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This thesis is concerned with demonstrating how the visual representation of the
sequence distribution of individual monomer units, of a polymer, that would be observed
upon polymerisation, may be utilised in designing and synthesizing polymers with relatively
low cell adhesion characteristics.

The initial part of this thesis is concerned with demonsirating the use of a computer
simulation technique, in illustrating the sequence distribution that would be observed Upon
the polymerisation of a set of monomers. The power of the computer simulation iechnitgue
has been demonstrated through the simulation of the sequence distributions of some generic
contact lens materials. These generic contact lens materials were chosen simply because in the
field of biomaterials their compositions are amongsi the most systematically regulated and
they present a wide range of compositions.

The validity of the computer simulation technique has been assessed through ihe
synthesis and analysis of linear free-radical polymers at differeni conversions. Two main
parameters were examined, that of composition and the number-average sequence lengihs of
individual monomer units, at various conversions. The polymers were synthesized through
the solution polymerisation process. The monomer composition was determined by elemental
analysis and 13¢C nuclear magnetic analysis (NMR). Number-average sequence lengths were

determined exclusively through 13C NMR. Although the computer simulation technique
provides a visual representation of the monomer sequence distribution up to 100%
conversion, these assessments were made on linear polymers at a reasonably high conversion
(above 50%) but below 100% conversion for ease of analysis. The analyses proved that the
computer simulation technique was reasonably accurate in predicting the sequence
distribution of monomer units, upon polymerisation, in the polymer.

An approach has been presented which allows one to manipulate the use of
monomers, with their reactivity ratios, thereby enabling us to design polymers with
controlled sequence distributions.

Hydrogel membranes, with relatively controlled sequence disiributions and
polymerised to 100% conversion, were synthesized to represent prospective biomaterials,
Cell adhesion studies were used as a biological probe to investigate the suscepiibility of the
surface of these membranes to cell adhesion. This was necessary in order (o assess the
surface biocompatibility or biotolerance of these prospective biomaterials.

KEYWORDS: computer simulation, 13C NMR sequence analysis, cell
adhesion.
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1.0 General Introduction

Up until quite recently most materials currently used in biological
environments have been appropriated from the large selection of synthetic
materials available, and designed for commodity or engineering application.
They have usually been chosen because of ease of fabrication but rarely because
they have surface properties similar to a particular natural tissue. Thus, poly

(imethyl methacrylate) (PMMA) was initially used in contact lenses! not

""\

nly
because of its toughness, optical properties and ifs relatively low physiclogical
activity but mainly because of its ease of fabrication by existing grinding and
polishing techniques. It was not, therefore, a purpose designed polymer, but it
displayed some important properties, and there were no other sericus
candidates until the development of hydrogels®4. The story is similar in other

areas of biomaterial design. A great need exisis for materials whose siruciures

can be tailored fo meet the demands of the biological environment.

When designing a new material for use in biological environments one must
be fully aware of the relationship between the material and its immediate
environment. Consideration of the materials bulk and surface properties,
including chemical, physical and biological aspects are important as is the effect
of the biological environment on the material. Thus, a good biomaterial which
is fully biocompatible, would be one which does not adversely affect the
biological environment it is placed in contact with, nor is itself adversely
affected by it5. This phenomenon of biocompatibility has arisen from fhe
extensive use of man-made materials to replace or augment biological
structures in situ. It involves the investigation of the interactions between the

host tissue and the implanted material(the biomaterial), and its enviranment.
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No single material can be spoken of as being 'biocompatible’, this is simply
because different biological environments produce somewhat different
requirements and no single material meets all of them®. For example in the
design of a new soft contact lens one must bear in mind the transport,
mechanical and surface properties. It is apparent that the universal problem is
that of compatibility whether to blood, other body fluids(such as here to tears)
or tissue. Surface properties are of paramount importance since they contribute
greatly in determining the biocompatibility of the material in its particular
biological environment. The transport properties will be governed by the
permeability requirements of the cornea. This is because it is avascular if needs
to respire directly form the atmosphere, as this is the major source of the
oxygen required to maintfain its biochemical balance. Since we are dealing with
a soft contact lens, it will basically be a hydrogel. In hydrogels the transport
properties are governed by the water content of the hydrogel, and a suitably
high water content hydrogel may be designed to accommodate the oxygen
requirements of the cornea. The presence of this quantity of water in the
polymer also affects the mechanical properties of the material. Here the balance
of the properties is governed by the eyelid. Although soft materials are, in
general, more comfortable to the eyelid, there is a lower limit to the stiffness
that can be tolerated. This because the eyelid exerts a fairly considerable
deforming force during the blink cycle. Here manipulation of the cross-link
density and backbone structure will allow control over the water content of the
hydrogel and limit deformation under eyelid load with good elastic recovery.
Now, for example, in hip-joint prostheses, where a stainless steel or ceramic
ball moves in a polymer cup, we find that mechanical properties here are very

important. It is apparent that if the mechanical properties are not reasonably



correct here, then little meaningful evaluation of the other properties can take

place.

It is usually the case that the physical nature of the material and its mechanical
properties provide the short term barrier to successful application of the
biomaterial, in the sense that they are necessary for it to work. Having
overcome this hurdle however, the problem that limits the success of the
biomaterial in the longer term is usually biocompatibility. The body does nof
readily tolerate synthetic materials, this is an underlying problem in the great

majority of biomedical applications.

1.1 Factors Affecting The Biocompatibility of Biomaterials

As mentioned earlier the surface characteristics of the new biomaterial will
predominantly determine its degree of biocompatibility with the biological
system it is to be employed in. The underlying processes that govern this
interaction are common to many areas where certain materials come into
contact with biological solutions. Thus the deposition of tear fluid debris, the
clotting of blood on foreign surfaces, the formation of dental plaque, marine
fouling and the fouling of membranes used in biochemical separations are all

examples of the same fundamental phenomenon. The phenomenon

rapidly by the competitive adsorption of other biochemicals. The initiating
processes in all of these interactions are referred to as biological interface

conversion processes.

Many factors are known fo influence these interface conversion processes, such

30



as surface energy, surface chemical groups, hydrophobocity, hydrophilicity;
equilibrium water content in hydrogels, sequence distribution of monomer
units, and the surface topology. It is apparent that no single parameter can be
used exclusively to describe the biocompatibility of the surface of the new
material. This is simply because most of the parameters listed above are
interdependent. Thus for example in a hydrogel material, we may need fo
increase the Hquilibrium Water Content (EWC), this will be achieved through

making the material more hydrophilic, e.g., by introducing more hydroxyl

groups into the material. This will cause an increase in the polar component of
the surface energy of the material and depending upon the reactivity ratios of
the constituent monomers, will in all probability change the sequence

distribution of the various chemical groups expressed at the surface.

1.11 Surface Energy

Although no single parameter has produced a satisfactory basis for correlation
with biocompatibility, the surface energy concept has proved the most useful.
This has arisen from the fact that surface forces are exerted by the constituent
atoms of solids just as in the case of fluids. This is usually called the critical
surface tension of the surface, and is defined as the surface tension of a liquid
which will just spread on and wet the surface. The difference between the
surface tension of a fluid and the critical surface tension of the surface with
which it is in contact with is called the interfacial tension. This takes into
account the polar and non-polar contributions to the surface energy mismatch
at the surface. This has been put forward as the moderate surface energy
hypothesis?-9. Which suggests that for a material to exhibit maximum
biocompatibility it should have a low interfacial tension with the biological

system it is in contact with. Adhesion protein adsorption is pgenerally
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considered to be more likely on a surface exhibiting a moderate or high surface
energy, whereas surfaces of low energy are less adhesive. It has been noted that
the polar component of the surface energy increases with the introduction of
hydrophilic, polar, groups such as the hydroxyl group. This is usually
accompanied by a proportionate increase in EWC. However, surfaces with very
low fractional polarity and low EWC do not all offer the same degree of
adhesiveness. For example amorphous polystyrene is non-adhesiveness,
whereas crystalline PTFE, polypropylene and polyethylene are cell adhesivelf.

This obviously reflects other differences in surface properties.

1.12 Surface Chemical Groups

The pendant groups exposed (o the biological medium depends on the nature
of the aqueous environment and on the flexibility of the polymer backbone.
Generally polar groups will orientate themselves towards the aqueous
environment. The presence and density of various chemical groups affect the
adsorption and subsequent conformation of adhesion proteins and hence cell
adhesion in serum containing systems. Generally, the introduction of charged

groups leads to greater adhesive properties.

We may illustrate the effect of chemical groups on the adhesion proteins and
hence cell adhesion by considering the fact that untreated polystyrene (PS) is
not generally adhesive in the presence of serum. But if the PS surface is
oxidised through treatment with a gas plasma or is glow discharge treated, the
surface becomes very adhesive to cells!!. Work carried oui here at Aston,
suggested that mild acid treatment of the PS surface introduced hydroxyl

groups at the surface of the PS sample. This was found fo support extensive cell



adhesion. More severe treatment with hot sulphuric acid or chlorosulphonic
acid produced substantial sulphonation and the resulting surface supported
some cell attachment but not spreading. But it seems that the hydroxyl groups
cannot be the sole factor affecting adhesion since the hydrogel formed from
poly(2-hydroxyethyl methacrylate), (PolyHEMA), with a low interfacial energy
and rich in surface hydroxyl groups is definitely not cell adhesive. Whereas
poly(methyl methacrylate), (PolyMMA), and poly(ethyl methacrylate),
(PolyEMA), are cell adhesive in the absence of hydroxyl groups. Investigations
of a range of copolymers of HEMA and EMA to determine the relative
contributions of the hydroxyl group concentration and the overall
physicochemical nature of the substrate showed no linear correlation between

cell spreading and hydroxyl group content!0.12,13,

i.13 Hydrophobocity and Hydrophilicity

Hydrophobocity and hydrophilicity are related to the surface energy and
chemistry of a surface. Hydrogels based predominantly on monomers like
HEMA tend to be very hydrophilic, whereas those based on styrene, also used
commonly as a monomer in present biomedical materials, tend to be
hydrophobic in nature. In an aqueous medium, hydrophilic substrates tend to
have the polar groups exposed at the surface which will hydrogen bond with
available water molecules. Hydrophobic surfaces tend to cause an ice like
configuration of water molecules at the surface. These water structuring effects
may of course be mixed on a surface with polar and non-polar groups exposed,
and the complex structures produced may then effect the adsorption of
proteins. Generally, It is known that surfaces of a predominantly hydraphohic

character cause more denaturation of adsorbed proteins. This is because
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proteins once adsorbed are not easily desorbed, and the greater conformational
changes this leads to, tends to expose critical binding sequences in these
adhesion proteins. Subsequently leading to cell adhesion. In contrast surfaces of
a predominantly hydrophilic character are found to allow proteins to desorb
much more easily than hydrophobic surfaces, i.e., it seems that the adhesion
proteins are bound more loosely to the hydrophilic surfaces!417. This may well

explain the non-adhesive qualities of some hydrogels.

1.14 Equilibrium Water Conteni (EWC) in Hydrogesls
Basically hydrogels are water swollen polymers, the simplest being based on the
monomer 2-hydroxyethyl methacrylate (HEMA). The water acts almost as a

conventional Plasticizer in that it converts a hard, clear and glassy material
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its absence, to a clear, flexible elastomeric gel. Thus the properiies of the
hydrogel are influenced both by the structure of the polymer network and by
the water. The water acts as a bridge between the natural and the synthetic
systems giving greater biocompatibility, or perhaps more properly biotolerance,
and confers membrane properties on the hydrogel, allowing transport of
oxygen and water soluble metabolites through the polymer matrix.
Copolymerisation of HEMA with other hydrophilic monomers such as N-
vinyl pyrrolidone (NVP), the N-alkyl acrylamides and hydroxyalkyl
methacrylates/acrylates, allows us to synthesize hydrogel membranes of

various water contents and vastly different surface properties’S.
Work done at Aston has demonstrated direct relationships between the EWC

and cell adhesion in hydrogels!!. Tt has been found that cells will adhere to and

spread onfo simple HEMA copolymers within the EWC range of 5-35% wafer.
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Higher water contents in the range of 40 - 60% did not support cell adhesion. A
further investigation of this phenomenon showed that the non-adhesive zone
for cells with respect to the EWC of the hydrogel could be shifted upwards if the
hydroxyl groups, present in HEMA, were replaced with charged groups by
substituting other hydrophilic monomers e.g. NVP, in place of HEMA. The
following trend of functional groups accompanies the upward movement of
the non-adhesive zone for cells in terms of the EWC :

-OH(e.g. HEMA) < -CONRR(e.g. NVP) < -CONHR < -CONH3(Acrylamide)
Hydroxyl <Tertiary amide < Secondary amide < Primary amide.

(Where R represents an alkyl group)

The presence of chemical groups at the surface of these hydrophilic materials
not only affects the amount and conformation of adsorbed adhesion proteins
but gives rise to physicochemical effects such as the reorganisation of water
molecules at the interface. The introduction of charged groups into HEMA
based hydrogels for example, increases the water structuring effects at the
surface. This is especially true of strongly polar groups such as carboxylic acid
and amide groups. However, introduction of uncharged MMA into HEMA
based hydrogels, also produces an adhesive surface in the absence of charge.
This is because MMA and other monomers containing non-polar groups also
cause a rearrangement in water structuring at the surface. Thus it seems that
the alteration in the water structure at the interface, seen with the presence of
various charged and uncharged groups, may indirectly affect the adsorption of
adhesion proteins and may be used to explain the cell adhesion characteristics
of these various copolymer surfaces. Thus the presence of a dominafing
structural group, which has the ability to structure water held at the surface, can

over-ride any of the effects due to water content!!.



1.15 Sequence Distribution of Surface Groups

In the previous section we see that charged groups at the surface of materials
affect the adsorption of adhesion proteins. It would seem to be logical that the
charge density and the distribution of this charge at the surface would also

affect the adsorption of adhesion proteins16.

