. The swelling of the polymer prior to grafting
when carried out from the mixture of these two monomers, BA
monomer preferably move to the bulk while the hydrophilic HEMA
prefers the surface.
The underwater air bubble contact angle data summarized in
Table 4.X111 -further points out this‘possibility. The contact
angle value of the mixed graft decreases, with increase in %
grafting, indicating increased concentration of Poly(HEMA) chains
on the surface. The angle would have increased if the surface
contain more PBA chains.
The ultimate mechanical parameters of the binary grafts are

summarized in Table 4.X1. One noticeable difference between the
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Fig.4.26. SEM micrograph of PU-2 grafted with PHEMA and PBA

(grafting-22%). Original magnification 1000X



VARIATION OF UNDER WATER AIR BUBBLE CONTACT ANGLE IN MIXED GRAFTS

TABLE 4.XI111

4.63

Grafting (%)

Polymer Contact angle (O)
PU-1 o] 62+1.0
15 49+0.7
33 47+1.1
PU-2 0] 5910.7
10 51+0.3
25 46+1.0
PU-3 ] 5710.5
6 44+1.0
12 411+0.6
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Poly (HEMA) grafté and the mixed graft, is the less reduction of

ultimate mechanical pérameters in the mixed graft. The influence

of flexible PBA chains can be seen in the ultimate strain of the

mixed grafts. The % strain is higher than the Poly(HEMA) grafted
polymers{

Graft copolymers having functionally varied components with

a distinctively altered morphology frqm polyurethane may. provide

interesting insights into the process of absorption and diffusion

of lipids. Generalization in terms of the characteristics of the

‘graft copolymers and lipid absorption is also expected.




SECTION 4.2

DIFFUSION IN POLYURETHANES




4.2.1
DIFFUSION IN o
LINEAR SEGMENTED POLYURETHANES
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The effort in this section is to understand the diffusion
process of lipids in connection with the morphological features
of the polymers;
4.2.1.1. Probing the diffusants in the bulk of the polymers:
Figqre 4,27 illustrates the infrared spectrum of the carbon
tetrachloride extract of a polyurethane sample (PU-1) conditioned
with silicone oil(A). The spectrum shows characteristic absorp-
tion peaks of silicone o0il indicating the absorption of silicone
0oil by the polymer. Additionally the spectrum shows weak absorp-
tion band in the -C=0 region indicating the presence of polymeric
species, presumably oligomers in the extract. Figure 4.27B is the
infrared spectrum of the extract versus the same extract (in the
reference beam of the instrument). The spectrum looks almost like
a straight line indicating a prefect balancing. In recording the
infra red spectra of the diffusants extracted from the polymers,.
the extract of control polymer strips, kept in the silicone oil,
was used the in the reference beam to cancel the absor?tion
peaks of silicone o0il and other species to avoid the inter-
ference. Typical infrared spectra of the diffusants extracted
from the polyurethane (PU-2) are shown in figures 4.28, ana 4,29,
and 4.30 respectively. These spectra are identified as that of
stearic acid, methyl palmitate, butyl oleiate, Triolein,
cholestrol and cholestryl acetate which are used individualiy for

diffusion studies. These spectra apparently confirm the diffusion
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of the lipids into the polymer.

Figures 4.31 shows the representative phase contrast opti-
cal photomicrograph of a thin section of PU-1 kept 1in silicone
oil(A). Figures B-D show the photomicrographs of the same polymer
strips exposed to the silicone o0il solutions of stearic acid,
cholestrol and cholestryl acetate. The white patches 1in the
respective photographs could be attributed to the diffused
species. The concentratioﬁ of these patches appears to be 1in-
creasing in the order of stearic acid > cholestrol > cholestryl
acetéte which is reasonable considering the increased molecular
weights of these specie5 in the same order. Both IR spectroscopy
and photomicrographs conclusively point out the diffusion of the
lipids into the bulk of the polymer.
4.2.1.2, Diffusion Coefficients of the diffusants:

The mass uptake at any time *t'(Mt) and at infinite time
(Mo)were monitored by weighing. Parallely IR spectroscopic method
was also used to estimate these quantities. Table.4.X1V sum-
marizes a typical example of these parameters determined using
both methods. It appears that, the values obtained using these
two independent methods are comparable.

Typical Mt/Meversus t!'7/?2 plots are shown in figures 4.32
and 4.33 respectively. The Fickian nature of the absorption
process is apparent from these plots. The diffusion coeffic;ents

(D) estimated from the slope of the straight line portions of the
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D
Fig.4.31. Phase contrast microphotographs of polyurethane (PU-1)

A-Control, B-Equilibrated with stearic acid solution,C-
Equilibrated with cholesterol solution, D-Equilibrated

cholestaryl aceate solution. Original magnification, 40X
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curves are given in Table 4.XV
TABLE. 4.X 1V

ESTIMATION OF Mt AND M, FOR STEARIC ACID IN PU-1

Method Mt(mg)* Meol(mg )
Weighing 1.10 3.70
IR 1.05 3.64

* After 24 hours

The diffusion coefficients are found to be independent of
concentration of the diffusants and thickness of the po}ymer
strips. The ‘D' values estimated for stearic acid and chofes&woh
typical examples of linear and bulky molecules in PU-1, using
concentration and thickness as wvariables are shown in Table
4,.%V1,

Zentner et al (197) have reported 0.47x10"9cm? /sec as the
diffusion coefficient of progesterone in biomer, a biomedical
grade polyurethane based on MDI, PTMG and ethylene diamine. Al-
though the present systems are different from the reported one,
‘D obtained for steroids is in the same order of the'present
values. It is interesting to see that ‘D! of all
diffusants(Table.4.XV) decreases with the increase of hard seg-

ment content.* D 'sharply drops from 100% soft segment material




TABLE 4.XV

DIFFUSION COEFFICIENT OF LIPIDS IN POLYURETHANES: EFFECT OF HARD SEGMENT

Polymer Hard segment Diffusion Coefficient (Ix10?cm® /sec.)

contentiwht.%}

Cholesteyol
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