Work done at Aston, has found that polymers with long repeat units or
extensive segments of individual monomer units (which may contain charged
or uncharged groups), have a greater tendency to produce non-specific protein
adsorption than polymers that mimic the molecular architecture of naturally
occurring polymers (regular, short sequences of monomers). Thus for example
the copolymerisation of a hydrophobic monomer with a hydrophilic
monomer, in different relative amounts or with quite different reaciivily
ratios, will tend to produce a copolymer with a blocky distribution of
individual monomer units. This will lead to tiny areas or domains of
hydrophobic and hydrophilic structures on the surface of the copolymer. As
mentioned above, this will lead to greater protein adsorption at the surface
than if we had produced a polymer in which the individual monomer units
were more dispersed. Thus the manipulation of the domain size in the
synthesis of new biomaterials provides a novel means of controlling non-
specific protein adsorption and the subsequent cell adhesion at the interface.
This is simply because the organisation of the polymer surface seems to have a
great effect on the subsequent protein adsorption. In this thesis we will attempt
to show how we may optimise this sequence distribution effect in the synthesis
of new biomaterials. Workers investigating the adsorption of adhesion
proteins and platelets onto copolymer surfaces using immuno-technology,
have shown that preferential adsorption occurs even on the nanomefre scale of

the surface distribution of groups!8. They have shown that the surface micro-
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domain patterns may be critical in determining adsorption. Cells, depending on
type, form adhesive focal or point contacts with the surface, and require a
and widely spaced from the next, the cell will be unable to spread, and may not
be able to achieve stable adhesion at all. On a smaller scale, protein adhesion
required areas of surface chemistry sufficiently large to achieve stable

physicochemical interactions between the protein and the material surface!9-21,

1.16 Surface Topology

The topology of a surface has been shown to effect the adsorption of proteins
over time. This has been demonstrated for blood proteins and is equally likely
to occur within other biological environments such as with tear fluids.
Generally the exchange of the first adsorbed protein (usually the one present in
the highest bulk concentration, such as albumin in blooad) for another of higher
affinity is slowed in narrow spaces due to steric hindrance and limited

diffusion?2,

In vivo, surface texture has a pronounced effect on the reactive cell population
around an implant. Roughened polymer surfaces attract more macrophages
and foreign body giant cells for a longer time leading to greater inflammation
and subsequent fibrous encapsulation. Superior compatibility is associated with

smoother surfaces with no sharp edges?3.24.

1.2 Simulation, Synthesis and Analysis of Polymers with
Controlled Sequence Distributions.

As mentioned in the previous section, the sequence distribution of the

individual monomer units in the polymer/biomaterial affect the adsorption of
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adhesion proteins at the interface, and the subsequent cell adhesion. The
following sections will illustrate the factors that affect the sequence
And computer simulation programmes that allow us to illustrate the
copolymerisation process, whilst making it possible to easily vary key
parameters, such as concentrations of monomers, and to see the effect this has
on the overall sequence distribution of the new biomaterial. The final part of
this section will show how sequence distributions may be determined/analysed

for materials that have been synthesized.

1.21 Copolymerisation and Reactivity Ratios

A polymerisation reaction may be carried out using only one monomer,
usually known as homopolymerisation. This is rather limiting in the number
of different products that are possible. Rarely does a homopolymer satisfy all
the requirements necessary to function as a good biomaterial, for example
polyHEMA although being relatively non-adhesive to cells, it possesses an
EWC of only 38%. For extended wear contact lenses a much higher EWC than
this is required. This is because the transport processes (e.g., of oxygen) in
hydrogels are governed by the water content of the hydrogel25. We may
improve the EWC of a biomaterial by copolymerisation of HEMA with another

more hydrophilic monomer, such as N-vinyl pyrrolidone.

Copolymerisation permits the synthesis of an almost unlimited range of
polymers and is often used, therefore, to obtain a better balance of properties for
the various applications of polymeric materials26.27. Copolymers may he

synthesized by chain growth and step growth condensation polymerisation
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processes. This thesis will deal exclusively with chain growth copolymers, in
which one or more types of monomer add to an active centre located on a
growing(or live) polymer chain. Chain growth copolymerisation may be done
using various active centres, including free radical, ionic and Ziegler-Natta
processes. Here, we will only be concerned with active centres derived from
free radicals. There are four basic copolymer structures: random, alternating,
block and graft. Random copolymers have relatively random distributions of
the two monomer units. Alternating copolymers have the two monomer units

occurring in an alternating fashion. A block copolymer is a linear opolymer

]

with one or more long uninterrupted sequences of each type of monomer unit.
A graft copolymer is a branched copolymer with the main chain and branches
having different compositions28:29, This thesis will deal mainly with random

(statistically random, i.e., obeying some statistical law) copolymers.
¥ ; ymg Pt

The basic hypothesis of simple copolymerisation kinetics is that the reactivity
of an active centre only depends upon the monomer unit in the copolymer
chain on which the active centre is located. For a binary copolymerisation, the
copolymer composition equation describes the growth of copolymer chains,
microstructure development and monomer consumption. The equation can be

derived from basic copolymerisation kinetics(see chapter 3) and is given below:

oMy M) Myl + Mol
dMs] ~ [Mp] [M1] + ro[Ms] 2L 3.

Where, M = monomer ; [ ] = concentration.

The parameters ry and 1y are termed the monomer reactivity rati

reactivity ratio is defined as the ratio of the rate constant for a reaciive

propagating species adding its own type of monomer to the rate constant for iis

addition of the other monomer. The tendency of two monomers o

)
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copolymerize is noted by r values between zero and unity. An ry value greater
than unity means that the radical of the monomer unit Mj, preferentially adds
M1 instead of M», while an r1 value less that unity means that the radical of the
monomer unit Mj, preferentially adds Mj. From the above equation it can be
seen that the main factors which govern the sequence distribution of a polymer
are, the concentration of the monomers and their reactivity ratios. Since the
concentrations are easily varied this is usually not a problem in helping to
achieve a certain sequence distribution. But the reactivity ratios are not easily
varied. In fact they are specific for a particular pair of monomers, since they are
inherently dependent on the chemical functionality of the monomers
concerned. Chapter 3 will show how some common contact lens compositions,
that have been synthesized without regard to the reactivity ratios of the

constituent monomers, have such poor sequence distributions (long, exiended

sequences of individual monomer units). This is likely to make them prone to
non-specific protein adhesion. Chapter 5 will attempt to illustrate how with the
judicious choice of monomers, one may synthesize polymers with relatively
good sequence distributions (short, regular sequences of individual monomer

units).

1.22 Computer Simulation of Sequence Distributions

To facilitate the design of materials with good sequence distributions, it would
be useful if we could in some way visualise/simulate the sequence distribution
of the final product formed through the copolymerisation process. This
simulation technique would allow us to easily alter the basic factors,
mentioned in the above section, that affect the sequence disiribution of the

synthesized material, whilst also displaying the results in a readily accessihle
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form. Computer simulation techniques based on various models of the
copolymerisation kinetics allow us to demonstrate the sequence distribution
that would be seen upon the polymerisation of a set of monomers. Theoretical
predictions of sequence distribution in copolymers have been included in the
earliest treatments of copolymerisation30-35, and many theoretical papers on

this subject have appeared, suggesting diverse approaches to this problem36-40,

At Aston we have developed a couple of computer simulation programs
which simulate the sequence distributions that would be seen in the

copolymer/terpolymer when two/three monomers were to be palvimerized.
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method of statistical trials)4!. These computer programs require the
will at every stage of conversion calculate the probability of addition of each of
the monomers to the active centre at the end of the growing chain. A fuller
description of these programs may be found in chapter 3, it will suffice here to
illustrate one of the programs. The simulated sequence distribution of the
contact lens material Etafilcon-A42, when polymerized can be represented by
figure 1.0. Etafilcon-A is composed of monomers with relatively similar
reactivity ratios but with quite different concentrations (as shown in figure 1.0).
It is a hydrogel type material with an EWC of approximately 58%, and is
manufactured and sold under different trade names e.g., as Acuvue by

Vistakon (please see table 3.12 in chapter 3 for more details).

When viewing figure 1.0 overleaf, one must bear in mind although the

simulated sequence distribution seen does represent the sequence distribution,
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from start to 100% conversion, it does not represent the ideally or average
copolymer chain in this reaction. The simulated sequence distribution
represents a snapshot of, at any particular conversion, the instantaneous
sequence distribution of the average copolymer chain in this polymerisation
reaction, at that particular level of conversion. The average copolymer
composition may also be determined, at this particular level of conversion,
since in these simulations the program always starts with an arbitrarily set total
of 2000 monomer units. Thus for example if a 50:50 mole ratio of monomer
units is required in the initial feed, then the program will carry out the
simulation with an initial 1000 units of each monomer. Therefore, the average
copolymer composition is easily calculated at any particular stage of
conversion, as we can see in the simulated sequence distribution the number of
each type of monomer unit that have been polymerized and we know the

number of each type of monomer unit present in the initial feed.

Figure 1.0 : Computer simulated sequence distribution of Etafilcon-A
contact lens formulation with 1% EGDMA cross-linker.

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, EGDMA

r(AB) = 1.224 r(AC) =1.882 r(BA) = 0.294

r(BC) =0.975 r(CA) = 0.388 r(CB) = 0.837

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and EGDMA is represented by © :
J(0.88,0/00)(88.000008006808068000000600006006008006000{0000900088
0/6,6/8.0.0.6.0,0/0000.00006566500000000000088008000800000000000888

10/6/8/0.9.0,0/6.0/6.0.0.0060000660600880000000080008006000000008080080888
88.0/0.9.8/0/00/8000008/0650508088008800000008080006000000088880808888
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20
EGDMA units.

Table 1.0 : Sequence lengths seen in the simulated sequence

distribution of figure 1.0.

Sequence Distributions:

Length HEMA MA EGDMA
1 7 74 20
2 6 3 0
3 4 0 0
4 4 0 0
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It is apparent from this simulation, that the formulation of this Etafilcon-A
contact lens results in a very poor sequence distribution for this product (i.e.,
we have long, extended sequences of individual monomer units). This is
unfortunate since here the monomer units have relatively similar reactivity
ratios, but the large difference in their relative concentrations in the initial feed
precludes the formation of a relatively good sequence distribution (regular,
short sequences of monomer units). On purely a sequence distribution effect we
would expect this contact lens material to be susceptible to non-specific protein
adhesion. The presence of the methacrylic acid monomer produces a negatively
charged surface in an aqueous environment this will also have an effect upon
the absorption of surface proteins and will thus modify the effect produced by
the sequence distribution of individual monomer units, of this material, upon

its surface properties.

Thus computer simulation programs can be a valuable tool in understanding
how various factors will affect the final sequence distribution, of the
monomers, seen in the new biomaterial. This may help us to predict the

relative biotolerance of this new material.

1.23 Analysis of the Computer Simulated Sequence Distributions

Accurate analysis of the composition of a copolymer may be made, in principle,
by the employment of a number of techniques. The most widely used
technique for the composition analysis of a copolymer is elemental analysis.
This technique is very accurate, but for it to be useful in the first instance there
must be a significant difference in the elemental composition of the monomers

concerned.
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A technique that has proved to be the most useful method of copolymer
analysis, both for composition analysis and for probing the connectivity and
stereo-regularity of monomer units is 13C nuclear magnetic resonance (13C
NMR). The principal advantage of 13C NMR, is in its sensitivity towards subtle
structural features whilst displaying this information in an accessible form.
Chemical shift differences are observed in 13C NMR polymer spectra for carbon
skeleton rearrangements of repeat units and for configurational sequences.
Therefore an interpretation of 13C NMR polymer spectra can be a complex
problem in itself. But with modern data acquisition techniques combined with
spectral integration and curve fitting (to obtain peak areas), followed by accurate
peak assignments will give us valuable information concerning the sequence
distribution of the synthesized copolymer43-47. Please see chapter 4 for further
information concerning 13C NMR and its application in the analyses of

copolymer sequence distributions.

It is generally true to say that cells will only adhere to a surface likely to deposit
proteins. Since it is also known that non-specific protein adhesion is affected by
the sequence distribution of the monomer units, which is reflected in the
combination of charged and uncharged groups expressed at the surface of the
new biomaterial. Thus cell adhesion studies provides us with a remarkably
sensitive probe for investigating the deposition qualities of a surface, with
respect to the sequence distribution of monomer units in the new biomaterial,
as cells will respond to literally a few molecules of protein. Please see chapter 6
for results of such cell adhesion studies on polymers containing controlled

sequence distributions of monomer units.
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1.3 Summary of Introduction

It is apparent that there are two main problems that occur when we try to
substitute a synthetic material for a natural tissue. Firstly there is the difficulty
in actually designing a material which will essentially be inert and structurally
fairly simple, compared to the living, structurally complex and highly
responsive natural tissue it will be replacing; secondly, when we place such a
structurally simple and relatively unresponsive synthetic material in a
biological environment, we create a dynamic interface. This usually results in
the phenomenon known as interface conversion, as previously mentioned.
Thus, it is invariably found that biological environments are extremely

sensitive to synthetic materials and very aggressive in their response to them.

The advent of hydrophilic polymeric materials, e.g. the methacrylic hydrogels?,
for use in biomedical applications, has improved the soft tissue compatibility
and the transport properties of these synthetic materials. But as seen in this
chapter, synthetic polymers will only enjoy limited success as biomaterials
until we can develop an improved understanding of the interfacial
phenomena that affect the biocompatibility of these materials. This will
subsequently allow us to design and synthesize interfacially responsive
materials, which are more biocompatible. We believe this may only be
achieved from understanding how the structure of natural materials
influences their properties and thus by subsequently synthesizing and replacing

them with materials which have analogous behaviour.
This thesis will be concerned with assessing one of the factors, the sequence

distribution of individual monomer units in the material, that affects the

interfacial properties and the subsequent biocompatibility of these materials.
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1.4 Scope and Objectives of this Thesis

(i) To demonstrate the use of Monte-Carlo based computer simulation
programs in illustrating the sequence distributions that would be seen in the

final polymers, when a set of monomers were to be polymerized.

(i) To determine the precision of these computer simulation programs,
through reconciliation of sequence distribution data from 13C nuclear magnetic
resonance analysis of a synthesized polymer with that predicted by the

computer simulation programs.

(iii) To illustrate how design of polymeric materials with controlled sequence
distributions of monomers, may be aided by the use of these computer

simulation programs.

(iv) To study the affects of synthesized polymeric materials, containing
controlled sequence distributions of monomer units, on cell adhesion in a
serum containing environment. In order to assess the biocompatibility or
perhaps the biotolerance of these materials, thereby aiding the evaluation of

these materials for future use in biological environments.
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CHAPTER TWO
MATERIALS AND EXPERIMENTAL
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2.0 Materials and Experimental

2.1 Reagents

All monomers were purified by reduced pressure distillation, with the
exception of HEMA. This was bought as optical grade high purity monomer.
Because of the importance of the polymers of HEMA in biomedical
applications, the commercially available monomer is usually purified to a high
degree to remove EGDMA and Methacrylic acid which are usually present.
EGDMA may be removed through its solubility in Hexane, whilst HEMA
remains insoluble. Thus the normal procedure involves, the dissolution of
HEMA in four volumes of water and EGDMA is extracted with hexane. Then
the aqueous solution of HEMA is salted to complex methacrylic acid. HEMA is
extracted with diethyl ether, the solution is dried, and HEMA is distilled under

vacuum48.

NNDMA which is stabilised with an inhibitor, besides containing traces of
acrylic acid and water, is first treated with anhydrous potassium hydroxide to
neutralise the acrylic acid and then dried over anhydrous magnesium sulphate.
It is then distilled under reduced pressure. Any traces of inhibitor which co-
distilled with the monomer (determined through GLC analysis) were removed
by prepolymerizing to 20 percent conversion, the residual monomer being then

distilled off49.

Table 2.1 overleaf shows the monomers used and table 2.2 shows the cross-

linking agents and initiator used.
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Table 2.11:

Molecular Weights and Suppliers of Monomers

glycol)mono methacrylate

Monomer MWt.(g/mol) | Abbreviation| Supplier
2-Hydroxyethyl methacrylate 130.14 HEMA Ubichem Ltd.
Methyl methacrylate 100.12 MMA B.D.H.
N-Vinyl pyrrolidone 111.14 NVP B.D.H.
N,N-Dimethyl acrylamide 99.13 NNDMA Fluka
2-Hydroxypropyl methacrylate 144.17 HPA Polysciences
2-Hydroxyethyl acrylate 116.12 HEA Fluka
Ethoxyethyl methacrylate 158.19 EOEMA Fluka
Ethyl methacrylate 114.12 EMA Aldrich
Styrene 104.15 STY B.D.H.
Itaconic acid 130.10 ITA B.D.H.
N,N-Dimethyl-N- 279.35 SPE Monomer-
methacryloyloxyethyl-N-(3- Polymer Labs.
sulpho propyl) ammonium
betaine
Indene 116.16 IND Aldrich
N-Vinyl Imidazole 94.12 NVI Aldrich
Methoxy Poly(ethylene 500.12 PEG400 Polysciences
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Figure 2.11: Structure of reagents listed in table 2.11

R R=CH; R;=H Methyl methacrylate
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Figure 2.11: Structure of reagents listed in table 2.11(continued)
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Figure 2.11: Structure of reagents listed in table 2.11(continued)

A
H2C= C
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CHs
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Table 2.12 : Molecular Weights And Suppliers of Crosslinking Agents

Reagent MWt.(g/mol)| Abbreviation Supplier
Ethylene glycol 198.22 EGDMA B.D.H.
dimethacrylate

Azo-bis-iso- 164 AZBN B.D.H.
butyronitrile

N-vinyl 193.25 NVC Fluka

carbazole
2,4,6-Triallyloxy- 249.27 TAOTZ or TAC Aldrich
s-triazine
N,N-Diallyl- 228.25 DATDAM Aldrich
tartardiamide

Figure 2.12: Structure of reagents listed in table 2.12

CH; CHy
H,C=—=¢ C:CH2
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2.2 Polymer Synthesis

2.21 Solution Polymerisation

This is the process which was used to carry out free radical polymerisation on a
1 litre scale. The polymerisation reaction was carried out in a five necked 1 litre
resin flask, which was equipped with a water condenser & air condenser,
stirrer, thermometer, pressure equalised dropping funnel and a nitrogen bleed,
all in a water bath (see Figure 2.21 overleaf for diagram of set-up). Before
beginning the experiment the entire equipment was de-gassed using a nitrogen
bleed. During reaction this same nitrogen bleed was used to maintain a

nitrogen blanket over the reaction mixture50-52.

Thus for a typical reaction, such as that between HEMA and MMA, we would
start by adding 400mls of methanol to the reaction flask and raise its
temperature to 60°C. Once this temperature had been attained, 50 gms of the
monomers (HEMA and MMA) and 0.5% initiator (AZBN), by weight, dissolved
in 100 mls methanol, were added drop-wise to the reaction flask. After addition
was complete the temperature was raised to 65°C and the mixture was refluxed
for 12 hours. After this period of time the contents of the flask were allowed to
cool and then were added drop-wise to 2.0 litres of ether, cooled with solid CO»,
to give a granular white precipitate. The precipitate was filtered and after three
washings with ether, dried in a vacuum oven at 60°C. For 13C NMR sequence
analysis and elemental analysis samples were taken during the solution
polymerisation reaction using a 25 cm3 pipette. Once removed from the
reaction vessel, the samples were immediately pipetted into a beaker
containing a mixture of ether, cooled with solid CO, A white precipitate of the

polymer was seen. This was now filtered in a pre-weighed sintered-glass funnel
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under pressure. The precipitate was washed with more ether, and then dried in
a vacuum oven at 60°C for 24 hours, before being weighed. The percentage

conversion can now be determined using these gravimetric values.

= Variable Spin
o) Speed Strivrey

I 000
, eXeXe ALy
Pickett Controllex Condensey
Monomer
Addition Watey
Fumel Condensex
Thermometey

Nitrogen
Bleed

Spring
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Heatg ©

Unit T .. ®* |V —] Round
Bottomed
Flask

Figure 2.21: Laboratory Solution Polymerisation Apparatus
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2.22 Membrane Preparation

Membranes were produced by the polymerisation of approximately 5 gms of
the monomer mixture within a glass mould. Two glass plates (15 cm x 10 c¢m)
were each covered by a Melinex (polyethylene terephthalate) sheet to permit

easy separation of the plates, as shown below in Figure 2.22:

Figure 2.22: Representation of a Membrane Mould

.....

Glass Plate

Polyethylene Gasket

To further facilitate easy separation of the mould, the Melinex sheets were
attached to the glass plates using a spray-mount adhesive. This was to prevent

the monomers from coming in between the Melinex sheet and glass plate
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during polymerisation, as this would cause the Melinex sheet to stick to the
glass plate. Thus making separation as difficult as without the Melinex sheets
in the first instance. The plates were placed together with two polyethylene
gaskets (each 0.2 mm thick) separating the Melinex sheets. Spring clips were
used to hold the mould together leaving sufficient space for the insertion of a
G18 syringe needle for the injection of monomer mixture into the mould

cavity53.

In a typical copolymer composition 5 gms of the monomers were mixed
together with ethylene glycol dimethacrylate 1.0 % (w/w) and azo-bis-
isobutyronitrile 0.5 % (w/w), until a homogeneous solution was obtained. Once
dissolution had occurred the mixture was de-gassed with nitrogen before being
injected into the mould using a syringe. The mould was then placed in an
oven at 60°C for three days followed by two hours postcure at 90°C. After two
hours postcure the spring clips were removed and after opening the mould the
membrane was separated from the Melinex sheets, then placed in distilled
water to hydrate for at least a week. Studies with a variety of monomer
combinations showed that, provided the hydration medium was changed daily,
constant values of equilibrium water content were obtained in four or five
days. This period of time was sufficient both to reach equilibrium hydration
and to extract any of the water soluble residuals such as unreacted monomers
(as detected by the appropriate GLC technique used in initial assessments of

monomer purity).

For cell adhesion studies it is important to maintain the sterility of the

membrane. Thus a section of the membrane was placed in a sealed glass bottle
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containing a mixture of distilled water and ethanol (to prevent algae & bacterial

growth).

2.3 Equilibrium Water Content

The EWC was measured by weight differences as follows. Samples were cut
from a hydrated sheet of hydrogel with a size seven cork borer. Any surface
water was removed with filter paper before the samples were transferred to a
preweighed sample bottle. Five to ten samples were used in order to give a

reasonable total hydrated weight53 (ca. 0.2g).

The samples, once weighed, were dehydrated in a microwave oven for 10
minutes. Upon removal from the oven the samples were immediately
reweighed to obtain their dehydrated sample weight and the EWC was
calculated using equation 2.3. The final quoted EWC was obtained from an

average of at least 3 samples.

Weight of water in gel
" Total weight of hydrated gel

EWC x 100%|  Eqt.2.3

The accuracy of this technique depends on the assumption that upon
dehydration no water remains within the sample. This was validated by
exposing dehydrated samples to the atmosphere and measuring their EWC's.
The samples were dehydrated once more and their EWC's re-determined. A
second dehydration was performed and again the EWC's were obtained. The
values obtained were found to be identical thus proving the accuracy of the

values determined.
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2.4 Spin Coating

Spin coating is the technique used to produce a very thin uniform coating of a
polymer film onto a glass cover-slip. The polymer film, which contains the
Ultra-Violet activated photoresist N-Vinyl carbazole (NVC), can then be
effectively cross-linked by exposure to U.V. radiation. This whole procedure is a
pre-requisite to cell adhesion and non-specific protein deposition studies on the

linear polymers formed through the solution polymerisation experiments.

The glass cover-slips are approximately 10 mm in diameter and have
previously been treated with a "gas plasma'. Methoxyethanol is used as the
main solvent, as previous studies” have shown the need for a slow

evaporating solvent, to get a good uniform coating of the glass cover slip.

The spinner is a G.E.C. spinner, whose cross-section is shown in Figure 2.4. It
basically consists of a hollow barrel shaft the top of which supports a rubber ‘o'
ring, on top of which is placed the glass cover-slip. The hollow shaft facilitates
the application of a vacuum, which holds down the glass cover-slip as the

barrel is spun at high speed.

The speed of the spinner is important, if it is too slow the coating will be
uneven and if it is too fast the polymer will spin off the glass cover-slip. The
viscosity of the polymer solution is also very important, if the viscosity is too
high then very thick films with excessive edge beads are formed. If the viscosity
is too low then a non-uniform layer results due to uneven evaporation of the
solvent>425. Thus by a trial and error method the best spinning conditions

were found to be at a spin speed of 4500 rpm for two minutes. With a polymer
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solution of similar viscosity to 2 g of polymer in 7 mls methoxyethanol, 1.5 mls

ethanol and 1% N-vinyl carbazole (w/w).

Figure 2.4 : A Diagrammatic Representation of a G.E.C. Spinner

N
. 7%

Dags Cover<ln

Rubger Rin

SpinningBan*el ——To Vacuun fumy

P
O e

Thus in a typical spin-coating experiment a polymer solution would be made
up as above. A glass cover-slip would be placed on the '0' ring of the spinner

and a vacuum applied. Now three-to-five drops of the polymer solution would
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be dropped onto the glass cover-slip and the spinner would gradually be
increased in speed to 4500 rpm, and would be left spinning for two minutes at
this speed. This procedure would be repeated ten times to produce ten coated
glass cover-slips for each polymer solution. Now all these coated glass cover-
slips would be exposed to U.V. radiation for 30 minutes to activate the
photopolymerisable photoresist, N-vinyl carbazole, present in this coated
polymer film. Finally all these glass cover-slips are pre-baked for 30 minutes to
remove any remaining solvent. Now these coated glass cover-slips are ready
for cell adhesion studies. Cell adhesion studies were carried out in these

laboratories by Helen Fitton.
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CHAPTER THREE

COMPUTER SIMULATION OF
SEQUENCE DISTRIBUTIONS
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3.0 Computer S‘ixmufl'ast;‘ifonf:f‘iof'-rSethje‘ntc'e,,—.!Iis:triébui‘ions

Computer simulation of the sequence distributions that would be seen when a
set of monomers were to be polymerised allows us to easily make empirical
observations about the system, whilst permitting control over more sources of
variation than direct study of the system would allow. Thus providing for
much easier manipulation of the system. Computer simulations bring into
perspective the relevance of various parameters to the system and may provide
a framework for testing the desirability of system modifications. This leads to
an improved understanding of the system and is generally achieved at a much

lower cost, compared to the real system.

Computer simulation of the sequence distributions was carried out through the
use of the following two computer programs. Firstly, the ‘Copol' program, this
simulates the sequence distribution that would be seen in the copolymer when
a pair of monomers where to be polymerised. Secondly, the ‘Terpol" program,
which simulates the sequence distribution that would be seen in the
terpolymer when three monomers were to be polymerised (Please see

Appendices II'and IIT for listings of these programs).

Both programs are based on the Monte Carlo method. The Monte Carlo
method (or method of statistical trials) essentially consists of solving problems
of computational mathematics by means of the construction of some random
process for each such problem. The parameters of this random process are equal
to the required quantities of the problem. These quantities are then determined

by means of observations of the random process and the computation of its

66



statistical characteristics, which are approximately equal to the required

parameters°6.57,

3.1 Development of the Computer Simulation Model

The development of the model upon which the computer simulation
programs are based may be illustrated by considering a simple copolymerisation
system. The basic hypothesis of simple copolymerisation kinetics is that the
reactivity of an active centre only depends upon the monomer unit in the
copolymer chain on which the active centre is located. Therefore, for a binary
copolymerisation, the growth of copolymer chains, microstructure
development and monomer consumption are uniquely described by the four

propagation reactions33:

~~~Mi® + M7 > My ® Rate11 = k11[M7°][M1] Eqt3.1
~~My e 4 My —m-> My Rateip = k1o[M; *1[M;] Eqt 3.2
~~~M2® + M1 —---> Mje® Ratez1 = k21[M2][M1] Eqt3.3
~~~Mpe + Mp - > Mpe Rateps = koo[Mpe][[M>] Eqt34

Where, M = monomer ; ~~~M® = monomer radical on end of polymer chain ;

k = rate constant; [ ] = concentration.

Let us consider the reaction channels involving the polymer chains ending in
the M radical. The overall rate for these reactions is given by :

R1 = Rate11 + Rateqp 7
And, the fraction of these polymer chains that will add the same type of

monomer, as that at the end of the polymer chain is given by :
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Substituting by the above equations : |

ky1[A]

fu= ki1[A] + kqa[B]

Simplification gives :
1
fu= k2 [B]
" ki1 [A]

ki k

Let us define 1y = k12 and rp = ka1 / where ry and rz are the Reactivity Ratios of

the monomers M1 and My, respectively.

e k ; ,
Substituting for ﬁ% in the above equation, gives :

3.6

fii= ~ 11 Bl multiplying through by 1 L[%l gives
1 r@*
[A] [B]
ri —[E]_ o) m
fi1= Al Eqt 3.5, similarly it follows: |f2 = B] Eqt
1 Bl + 1 ) E{]“ + 1

Thus, if the initial concentrations of the monomers and the reactivity ratios,

are known, then we can calculate f11, the fraction of polymer chains ending in

the radical of monomer Mj that will add the same type of monomer. We can

< f o> oo f g

P —— 1.0

(here assuming f17 is greater than f12 ).
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The comput'er‘simulatib‘n*vp‘rograms will at each step generate a random
number (RN) within this range (0 - 1), which will bé-campared with f11. If 11

the growing polymer chain, and will now switch over to the reaction channels

el

involving the My monomer radical. This same basic procedure has been

extended in the development of the terpolymer simulation program.

3.2 Copolymer Composition and Sequence Distribution

Interpretation of the computer simulation data

bles that are

)

the two primary structural varia

namely copolymer composition and comonomer seq

products of free radical copolymerisations are predominantly determined by
the kinetics of the chain growth process. The problem of predicting copolymer
composition and sequence distribution requires a kinetic model of the
copolymerisation process, and several such models have been described in the
copolymerisation literature. The following section examines the fundamental
bases of the most important of these models, including the terminal model
upon which our computer simulation programs are based, and assesses the

degree to which such models can account for experimentally ohserved

copolymerisation behaviour.

deat?
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3.21 The Terminal Model -

The standard kinetic treatment of free radical copolymerisation was introduced
during the second world war33.58. The central idea of the model was that the
the identity of the terminal unit on the growing chain. Four elementary
propagation steps were considered (see equations 3.1 - 3.4). Which simplify to

the equation 3.7:

olMi]  [My] rq[My] + [My] ety
diMal ~ [Ma] [M1] + ra[M3] qtJ.

From this expression some interesting patterns are seen:

M1 or Mz so that the relative rates of monomer Eiii'l&liﬁ'i]'jﬁﬁﬁ are deferminsd

only by the relative monomer concentrations in the feed mixiure. Thus

equation 3.7 simplifies to :
JlMi] [Mi]
oMz ~ Ma]

and the copolymer and monomer feed compositions are thus identical.

(ii) When ry=ry=0. Each of the radical centres shows a strong preference for
cross-propagation. In the extreme case, the copolymer is perfectly alternating
and of 1:1 composition, regardless of the composition of the monomer feed

mixture. Thus equation 3.7 becomes:
M| _ [MiIIMg]
dMa] ~ [M2][M7] ~*

(iii) When r1>1 & ra<1. Each radical centre prefers to add My, so thal the
copolymer is always enriched in My relative (o the feed ratio. This elfuaiion

arises most frequently in free radical copolymerisation. A special case & that In
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which rirp = 1, i.e. both active centres show the same preference for addition of
one of the monomers. This behaviour is often termed Ideal Copolymerisation,
as the monomer units are arranged at random along the chain in the relative

amounts determined by the reactivities and concentrations of the monomers.

(iv) When r1<1 & rp<1. Each of the radical cenires prefers cross-propagation b
the preference is not absolute. This results in a tendency towards alternation,
which grows stronger as ri & rp approach zero. A characteristic of such
copolymerisations is the existence of an azeotropic condition, at which he
copolymer and monomer feed compositions are equal. This sifuation arises

when: -
AT 7 therefore: - [M”jr IMa] _ |
[Ma] [M1] + ra[Ma]

at the azeofropic point. The azeotropic composition is of same practical
significance in that at this point compositional drift with conversion may be

neglected.

The patterns of copolymerisation behaviour discussed above can be
summarised in the form of composition curves in which copolymer
composition (e.g. as mole fraction My in the copolymer) is plotted as a function
of the monomer feed composition (as the mole fraction My in the feed), as

below in Figure 3.1:
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Figure 3.1: Copolymer composition as a function of monomer fesd

composition for various reactivity ratio combinations

Analysis of the terminal model is readily extended to the predictions of
copolymer sequence distributions. Sequence distributions are maost generally
and conveniently specified in terms of the number fractions of uninterrupted
sequences of a given monomer (M7 or Mp) that are of a particular length. The
number fraction (as given by f17 in Eqt 3.5, f22 in Eqt 3.6) is identical to the
probability that a given uninterrupted sequence, selected at random, is of that
length. These equations, Eqt 3.5 and Eqt 3.6, allow us to calculate the
comonomer sequence distribution from a knowledge of the terminal model

reactivity ratios and the monomer feed compositions.

3.22 The Penultimate Model

The basic principle of the terminal model, i.e. that the reactivity of the growing
radical is determined only by the identity of the last-added monomer unit, is
equivalent to the assumption that the relative rates of monomer additlon are
insensitive fo substitution at positions more remote than that heta fo the

radical centre. Remaote substituent effects are well known in organic chemisiry,
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and it is thus plausible that copolymerisation reactivity ratios should be affected
by units that precede the terminal residue on the propagating macro-radical.
Thus it was suggested that a proper description of the propagation step should
take into account four distinct active centres, which are defined by the identities
of their terminal and the penultimate units, giving us eight propagation
stepsd:

~~MiM1e + M1 —----kq11---> ~~M1M1M7 e

~~M1M71e + My —-eeee k112---> ~~M1M{Mpe

~~MaM1e + My oo ka11--> ~~MoMMy e

~~MsM7je + My ~=meu- Ka12---> ~~MoM M3 e

~~MiMgy® + My =-eeue k121> ~~MiMaM e

~~MiMge + My —eee- kizg--> ~~MiMaMs e

~~MaMse + M7 -wmeue kapj=> ~~MoMMje

~~MaMje + My =---kg29---> ~~MMsMye

This will obviously complicate the kinetics some what, but an expression for
d[M1]/0[M3] can be found in a similar fashion to that for the terminal model.

Prediction of the monomer sequence lengths by the penultimate model is
conceptually identical to that described previously for the terminal model,
Therefore with a knowledge of the copolymerisation reactivity ratios we can
calculate the copolymer compositions and sequence distributions as functions

of the ratio of monomer concentrations in the feed.

3.23 The Complex Participation Model
Radical copolymerisation of electron rich alkenes with electron poor alkenes
are anomalous in several aspects. Such monomer pairs often afford alternafing

copolymers over the entire range of feed compositions and often such systems
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show a marked sensitivity of the overall composition rate to temperature,

solvent and monomer concentration®0,

A mechanistic scheme that accounts for this behaviour invokes fthe
participation of 1:1 alkene electron donor-acceptor (EDA) complexes in the
propagation step. Specifically it was proposed that the 1:1 complex, (M1M2),
competes with free monomers for the growing chain end. Modification of the
terminal model in this way requires consideration of eight propagation sleps,
including the four equations, 3.1 - 3.4, and the following fouir:

~~Mje + (MiMg) - kiqy—=-> ~~MiMMze

~~Mje + (MaMj) -=-men kion-—--> ~~M1MaMy e

~~M2® + (M{M3) ~----ky(12)-—> ~~MaM1Mze

~~Ma® + (MaMy) —----ka(21)---> ~~MaMaM e

and if radical additions to each 'side' of the complex are regarded as distinct, a

complexation equilibrium:

Thus again analysis of these equations will allow us to predict copolymer

composition and sequence distributions as functions of the feed composition,

3.24 Model Discrimination

Thus the terminal model is extraordinarily useful as a context in which to
describe the compositions of copolymers prepared from vinyl monomers of
widely varying structure and reactivity. On the other hand, it has been shown
in literature that the penultimate and/or complex participation models are
slightly more accurate in detailed descriptions of the copolymer

microstructured. Therefore the complexity of the use of the individual models
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must be counter-balanced with the requirements of the analysis. If the analysis
of the copolymer microstructure is required to a very high degree of precision
then the penultimate and/or complex participation models should be used. Bui
if only a reasonable idea of the copolymer microstructure is required with
additional compositional data, then it is perfectly adequate and much simpler

to employ the terminal model61.

3.3 Reactivity Ratios and the Q-e scheme

For extensive modelling of sequence distributions through the compuier
simulation programs we require a large source of pairs of monamers whosg
reactivity ratios have been determined experimentally. Often this is not
possible as we may be required to use monomers whose reactivity ratios are nof
known. A reasonable approximation of the reactivity ratios may be arrived al
through the use of the Q-e scheme62.63. This scheme was developed to help
quantify the different extents to which polar and resonance stabilisation effects
influence copolymerisation reactions. The two reactants in a radical/monomer
addition were assigned e values, ej and ey, respectively, to represent their
charges, identical charges being assumed for a monomer and its derived radical.
The general reactivities of radicals and monomers were denoted by P and Q
respectively. The rate of reaction was considered to be determined by the four

quantities P'1, Q, e1 and ez as indicated by the equation below:

k12 = P1Qgzexp(-e1ep)

four such equations (representing each propagation atep) allow us o arrive af:

r1 = (Q1/Qexpl-e1(er-e)]



12 = (Q2/Q1)expl-ex(e1-e3)]

r1r2 = exp[-(e1-e2)2]

Thus the Q-e scheme allows predictions to be made about reactivity rafios in
systems which have not been studied experimentally. For this purpose if was
necessary to assign characteristic Q and e values fo monomers on the basis of
copolymerisation experiments with a limited number of reference
monomers4-66, Styrene has been chosen as the reference monomer and has
been assigned Q=1 and e=-0.8. Examples of some common monomers and fheir

Q and e values can be seen in table 3.1 below :

Table 3.1: Q-e values for some selecied monomers

Monomer | Q value e value
STY 1.0 -0.8
MMA 0.78 0.40
HEMA 1.78 *0.39'
MA 0.40 -0.05
NNDMA 0.41 -0.26
NVP 0.088 -1.62

A program has been written which uses the equations overleaf, with the (-g
values to calculate the reactivity ratios. By studying the Q-e values given for
numerous monomers in the literature, we may make reasonable
approximations of the Q-e values for monomers with no data available, based
on comparisons of fhe structures of these monomers with the struciures of

monomers whose Q-e values are known. This is a reasonable assumption alnes



the Q-e scheme itself is based upon the properties of the structures of the
monomers involved. This will then allow us to derive the reactivity ratio
values for these monomers with the other monomers to be used in the
computer simulation programs. For example no Q-e data is available for the
commonly used cross-linker ethylene glycol dimethacrylate (EGDMA). From its
structure it can be seen that it contains two vinyl moieties. A reasonable
approximation for the reactivity of the first vinyl bond would be fo use the Q-e
values of ethyl methacrylate (EMA), a relatively reactive methacrylate. For the
second vinyl bond it is more appropriate to use the Q-e values of a much more
sterically restricted methacrylate/acrylate, such as octadecyl methacrylaie

(ODMA).

3.4 Computer Simulated Sequence Distributions

The computer simulation programs may be simply illustrated by considering
the sequence distributions seen for a few common contact lens materials.
Besides being commercially important biomaterials, the formulations of these
materials provides a wide range of compositions and monomer types, which
would allow us to adequately illustrate the power of these compufer
simulation programs. For example, we may start with a relatively simple
material, essentially a copolymer, such as *Etafilcon-A which is based on two
monomer units, and then move onto more complex materials such
“Xylofilcon-A, which is based on three different monomer units including
cyclohexyl methacrylate (CMA). *Table 3.12 below gives more details about

these materials and their nomenclature.

These contact lens materials are essentially all hydrogels and are vegulated hy

different national authorities. The most systematic approach has been In fhe
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United States. They have devised United States Adopted Name Council
(USAN) names for generic materials such that they become like paracetomol or
aspirin and almost as well characterised. This is the nomenclature that has
been adopted in this thesis. The various manufacturers then use their own
trade names for the subsequently manufactured contact lenses based on these
materials, thus Acuvue & Surevue are trade names for contact lenses
manufactured by Johnson & Johnson, both are based on the material Etafilcon-

A.

Table 3.12 : Contact Lens Material Data and Nomenclature.

USAN Trade | Manufacturer | Principal EWC
Nomenclature| Name /supplier _|components| (%)
Btafilcon-A | Acuvue | Vistakon | HEMAMA | 58
Surfilcon-A | Permaflex | Pilkington |MMA, NVP 74
Barnes-Hind
Tetrafilcon-A | Aquaflex UCO optics HEMA, 42.5
NVP MMA
Xylofilcon-A Igel-68 Igel optics MMA, 68
NVP, CMA

All of the above materials also contain 1% EGDMA used as a cross-linker.

In studying the simulated sequence distributions of the above contact lens
materials, we may add an exfra variation in order to see how these sequence
distributions are altered by replacing the commonly used cross-linker EGDMA,
with firstly N, N -diallyltartardiamide (DATDAM), and secondly with 2, 4, é-
triallyloxy-s-triazine (triallyl cyanurate, TAC) (see Chapter 2, for structures of
these cross-linkers). This is simply because it is well established that the
concentration and distribution of a cross-linker in a polymeric maierial has a

significant affect upon that materials properties, such as the EWC, tensile



strength, etc. Thus it would be very interesting to observe how different cross-

important biomaterials.

Table 3.2, below, shows the cross-linkers used, and if any equivalent monamer
Q - e values were used to calculate the reactivity ratios of the first and second
vinyl bond additions, of these cross-linkers with the monomers in the
proceeding contact lens formulations. One must remember that when making
an estimate for the addition of the first vinyl bond of a particular cross-linker,
we may fake the cross-linker molecule as being distinct. But when we come (o
consider an estimate for the addition of the second vinyl bond we have a more

complex situation. Here the portion of the cross-linker molecule containing the

vinyl bond that has already reacted may in all probability be attached fo a fairly

large polymer molecule. Thus generally the second vinyl bond of a particular

cross-linker tends to be of a lower reactivity than the first vinyl bond.

Table 3.2: Cross-linkers and equivalent Monomers used

Cross-Linkers Equivalent Monomers used for the 15t and 2nd
vinyl bonds of the cross-linker
18t vinyl bond 2nd vinyl bond
EGDMA Ethyl methacrylate Octadecyl methacrylate
DATDAM Allyl acrylate N, N-Dially| stearamide
TAC Triallyl cyanurate Triallyl isocyanurate
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3.41: Etafilcon-A contact lens material (HEMA : MA : EGDMA :: 95 - 4
o 1)

We may satisfactorily start to illustrate the principle of the computer
simulation programs through the use of the contact lens material Etafilcon-A.
This is because Etafilcon-A is a rather simple copolymeric material and the
monomers which constitute this material have relatively similar reactivity
ratios. Etafilcon-A is a transparent hydrogel with an EWC of approximately
58%. Figures 3.21 to 3.26 show the computer simulated sequence distributions

for Etafilcon-A contact lens material with various cross-linkers. Tables 3.71 i

st <0

3.26 show the sequence lengths seen in figures 3.21 to 3.26, respectively.

A contact lens formulation with EGDMA (showing only the addiiion of

the first vinyi bond).

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, EGDMA

r(AB) = 1.224 r(AC) = 1.882 r(BA) = 0.294

r(BC) = 0.975 r(CA) =0.388 r(CB) = 0.837

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represenied by X
and EGDMA is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20
EMA units.

Table 3.21 : Sequence lengths seen in the simulated sequence

distribution of figure 3.21.

Sequence Distributions:
Length HEMA MA EGDMA
7 74 20

TOF NI O Ut i L2 Dot
jowl Jen} e} Run] S el el SOV
junc} el Junl § anl S wnt§ue anl

81



9 3 0 0
10 3 0 0
11 1 0 0
12 1 0 0
13 3 0 0
14 1 0 0
15 2 0 0
16 i 0 0
17 p) 0 0
18 4 0 0
19 3 0 0
22 1 0 0
23 1 0 0
24 1 0 0
25 3 0 0
28 3 0 0
29 1 0 0
30 1 0 0
31 1 0 0
32 1 0 Q
33 1 0 0
34 1 0 0
36 | 1 0 0
37 p) 0 0
39 1 0 0
42 2 0 0
47 1 0 0
54 1 0 0
55 1 0 0
57 1 0 0
58 1 0 0
63 1 0 0
70 1 0 0
77 i 0 0
101 i 0 0
178 1 0 0

Figure 3.22 : Compuier simulated sequence distribution of Eiafileons
A contact lens formulation with EGDMA (showing only the addition of
the second vinyl bond).

95 Mole % of Monomer A, HEMA



4 Mole % of Monomer B, MA

1 Mole % of Monomer C, EGDMA

r(AB) = 1.224 r(AC) = 2.834 r(BA) = 0.294

r(BC) = 4.416 r(CA) =0.023 r(CB) = 0.15

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and EGDMA is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20
EGDMA units.

Table 3.22 : Sequence lengths seen in the simulated sequence

distribution of figure 3.22.

Sequence Distributions:
Length HEMA
1

HGDMA
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52 1 0 0
59 1 0 0
69 1 0 0
71 1 0 0
73 1 0 0
77 1 0 0
101 1 0 0
107 2 0 0

Figure 3.23 : Computer simulated sequence disiribution of Etafilcon-
A contact lens formulation with DATDAM (showing only the addition
of the first vinyl bond).

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, DATDAM

1(AB) = 1.224 1(AC) =9.67 r(BA) = 0.294

1(BC) = 1.432 r(CA) = 0.065 1(CB) = 0.04

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and DATDAM is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20
DATDAM units.

Table 3.23 : Sequence lengths seen in the simulaied gaquence
distribution of figure 3.23.

Sequence Distributions:
Length HEMA

<
>

DATDAM
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7
3
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1
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1
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19 2 0 0
21 3 0 0
22 3 0 0
25 2 0 0
26 2 0 0
27 1 0 0
32 4 0 0
33 1 0 0
36 3 0 0
40 1 0 0
50 1 0 0
51 3 0 0
55 1 0 0
57 1 0 0
61 1 0 0
67 1 0 0
69 1 0 0
75 1 0 0
80 1 0 0
83 1 0 0
152 1 0 0

Figure 3.24 : Computer simulated sequence distribution of Etafilcon-
A contact lens formulation with DATDAM (showing only the addition
of the second vinyl bond).

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, DATDAM

r(AB) = 1.224 r(AC) = 74.747 r(BA) = 0.294

r(BC) = 21.561 r(CA) =0.013 r(CB) = 0.016

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and DATDAM is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20
DATDAM units.

Table 3.24 : Sequence lengihs seen in the simuiated sequence

distribution of figure 3.24.

Sequence Distributions:

Length HEMA MA DATDAM
] 5 72 1
2 3 4 0
3 2 0 0
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Figure 3.25 : Computer simulated sequence distribution of Etafiicon-
A contact lens formulation with TAC (showing only the addition of the
first vinyl bond).

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, TAC

r(AB) = 1.224 r(AC) = 4.266 r(BA) = 0.294

r(BC) = 21.236 r(CA) = 0.001 r(CB) = 0.001

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and TAC is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA units and 20 TAC

units.

Table 3.25 : Sequence lengths seen in the simulated sequencs

distribution of figure 3.25.

Sequence Distributions:

Length HEMA MA TAC
1 6 78 13
) 4 1 0
3 i 0 0
4 5 0 0
5 5 0 0
6 4 0 0
7 3 0 1
8 p) 0 0

- = e o
10 6 0 0o
11 2 0 0
12 5 i 0
13 2 0 0
14 2 0 0
16 3 0 0
17 ) 0 0
18 1 0 0
19 1 0 0
20 2 0 0
21 2 0 0
23 1 0 0
24 1 0 0
25 1 0 0
26 2 0 0
27 1 0 0
28 1 0 0
29 2 i 0
30 2 i 0
31 1 0 0
32 1 0 0
34 2 0 0
35 1 0 0
38 1 0 0
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A contact lens formulation with TAC (showing oniy the addition of ihe
second vinyl bond).

95 Mole % of Monomer A, HEMA

4 Mole % of Monomer B, MA

1 Mole % of Monomer C, TAC

r(AB) = 1.224 r(AC) = 47.78 r(BA) = 0.294

r(BC) = 16.53 r(CA) =0.02 r(CB) = 0.029

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MA is represented by X
and TAC is represented by © :
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The simulated terpolymer contains 1900 HEMA units, 80 MA unifs and 20 TAC

uniis.

Table 3.26 : Sequence lengths seen in the simulated sequence

distribution of figure 3.26.

Sequence Distributions:

Length HEMA MA TAC
1 5 78 3
2 1 1 0
4 2 0 0
5 2 0 0
6 1 0 0
7 2 0 0
8 2 0 0
9 3 0 0
10 2 0 0
11 3 0 0
12 3 0 0
13 1 0 0
14 2 0 0
15 1 0 0
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It is apparent from the formulation of this Etafilcon-A contact lens material
that the two monomers that constitute this material have relatively similar
reactivity ratios. We would thus expect to see one monomer evenly dispersed
throughout the other one, to produce a fairly regular sequence distribution as
the reaction proceeds. Although the large difference in the concentration ratios

of the two monomers does preclude the possibility of producing a relatively
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good sequence distribution(i.e. short, regular sequences of individual

monomer units). This is borne out by figures 3.21 to 3.26 and tables 3.21 fo 3.26.

In spite of the fact that this material does not produce a relatively good
sequence distribution, we observe that one monomer is evenly dispersed
throughout the other one. This suggests, here, the distribution of different
cross-linkers at 1% concentration, in such a sequence distribution of monomer
unifs, is likely to be fairly uniform throughout the copolymer, and dependent
upon the reactivity of the cross-linking agent. For example EGDMA which, of
the cross-linkers used, has the most similar reactivity ratios to the main
constituent monomers is found fo be fairly uniformly distributed throughout
the simulated sequence distribution of this material. In contrast both DATDAM
and TAC, display much lower reactivities than the main constituent
monomers, and are found to be uniformly residual in the simulated sequence
distribution. The reaction of the first vinyl bond occurs after 50% conversion,
whilst the second vinyl bond comes in after 90% conversion, for both these
cross-linkers. Thus, from figures 3.21 to 3.26 we see that EGDMA is the best

cross-linker for this contact lens formulation.

3.42: Surfilcon-A contact lens material (MMA : NVP : EGDMA :: 40
59 : 1)

Surfilcon-A is also a copolymeric material, like Etafilcon-A, but in contrast fo
Etafilcon-A the constituent monomers have a large difference in their
reactivity ratios. This will produce a quite different sequence distribution fo

that seen for Etafilcon-A. Surfilcon-A is also a fransparent hydrogel and because
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it is based mainly on NVP, it has a much higher EWC, approximately 74%,
than Etafilcon-A. Figures 3.27 to 3.32 show the computer simulated sequence
distributions for the Surfilcon-A contact lens material with various cross-
linkers. Tables 3.27 to 3.32 show the sequence lengths seen in figures 3.27 o

3.32, respectively.

Figure 3.27 : Computer simulated sequence distribution of Surfilcon-
A contact lens formulation with EGDMA (showing only the addition of
the first vinyl bond).

40 Mole % of Monomer A, MMA

59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.04 1(AC) = 0.936 r(BA) = 0.01

1(BC) = 0.006 r(CA) =1.013 1(CB) = 6.37

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and EGDMA is represented by © :
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The simulated terpolymer contains 800 MMA units, 1180 NVP units and 20
EGDMA units.

Table 3.27 : Sequence lengths seen in the simulated sequence
distribution of figure 3.27.

Sequence Distributions:

Length MMA NVP EGDMA
1 169 322 20
2 85 19 0
3 40 bl 0
4 15 0 0
5 13 0 0
6 9 0 0
7 5 0 0
8 5 0 0
9 i 0 0
10 ) 0 0
11 i 0 0
i2 1 0 0
19 i 0 0

814 0 1 0

Figure 3.28 : Computer simulated sequence distribution of Surfiicoan-
A contact lens formulation with EGDMA (showing only the addition of
the second vinyl bond).

40 Mole % of Monomer A, MMA
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59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.04 r(AC) = 3.334 r(BA) = 0.01

r(BC) = 0.002 r(CA) = 0.143 r(CB) = 0.099

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented hy X
and EGDMA is represented by © :

OOXOXOOO0XO00OXOXO0000000Xe000XOX00000000XO0000XXeOXO00000
OOXO00XOOO0XOO0OXO000O0XOO00OXOXOXO0000OXCOXeO000O00XO0O0OXOD
O00XOX@XOXO00000000XOXO000X00X0000X00000OXO00OXOOOXO000XD
OXO0OXO000XCO0000COO0OXOXOO00OXOOOCOXDOOOOXXDOOOXOXOXOX(D
B0000XOOXOXOXOXOXO0XOOXO000XO000®XOX00OXO0OXO000OOXOX®XD
OOXOXO000000XOXOO0000XOXOO00000XO00O0XOXOOXDOOXOXOOXOOKD
O00OXO00XOOXO0O000DO0BOXDEXOXOXOXOOOXOOOOOODOOXOX@XOXOOX®X
O000XO0OXOODOXOOCOOXOOXOOOXOOOO0XOOXOXOOOXOXOOO0O0000OX00XD
XOOXOO0OXOXO000000000OXOXeO00000OXO0NOXODOXOOXXOOXOXOOOXOD
OXO0000OXOOOO0XOOOXO0OXOOX@XOXO00O0OXOOXOOX®OXOODOOOOXOOXD
O00000XO000XOO00OXO0OXOXOXOOXOOOOXOOOXOOOCOOOXOODOXXODXOD
XOXOXOOXOXO0OXOO0XOXOOX00X000000OXOXOOOX®OOOOXOOOXOXOXOXOX
OX0O00OXOXO00000000X00000OOXOOXOOXOOOXOOXOOXOOXOOXOXOOOXOOX
OXOOXOXO00XO00OXOXOXOOXOOXOOXOXOOXOOXOXOOOOOXOXOXOXDOXOO!
XOXOO0OXOXOOXOXO00OXOXOX00OXOOXOXOD0OXOOXOXOOXOXO0O0OXO000X
OO0OXOOXOXOOXOXOXOXOXO00XOXOOXOXOOXOXO0ODOXOOXOXOXOOXOOOOK
OOOXO0O00000XOXOXOO0000OXOXOOXOXOOOXOXOXOXOXOXOXOXOXOOXOX0
OXOXOXOXXOXO00000OXOOO0OXXOOXO0OXOXOXOXOXOXOXO00OXOXOXOXO0X0X
OXOXXOXOOOXOXOXXOXOXOXOXOOXOOXOXOXO0OXOXOXOXXOOOXOX00X0000
XOXOXOXOOXXOOXOXOO0XOXOOOXOXOXOXOOXOXOXOXOXXOXOXXOXOXOXXOXO
XOXOOXOOXOXOXOXXXOXOXXOOXOXOXOXOXOXOXOXOOXOXOXXXXXXXXXXXXXX
),9,9,9,0,0.0,0,0,0,0,0.9,0,0,0,0,0,0.0.0.9,9.0,0,0.0.0.9.0.0,9,0.9.0.00.9.9.09.9909.¢999990969090000000 0
),9,9,0,0,9.9,9,9,0,0.:9.0,0,0,0,9,0,9,0,0,0,9,0,0,9,0,9.0.0.0,0.9.0.0.0.0.0.0.0.99¢9.0,0.0.0.00099000000600 ¢ 1
1,9,9,9,9.9.9,0,0.0,0,0,0,9,9,9,0.0,0,0,0.0,0,9,9,0,0.0.0.00.0.9900090.9000090000090000060000000
)9,9,9,0,9.0.9,9,9,0,9.0.0,0,9,9,0,9,9,0,0.9,0,0.9,9,.0,0,0:9.9.9.0.0.0.0.0.0.0.0.9.09.0,00.00.000.0000000¢ ¢
19,9.0,0.9.9,0,0.0.0.9,9.0,0,0,0,9.0,0,0,0.9.0.9.0.0.00900.9900000009000000000000000680000804
1 9.0.0.9.0.0,0.90,0,9.9.0,0.990949999.9,0,9990999990999099999990.9990090.0090000690609000.1
1 9.0.9.0,:9.0.0.9.0.9.9.9.0.9.9.99.9,0.999999999000000008006000000080000060060000600004
1 9,9.0,9.9.9,9,0.0.9.9,.0,0,0.0,0.9.9.9.9.00909909090000000090990000860060000008004000 64
1 0.9.9.9.9.9,0,00.0,9.9.09.9.9.0.0.9.9.99999990990090000050099008680000000000068604 4
1 9,9,0,0.9.0,9,9.0.0.0.0.9,0,0,0.0.0.9.0,0.9.0.0.0.0.0.0.00000006800000005006000406600066444
) 9,0,6.:0.0.9.9,0,0.0.9.0.0,0,0,0.9,0.0.9.9.99.90069.000000000008000000004080000480000004444
10.9.9.0,0.0,0.9.0.0.0.9.999.9.99099999009909900900080000800680006898060800069 44
).9,9,9.9.0.9.0,9.9.9.0.9.0.9,9.0.0.9.0.0.0.0.0.0.0.9.00.99.909090009009005698000¢1

EGDMA units.
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Table 3.28 : Sequence lengths seen in the simulated sequence

distribution of figure 3.28.

Sequence Distributions:

Length MMA NVP EGDMA
1 153 326 20
2 69 14 0
3 45 1 0
4 26 0 0
5 14 0 0
6 7 0 0
7 11 0 0
8 4 0 0
9 3 0 0
11 2 0 0

823 0 1 0

Figure 3.29 : Computer simulated sequence distribution of Surfilcan-
A contact lens formulation with DATDAM (showing only the additien
of the first vinyl bond).

40 Mole % of Monomer A, MMA

59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.04 r(AC) = 1.805 r(BA) = 0.01

r(BC) =0.15 r(CA) = 0.063 r(CB) = 4.912

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and DATDAM is represented by © :
OOXOXOXOOOXOO0OXO000000X00OXOOX0000000COOX00000en000OXOBONN
OO00XO0X00O0000000000OXOXOOXO0OXOXOOOOOO0OXOXOOOOOXXOXOOD
XOXOe0OX0000000X00000XOX0OXOXO000OXOXOXOOXOOXOOO0OXOXXOOOXK
OOOXOO00XOO0OXOXO0OXO0OXOXOOO0XXD00OO0XO0OXOXOOOOOOXDOOOXOO00IX
XOOXO0O000O0OXOXO0O0X000000000XOOXO000O0XOOXO0OXDOXOOOMNO

OOXO0OXOOXOOXOXO0OOXOX0OX00000X00OXOXO0OXOO0OOXOOOXOX X000
XXOO0OXOXO000OXOXOXOXOXOXOXOX00O0X0000XOXOXOOXOXOXOOUOOOINK
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OO0O0XO00000OXOXOOOOOXOOOXOXOOOOXOOOXOXO0OOOXOXOBOXOOXOX00
OXO00OXOOOXOXOXOOXOOOXOOXOXOOXXOXOXOOXOOXO00OXO00000X00®O0X
OOOO0XOXOXOOOOOXOXOO0OXOO00OXOBOOO0OOOOXOXOVBOXOXOX00OXOD
OO00XOXO00OXOOXXOOXOOXOXOOXO000OOXO®OOXOO0OXOOOXOXOX000X
O00OXOOOXOOOXOXOXOOOODOOOXOXOXOOOOXOOXOOXOO0OXOOXOXOOXOXO
XOOOXO0OXOO000OXOXOXOXO00OX00XOXOXO0000X00000XOO0OOXXOOXOXOXOX
OXOO0OXOOOXOXOXXOO00OXOOOXOXOOX0OXOOOXOXOXOXOOXOXOXO000OXD
XOXOO0OXOXO00OXO00XOOXO0OXOOXOXOO0D0OXOXOOXOOXOXOXOOXOXOXOX
OOOXOXOOXOXOXO0OXOXOXOOOOO00XOOXOOXO0OXOXO00OXOXO0000000OXD
XOXOXOXOXOXOXOOXOO0OXO0OXOXOXOXOXOXO0OXOXOXOOXOXOOXOXOXOXOXX
OXOXOXOXOO0OXOXOXOXO0OXOOXOXOOOXOOXOOXOXOXOXOXOXOXOOXOXO00
OOXOOXOXOOXO0O0XO000OXOXOOOOXOXOXOXOXOOOXOOOOXOXXOOXOXOXX0D
XXOXOXOXOXOXOOXOXOXO0OXXOXOXOXOXOXOOOXOXOXOXXOXOXOXOXOXOKO
XOXOXOXOOXXXOXOXOXOXOXXOOXOXO@XOXOXXOXOXOOXOXOXOXOOXOXXX®X
BOXOXOXXOXOXXXOXOXXX)XX XXX XXX XXX XK X KX IHK KKK KX XXX
1;9,0.9,0.9.9,0.0.9,9,0.9,0.9.0.9.0.09.0.99.00 0000000000006 0000000000000000000008 0001
,9,0,9.0,9.9.9,0.9,0:0,0,0,0.0,4.0.0.990.6.90.060000006000000000000000000000 0000000084
1,9,9,9.9,9,:0,0:0,9,9,0,0.0,0,0.9.0,0,:0.0,0.0.0.9,00.0.00.06 0000099000000 0000000 00000000081
119,9,:9,0,0,0.9.9,0/0,9:9,0,:0.9,9.0,0.0.9,6:0,00000006980900055000000000000000006690081
19.9,0.0:0.9.0:0.0.0:0.6,0,0.0.0.0.0,0000.6000000 08980005000 0000090000008000600001
119,0.9,0.0,0,0.0.0,0,0.0.0,0,:0.0.0.9.0.000.60690 00990085500 000000000000000000000 0804
0.0,0.9,0:0,9.:9,0,9.0,0,:0.9,0.090.00906 0608660809 600000050000000000090600000804
)9,0:9,9:9,0.9,0.0,9.0,8.0.:0.0.9009009000006080080000086000000000080000000080004
),0.9,0:9,0,0.0.9,0,9.0,0,0:0,0.9.0.9.0990990600000000960800 500500000000 000000 09984
1)9.9,0:9,0,0.9.0,6,0,0.0,9.0,0.9,9,0.9.90.0,0.69 0090600060060 06000000000 090000080004
0,0.9,0.9,0.9.,9,¢0.0.9,0.9.0.90.00048900000000080 0008000080000 0000 000000000001
19,9.0.:9,9.6.9.:9,0.9.6.9.90.069090909000000000005080050000 09900904

The simulated terpolymer contains 800 MMA units, 1180 NVP units and 20
DATDAM units.

Table 3.29 Sequence lengths seen in the simulated sequence
distribution of figure 3.29.

Sequence Distributions:

Length

MMA

NVP

DATDAM

1

188

345

20

67

—_
o

55

—
e}

NOE ODZ SJF O U o} LI IN

PR

790

[ S IR NS J IR RS2 1~

—ioioliociolocioicolw

oioioioicicioooclo




Figure 3.30 : Computer simulated sequence distribution of Surfilcon-
A contact lens formulation with DATDAM (showing only the addition

of the second vinyl bond).

40 Mole % of Monomer A, MMA

59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.04 r(AC) = 23.505 r(BA) = 0.01

r(BC) = 0.516 r(CA) = 0.022 r(CB) = 0.447

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and DATDAM is represented by © :

OO000O0OO0OXO0OXOOOXOOOO0O0OO0O0DXOXOXOOOOOOOOOOOOXOXOXY
O000OXOXOO0000OO0OOLOOOO00XO00O0OOOOONCOXOO0OOXOOXO0OXOD
OXOXOXO00OXXO00O0XOOXO00X0000XOXOXO0OXOOXO0000OXOX0OOX0000
XOOO0OOXO0000XO000XO0XOXOXO00000XO00OXOOXXO00OXO00OXOOXOXD
OXOO00OOXOXOXOXOXOO0OXOOXO00OXOOOXOXOOOOXOXOXOXOXOO00D0XD
XOOXOO000000XO00000XO0OXOXOOXOXOOXOXOXODOOXOOXOOXOXOOXOOXD
O00000OXOOOXOOXOOXOOOXO00OXOODOXOXOO0OOXOXOXO0OXO0ODOOXO0
OXO00000XOXOXO000000XOOXOXOXOXOOOOXXOXOOOOOOOOXOOXOO0ONNIX
OXOOOXOO0OXOXOXOOO0XO000O0XOOXO00000O0OXOXOO000OOXOXOXOOOXOXD
OXOOXO000XOXOXO0XOOX00XOXOX00D0OXOOXO000OXDOOXOXODOOXOXOX
OXOOXOOOXOOXO0OXOXOXOXO00OXOXOXOOOXOUXOO000000OOXOXOOX0O00X
OO0OXOOXOOXOXOXOOOXOOXOOXO0OOXOXOXOOXOXOXOOXOXOOXO00X00000
OOXOOXOOXOOOOOXOOOXOXOXOO0OOOOXOOXOOOOOXOOXOXOXOOOXOOXOXOX
O00OXOOOXOOXOXOOXO00OXOXOO00OXOOXOOXOXOOXOO000OXOXO0O0X00000
OXOXOO0000OXOOXOOOOOOOOXOXOOOXOOOXOOXOXOXOXOXOOOOXOXOOOX0OX
OXOOXOOXOXOXOXOOXO0OXOBOXOXOOXOXO00XO00OXOOXOOOXOOXOOX0OX0
O©XOXOXOOOXOXOXOXOXOXOXOXOO00O0XOOXOXXOXOXOOXOO0OOXOXOOXXOXX0O
XOXOXOXOXOOXO000OXOXOXXOO0OXOXXOOOXOXOXXOXOOXOOXOOXOXO00X00
XOXOOXOXOOXOO0OXXOXOXOXOOXOXXOOXOXOOXOOXOXOXOXOOXOOXOXXOX0X
OOXOXOXOXOXOXOXOXOXXOXXOXOXOXOXOXOOXOXOOXOXXOXOXOXOOXOX0X0
XOXOOXOXOOXOXOXOXOXOXOXXOXOXOXOXOXXXOXOXOXOXXOXOXOX®XX XXX
$,9,0,9.9.9,0,9.9,:0,0,0,0,9,0.0.09.09.69.9.090000660969000000060606080000800000000994
1,9,9.0,0,0,0,0,6,0,0.9.0,0,0,0,:9.9.9.0.9.0.0,0,0.9.0.0.0.0.0.0.09.0:000.0.00000008 0000009500009
1.9:9,9,9,.0,9,0,0.0,0.9,0,0,0,0.0,0.9.:9,0.0,0,0.0.9.0,:0.0.9.9.000.9.0009.90009066000060005 006009044
19.0,0,:9,9,9,9,9.0,0,:0,0,0,0,0.0.0.9.0.0.0.0.0090.9.9.0069900000900000606008600000008064 9994
1 0.9.0.0,0.9.0,0,0990690990909909909900000.09000000006000 060808606 86800005006804¢
1,9.0.9,0,9,0,0,0,6.0,0.0,0,0,0,¢.0.9.0.6.9999990900600000000000000600080000000064 8590
1,0.9.0.9.9,9,0,0.9.0.9.0.9,0,0.0.¢0.0.9.899.909990900000000000680000080869 008940860094
10.9.0.9,9,9,0.0.8.0.0.9,.0,:0.060.0996999909008000600600000000000880000000050 60404
$0.0,9.8.0.9.0,0.09.9.000909000000006060000006000008600000080086083080044809¢
1 9,:9,6.9.0.9.:0.9.9,9.9,0.9.9,00.9.099909900009008690000000008900000000968800086 8¢ ¢
$,0,0.9.9.9.0.9,9.0.9,9.:9.9.0.0.9.9,9.90.99099096906000090806000608660000806450054454
1 9.0.0.6.0:9:0.0.0.0.9.9.0.0090690026006680000000000006000000800680060886 08044
1 .0.0.:9.0.:9.9.0.00.9.0:9.999009096000000000008500900000606¢



The simulated terpolymer contains 800 MMA units, 1180 NVP units and 20
DATDAM units.

Table 3.30 : Sequence lengths seen in the simulated sequence

distribution of figure 3.30.

Sequence Distributions:

Lengih MMA NVP | DATDAM
1 160 336 30
3 79 17 0
3 57 i 0
i 36 0 0
5 13 0 0
6 11 0 0
7 i 0 B
8 i 0 0
5 i 0 0
11 i 0 0
1% i 0 0
13 ) 0 0
18 i 0 0

807 0 i 0

Figure 3.31 : Computer simulated sequence distribution of Surfilcon-
A contact lens formulation with TAC (showing only the addition of the
first vinyl bond).

40 Mole % of Monomer A, MMA

59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.04 r(AC) = 12.449 r(BA) = 0.01

r(BC) = 0.001 r(CA) = 0.001 r(CB) = 0.001

Polymerized to 100% Conversion
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In the simulated terpolymer MMA is represented by O, NVP is represented by X
and TAC is represented by © :

XOOXOXXO0000X0000000000XO0OXOXO0OXO000000O00OXOOXOXOOX000
O000XOO0OXOXOOXOXOOXOO00OXO0OXOXO00000OXOO00O0O0OXOO000X0D
OOXOOXOO0O0OOXOOOOOXOOOXOXOXOOXO0OXOXOOOOXOOOX0000000OXD
OOXO0OXO0O00OXOXOXOXOXOXOOXO0OXO0OOOXOXOXOOXOOXOX0OOXOXOOX
©XOXO0000000OXOXOXOXO00000000000000XOOXO000OXOXOXOOOX®X
O00OXO0OXOXOOXOOOXOOOO0XOOXOOXOXOO000OXOXeOOOXOOXOOX00000X
OOXOXO00XOOXOXO000XOO00OO0XOO0XOOC0OX0OXOOXO00000O0OXO000000
XOOOXOXOXOOOXOOXO000000XeXOXO00OXOOXO0OXOXOXOXOOXOXOXOX0D
OOXO00000XOXO000OXOXOODOOXOOOXOOOOXOOXOXXOXOOOOXOXOXOXOX0
OXOOO00XOOXOXOOOXOD00OXOXO0O00XOXOOXOOX0OXOXOOOXOOOXOXOXOX
OXOXOOXOXOO0OXO0OXOOOOXOXOXOOXO0OXOOOXOXOXOXOXOXOXOX0000XD
O0XOXOOOOXOXOOXOO0OXOOXOOXOOODOXOXOOOOOXOXOXQOXOOOXOXOXOXO
O00XO0000XOOXOXOXOOXOXO0XOX00000OOXOO000OXOOOXOXOOXO0000IX
OXO0000XOXO000XOXOXOXO000XO0OXOXO00O00OXOXOOXOOXO0OD0OOXD
OXO0O0XO0O0XOO0OXOOXOXOXO000000XOXOXOOOXOOXOXOOOXOXOXO0OXO0X
OOXOXOXOXOXOXOOXO00OXXOXOXOXOXOOXOOOXOOOXOXOXOOXOOOXOOOX
XOXOOXOOXOOOXOXO0XOXOXO00O0XOXOXOOXOXOOXOXOOXOXOXOXO000OXD
OO0000XOOOXOXOOXOXOXOXOXOXOOOOXOXOOXOOXOOXXOOXOXOOOXOXOOX
OXOOOOO0X0OXOOXODO0OXOXOXOXOXOXXOOOXOXOXOOXOOXOXOXOOXOXOX0O0
XOXOOXOXOXOXOXOXOXXOXOXOXOXOXOOOXOXOXOXOXXOXOXOXOXOXOOOX D
XOXKXOXOXOOXOXOXOOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOOXOXD
OXOXOXOOOOKIAOKXOOOKOHIOOXOOOOOHHHXX KK
1 9,0.9:9.9.0.6.9.6,:9.90.¢.0.000.00000609000060000000000800000000880586000 0000001
1 9.0,9.6.0.:0.0.9.0.0.9.809.0609990006000600009008988008600000800000856400044
)9,9,0,0,0,9,0,9,0,0,9,0,0,0,0.0.0.0,9,0,0,0.9,:0.0.0.0.0,.0.9,00.¢0¢9.0000000000000000000000¢000¢
,9,9,9,9,0.9,0,0,0,0,¢,9,0,:0,0,0.0.0,0.9.0.0,0,0.0.0.:0.¢0,0.0.:¢.09,9.0009¢0000000600000900006¢00000¢
XXXXXXXXXOOOXXXXXXXXXXXXXX XXX XXX X
9,9,0,0,9,90,0,0,¢,9,9,9,0,0,0,9,0,9,0,0.0,0,0.0.0,0,0.0.0.0.0.0:0,0.0.0.0:0.00.00.0.000.0.0.09000.0¢0000060
.9,0,.9,0,9,9,0,0,0,0.9,0,0,0,0,0,0.0,:0,.0,0.9,0,0.0.0,0.0,0.9.9,09.9.0009.90000000000000000060¢0000¢
.9,0,9,0,0.9,0,0,0,0,9,9,0,0,0,0.0.0,:0,0.0.0,9,0.0,0,0.0.0,:0.0.0.9.9,90.909.000000000000000600060906 0
1,9,9,9,0,9,0,0,0,0,9,0.9,0,:0,0.9,0.9.9.0.0,0,0,0.0.0,0.0.0.0.0.0.0.0.:90.09.00000066000000066609000 01
1,9,0,0,0,0,0,0,0,¢,0.:9,0,0.9,¢,9.9,0,0.0,0,0.0.0.0.:0,0:0,:0.0.0,0.0.09.0.09.00009 0000000000000 066 6001
,9,9,0.0,9,9,0,9,0,0.9.0,9,0,0,9.0.0,0,0.0.0:0,09.9.9.0.0.0.0.900.0.900090.6000.00600009.00006 060000
,9,9,0,0.0,9,0,0,:0,0,0.9.9,9,0.99.0.0.0.9.0,0.9.009.99.00900000000000000005 006

The simulated terpolymer contains 800 MMA units, 1180 NVP units and 20
TAC units.
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Table 3.31 : Sequence lengths seen in the simulated sequence

distribution of figure 3.31.
Sequence Distributions:

Length MMA NVP TAC
1 167 359 20
2 80 9 0
3 46 2 0
4 21 0 0
5 18 0 0
6 6 0 0
7 8 0 0
8 1 0 0
9 3 0 0
10 2 0 0
14 1 0 0

803 0 1 0

Figure 3.32 : Computer simulated sequence distribution of Surfilcan-
A contact lens formulation with TAC (showing only the addition of {he
second vinyl bond).

40 Mole % of Monomer A, MMA

59 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.04 r(AC) =17.321 r(BA) = 0.01

r(BC) = 0.264 r(CA) = 0.038 r(CB) = 0.547

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and TAC is represented by © :

O00000XOOXOOO00O0000O00EO0ODOXOOOXOO0OOOXOOXOXODDOOXOXOX
O000BOOOO0OXOOOOXOO0OOXCOOOXOOXOOOOOXOODOOXODOXOOOXODOOXD
OO00OX00O0X000000O000D0OXOXOXOOXOOOOXODOXOOXOOOOXOOXOOOOXD
OO0OXOO0XB000000XOOXOXOOXO0000OOXOOXOXOOO0OOXO0DOXOXOXOX®
OXOXOXOOXOOX000000XO0X0O0X000000000000X000000X00OXOO0OOXD
O00OXO000GOOXOXOXOXOX000000000OXOXOXOXO0OOXOXOXOXOXOXOOIX
OOXOOXO00000X0O0XOOX000000X00X0e0000XO0OXOXOO0OXOXO0D0XO0
OOXOXO00O0XOXO0O0X0OXOXO00X00OXOOOXO000000OXDOXODXOOX00OX0O00
O0OXOXO00OXOXO00X000XDO0OXOXOOXOOXOOOXOXO0OD0XOO000XO00KOK
OOOXOOXO0OXOO0OXOXO000OXO00OXOXOOXOXODO0OXOXOOOOXOXDOXKO



XO0OXOXOOXOOXOO0OXOXOXOXOOXOOXO00OXOXO00O0OXOXOOXOXOOX0X0O
OO00OXOXOOOOOXOOXOOOXOXXOXOOOXO0OXOOXOOOXOOOXO00OXOOXO0OXO0
XOXOXOXOXOXO00X00OXO00OXXOXO00OXOXOOXO0OOXOOXOX000O0000X0
OOXOXO00000OXOO0OOODO0OXOXOXOOOOXOOXOOXOOXOOOXOOXOOXO000
XOOO0OXOXOOXOX00OXO000XXOXOXOOXOXOOOXOXOXOX0000OX0OX0OOX000X0D
XOXOXOXOO0000OXOXOXOXO0OXOXO0OXO0OXO0OXOXOOX00OOOXOXOOXOOXD
OXOXOXOXXOXOXO0OOXOXO0OXOXOXOXOXOOXOXOXOXOOX0000OX00OXOXOXOXOX
OXOXOXOXOXO0000XO0XOOXOXOXOXO0OX000OXOOXOXOXOXOXOX0O00XO0X
OXOXOXOXOXOXOXOXOXO0OOX0@XOXOXOXOXOOOXOXOXOXOX0000X00000K
OXOOXOXOXOXOXOXOOOXXOXOXXOXOXOXXOXXOOOXOXOXOXXXXOXOXOXXOXO
OXOXOXOXOXOXXOXOOOOXOXOXXOXXXXOXOXOXXXOXOXXOXOXXXOX@XXXXX
09.9,0,9,0,0,0,0,6,0.9.0.0.0.0.0.9,0,0000.6000009000000000000000 00000000000 0000081
219,0:0.9,0,9,:0,6,0,0,0.:0,0,0,0.9.9,0.0.00600000690099000.000000000000609000000000884
9:9.0,0,0.9,0.:0,0,0.0.0.0,0,:0.:090.00.00060008 0000 000000000000000 0000000 0000000804¢
9,9.9,0.9.0,9,0,9,0,0.0,0,0,0,:0.0.0.0,:00006.60000009 0000000000 0000 0000000 0000000084
%9.9,9:9,0,0,0.9.0,0.0,0.9.0,0,:0.0,0,.0.00,0.006.00 0090090000 000000000000000000000006 04
99,9.9,0.9.9.9,0,0,6,0.0.9,0.0,0,90,0.0,0.000900.656 0000090050000 000 0000000000090 0000 04
)9.9,9/0.9.9,9:0,0,0,0,0,0,0,:0.00.0.:0.009 0600860000000 000000000 00000000000 000001
29:9.9/0,0,0,0.0,0.6,0,0.0.9,0.:0.000.0.009060000 500000000 000000000000 000000000000
)9,9:9.9,0/0:9.0.9,0.0.0.0.0.¢.0.00,0.000000080¢0¢00000000000000000000080000000061
09.9,0.9,:9.0.0,0,0,0,0.0.0.0:0:0.9.0,0.0.0.00 060560000000 000 000000000 00000000000 00004
,0.9,0/0:0.9.0,0,0,0.9.0.0,:0.09 000,000 000000 00000000000 000000000000000820844
19:9.0/0.:9.9,0.0,0,0,0.0,0,010.0.000000066600000000000 0000000000 00000900000800004
1,0,9.0.0,9.0/0:9.0,0.:9,0,0.0,0,:0.00.0.09.0.06009 0000000000000 09800 00800

The simulated terpolymer contains 800 MMA units, 1180 NVP units and 20
TAC units.

Table 3.32 : Sequence lengths seen in the simulated sequence
distribution of figure 3.32.

Sequence Distributions:

Length MMA NVP TAC
1 152 327 20
2 66 13 0
3 45 2 0
4 32 2 0
5 16 0 0
6 10 0 0
7 4 0 0
8 2 0 0
10 2 0 0

11 1 0 0
12 1 0 0
13 2 0 0
813 0 1 0




Here, it is seen that the Surfilcon-A contact lens material has a better balanced
composition than the previous contact lens material Etafilcon-A.
Consequently, we would expect to see a much better sequence distribution, if
sequence distribution was determined by composition alone. But the big
difference in the reactivity ratios of the two main components are such that, in
the simulated sequence distributions, we see that up to about 60% conversion
we have an average-to-poor sequence distribution, after this we see an
immense residual block of NVP. This occurs because NVF is present in greater
quantity than MMA and is much less reactive than MMA, which consequently

gets used up in the first half of the reaction.

Thus, here, we may note that the distribution of different cross-linkers, even al
1% concentration, in such a sequence distribution of monomer units, is likely
to be quite diverse for each type of cross-linker. Thus for example EGDMA,
which is more reactive than NVP, is found to be predominantly consumed by
50% conversion. From figures 3.27 and 3.28 we can see that both the vinyl
bonds of EGDMA react before 50% conversion, therefore only helping to
improve the sequence distribution before 50% conversion and in no way
helping to break up the large block of NVP at the end. In contrast both
DATDAM and TAC display a similar reactivity towards NVP, and both of these
cross-linkers are similar or slightly more reactive towards MMA than NVP.
This results in these latter two cross-linkers being more uniformly distributed
throughout the simulated sequence distribution seen for Surfilcon-A, in
contrast to EGDMA. In both DATDAM and TAC the reaction of the second
vinyl bond occurs after 50% conversion, somewhat helping to break up the

large block of NVP found at the end of the reaction. Therefore, here it would
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appear that DATDAM or even TAC would be better used as cross-linkers for a
reasonable sequence distribution and best distribution of cross-links, in contrast

to the currently used cross-linker EGDMA.

3.43 Tetrafilcon-A contact lens material (HEMA : NVP : MMA :
EGDMA :: 79 : 10 : 10 : 1)

The contact lens material Tetrafilcon-A represents a much more complex
composition than that seen in previous simulations. The material is based
predominantly on HEMA but it does contain some NVP. Its EWC is
approximately 43%. Tetrafilcon-A is instructive in that it illustrates a problem
that may arise, when the material whose sequence distribution is o be
simulated, contains more than three components. This problem exists, since
the computer simulation programs can only run a maximum of three
components at any one time. To overcome this problem we must develop a
method through which we can reduce the number of components to be
simulated in the sequence distribution, down to a maximum of three. This
may be achieved by considering the simulated copolymerisation sequence
distributions, for reactions between the main individual monomers which

constitute Tetrafilcon-A, as shown in figures 3.33 and 3.34:

Figure 3.33 : Computer simulated sequence disiribufion of &
copolymer of HEMA : MMA :: 50 : 50.
50 Mole % of Monomer A, HEMA



50 Mole % of Monomer B, MMA

r(AB) = 0.810

r(BA) = 0.192

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and MMA is
represented by X :

XOXXOOOXO000XOXOXXOXOXO00OXOXOOOOXOXOOXOXXOXOXOOOXXXOOOXO0
OXOXOXOXOOXOXOOXOXOXOXOOXOOOXXXOXOXOXOXO0OXO000XOXO0X0000

OOXXOOXOXOXXOXOXOXOXOXOXOXOOXOXOOXOXXOXOXOXOOO0OOOXOOXXOX)
XOOXOOXOXOXOOXO000XOXO000000OOXOOXOOXOXO000OXOXO0OXOXOOX0X
XOXOXOXOXXOOXXOXXOXOOXOXXXOXO0000OXOOXO00OX00XOXO0OXO00OXOX0
OXOOXOOXXOXOXOXXOXOOXOXOOXOXXXXOOOXOXOXXOXOXO0000XOOXOOOIYX
OOOXOOXOXOOOOXOXOXOXOOXXOOXOOO0OXXOOOXOXOXOOXOOXOXOXOXOOK

OXOXOXXXXOOXOXXOXO00OXOXOOX0OXXOXOXOOX0OOOXOXOXOXO00OXOOOX()
XOOOXXXOOXOXO00OXOXXOXOOOXOXOXOXOXOXOOXXOXOOXOOOXOXOXODOX
XXOXOXOXOXXOOXOOXOXXXOXO00000XO0OXOX00O0OXOXOXOOOOXOOXXOXOOOX
OXOXXOOOXOOXOOXOXXOXXOXXOXOXOOOXXXOXOXOXOXOXXOXOXXOXXOXOO

OXOOOXOXOO000XOXXOOXXXOOOXOOXOXOOXXOXXOXOXOOOOOOOXOXOXOO0)

XXOXXOOXOXOXOXO00OXXO0OXOOXOXOXOXXOXOXOO0OXXXOOXOXODD00OX000
XOOOXOXOXOOXOXOX00XOXOXXO0OXO0OOXXOOXOXXOXXOOXOOXXO000O0O0X0
XOXOXOOXOXOXO00XO0OXOXOXXXXOXO000OXOXOXOXXOXOOXOOXOXOXOOK X
OOO0XOXOOXXOXO00O0XXOXOOXOXOXXXOXOXOOOXOXOOXO0OOXXOOXODOOX0X
OXOO0OXXOOXXOXOXXXXXOXOOXOXXOO000OXXOOOXXOXXOXOXOXO0OXOX0X
OXOXOOXOOXOXOOXOXOXXOXXOOXOXO0OOXOOXXOXOO0OXOOXOXO0O00OXOXO

OXOXOOXOXOXXOOXOXOXOXOXXOOOXOXXXXOXOOXOXOOXOOXOXOOXOOX0OOX0
XXOXOXOOOXOXOXOXOXXXOOXXOXOXOXOXOXOXOOXOXOXOOXOXXOXXOXO00X

OOXXOXOXOOOOOOXXOXOXXXOXXOOXOOXOOXOXXOXXOXOOXOOXOOXXOOX0OXO
XXOXOOXOXOOXOOXXOOXOOXOXOXOXOXOXOXOXXOXOXOXOOXXOXOOXXOX000
XOXOOOXOOXOXOXOXOXOOXOXOXOOXXOXOXXOOXXOOXXOXXOOOOXOXOOXOXOD
XOXXOXOXXXXOOXOXOOXXXOXOOXOOXOXOXXOXOXOXXXOXO0O00XO00OX0O0X
OOXXOXOXOXOOXOXOXOXXXXOXOOXOXOOXOXXOXXOXXXOXXOXOXOX0000OXX

OOXOOXXOOXOXOXOXXXOXXOXXOOXOXOXOXXOXOOXOXOXOXXOXOXOXOOXXO0

OOXOXOXOXXXOXOXOXOXOXXOXOXOOXXOXOXOXOXOOXXOXOOOXOXOOOXOXXX

XOXXXOXXOXOXXXXOXOOOXXXXXOOXOXXOXXOXOXXOOXOXOXOXOXOXXXXOXOX
OXOOXOOXOXOXXOXXOXXXOXXXXXOOOXXOXOXOXOXOXXXOOXOXXXOXXOXOX00
XXXOXXOXOXXOXOXXOXOXOOXOXOOXXXOXOXXXXOXXXXOXOXOXOXOXOXXOXXD
XOXXOXOOXXOXOOXXXXXXXXXXXXOXOOXXXOOXXXOXOX XXX XOOXXOXXOOXXXXK
OXXOXXOXXXOXXXOXXXOXXXXOXOXOXXOXXXOXXXOXXXOXXXXOXXXOXOXXNXXX
OXOOXOXXXXXOXOXXOXXXXXXXXXXOOKOOOOKIK XK XXX
1, 0,0:0,9,0,0.0,0,0,0.9,¢,0.0,0.0.9,0.:000.00090009006090880006000000000006 000906200841
1 9.9.0:0.0.0.9.9.0.90096690¢

The simulated copolymer contains 1000 HEMA units and 1000 MMA units.



Table 3.33

distribution of figure 3.33.

Sequence Distributions:

Sequence lengths seen

in the simulated sequence

Length HEMA MMA
1 395 451
2 138 114
3 43 32
4 25 13
5 8 6
6 5 1
7 3 0
9 1 0
12 0 1

12 0 1

Figure 3.34
copolymer of HEMA : NVP :: 50 : 50.
50 Mole % of Monomer A, HEMA

Computer simulated sequence distribution of &

50 Mole % of Monomer B, NVP

r(AB) = 4.841

r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and NVP is represented
by X:

XO0O000000000XOO0XO00000XOCO00000XO0XO00CO00XOO000COOO0OX0ODDN
O000000XO0000XOXOXOOXOOO0OXO00OXO00O000000X0OXO0000O000COXD
O00000000O0X0000OXCOO000O0OXCOOXOCOXOOOOOXOCODOXOOO000OND
000000000 XOOO00OOXOO000O00OOXOOXOXOOOO0OOXOOOODOOXOOOX0D
0(6/06.0/0(8)(0)(8/8606/68006006/608/000/8/80)(8)(8/0/8888)(8/880088)(088){NIE0)
O000OXO00000O0LOXOCO000OOO00OXOXOOXOCOOOXOOXOOOXCODOXOOOD
XO0OX000O0000000000XOX00000000X00000000O0X000OOCODOOOOXOND
O000COO0XO00000XO0OXO00000XOOXO000OCOXOCOOXO0O0DOOXOOO0NNN
O0O0XOOX00OXO0OX0000000000OXOXOO0O0DOOO0OOOOODOOXOOOOXOOOXY
OXOO0O0XO000XO0000000OXO000XO0OOODUXXOOXOOOOOOODXOOODOXOOK
OOXCO000OXO00XO000000000000000XDOO0OXDOXOOXDODDOODXOOONY
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OOOXO0O000OXO000OXOO0OXOOOO000OOOXOOVOXOOOXOOV0OXOV000000
OOO0XOO0OOXO00000XO0OXOOOOXOOOXOXOOXOXOXOOOOXO00000OX0OXO0
OXOOXO00O000XOOXOOOO00CO0OXOOVOXOO0OOXO00XOO0OXOO0000000
XOOXO0000000OXOXOXOOOOOOOOOOXOOXOOXOOXOXOXOXO0OX0O0000000
OOO0OXOXO00000O0XOOOOOOXO0O0OXOXOOOXO00000OOOXO0000XOOOXOD
OOOXOOXOXOOOXOXO00XO0000OOXOXOOOXOXOXOOXOXOO0OXOXOOXO0OX0
OO00OXO0OXOXOOXOOOXOO0000OXOOOXOXOODOOXOXOXOOOOOOOX0O0XOX
OOOXOOOXOOXOOXO0OXOOXOOXOXO00OXO0OXOOXOXOOOOXOXOXOX00OXOO0
OO00XOOXOO0OXOOOOXOOOXOOOOXOXOXOXOXOXOXOXOXOOXOOXOXOOX00OX
OXOOXOXOXOXOXOXO000000XOXO000XOOXOOXOXOOOXOXOXOXOXOXOX000
XOOOXOOXOOXOXOXOXOXOXOOXOXOXOOXOXOXOXOXOOXOXXOXOXOXOXOXOXD
XOOOXOXOXOXOXOO0OXOXOXOOOXOXOXOXOXOXOXOXX XXX XIOOX XXX KX KKK
,0.9,0.0.9,0.:0.0,0,9.9,0,9,:9.9.0.9.0.000660.0800000000000000000000050000000 00000001
119,9,9,0,0,0,0.0,0,9.9,0,0,9.0,0.0.0.0.090.000600600060 0000000 000000060006056000004
0,9,9:0.0,9,0,0:0.9,0:0,0.0.9,0,9.9,0.00.0.0006005 6900900 00000000000 0000000000508 0004
1,0,9,0,9,0,9.0.0,0,9.9,0,0.:0,0,9.0.0.:0090.9.0.06906000000000000000000000000009 8000094
0,9)9,9,9,0,0,9,0.:9,0,0,9,0,0.9.0.0.0,9.0,0:0.0.0.0.60.0.600.090.00009 900000 000000000 000000099
19.9,9:9,6,0,00.9,0,9,0,0.0.0,9.0,0.9.9.9.0,0.0.060960006$50000000000000000000 00600029
9.9,9.9.9,0.9.0,0.0,9.0,0.:0,0.0:0,0,9.9.90990000000000 0900000000000 00000000006008094
19,9,0,9,0/0:0:0,0.9,0.:0.:0.¢.9,0,0:0,0,:0.0.0.:9.0:60:0:0.0990$ 600009000000 000000000000 082001
10,9:0.9,0/0.0,0.0,0.9,9.0.0.0.0.0.0.0.0/00.00050 0000000000000 0000000000000 00 00080004
1,0,9.0.9.0.0,0:9.0.0.0.0.0.¢0.90000000800000000008000000000000000000800800902
1 9.0.9,9.0.0,:0:0.0.9.0.86.9.909000008 006608800000 000 0000000000 000080080000000
1 9.9.9.9.0.9.9.0.¢.

The simulated copolymer contains 1000 HEMA units and 1000 NVP unis.

Table 3.34 : Sequence lengths seen in the simulated sequence

distribution of figure 3.34.

Sequence Distributions:

Length HEMA NVP
1 91 272
2 47 2
3 40 0
4 22 0
5 16 0
6 10 0
7 16 0
8 3 0
9 6 0
10 8 0
11 8 0
12 2 0
13 1 0
16 1 0
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17 1 0
18 1 0
21 1 0
724 0 1

From figures 3.33 and 3.34 we can see that the reactivity of HEMA more closely
resembles MMA than NVP (nearly three-quarters of the NVP remains
unreacted until the end). Therefore it is now possible to run a simulation of the
pseudo sequence distribution that represents the contact lens material
Tetrafilcon-A. To do this we must substitute MMA in this contact lens
formulation by increasing the HEMA content by 10% to account for the absent
MMA. Thus, it is now possible to run the terpolymer simulation program fo
compare the different sequence distributions seen with the different cross-

linkers.

Figures 3.35 to 3.40 show the computer simulated sequence distributions for the
Tetrafilcon-A contact lens with various cross-linkers. Tables 4.6 to 5.1 show the

sequence lengths seen in figures 3.35 to 3.40, respectively.

Figure 3.35 : Computer simulated sequence distribution of
Tetrafilcon-A contact lens formulation with EGDMA (showing only the
addition of the first vinyl bond).

89 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.841 r(AC) = 1.882 r(BA) = 0.001

r(BC) = 0.006 r(CA) = 0.388 1(CR) = (.37

Polymerized to 100% Conversion



In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and EGDMA is represented by © :

OO0O00000000O0OOOOO00CO00OO0OOO0CO000O0000000CO0COC0000N0D
OOOOOXOOO0O000BOOOO0OOOOCO0O0O0OOOO0O00NNO0OCOO000N000
OOO00O0000000O0O0OOXO0OCOO0OXO00CCO0000000VOC00C0ONCO00000
0000000000OOOOOOXOOCO0OOO00OOO0OOCO00O0O0OCO00O00CO0X00
OO00OO00000000OOCOO00COCOO000000CO0O0OXOOCO000000O0000XD
00000000OO0OOOBOOO0COO0OOCO0C000ON00O00OCO000D00000000
XO000XO00000000O000COOO0O0O00O0O00000O0OOCO0000OOCONONN
OOXO00000000O0XCO000000OOCOCOO0COON00C0000000000COOOONNNM
O00000000000OCOCOCOXOO0OOOT00000OCOCOO00OOO0OOXOO0OCNNN
OO0000000O0000OOOOOOO0O0OXOO00O0OOCOO0000000000CNNO0NNN
0O00000000O0OOOOOO00O0O0OOOOCOOOO0OO0000O0OXCO0OXONOOOONC
OOBOOXO00C0OO000000O0O0O0OO00O0OOXOBO000COODODONOXOOCIN(
X0000O00000COOOOO00OO0OOODO0OOOCON00OXOOOO0NOOONNNONNONN
O000000000000OOOO000OOOCO0O0ONCO0DONOCOOCOOOXOO0NNO00N0
OO0O000COOOOOOOOOOOOXOO0OXO0VOEOOOCONOOOO0OOOOOXOXOOC0OON
O0000000000OOOO0EOO0OO0CO00CONCONCOOOODOONNOON00NOXOXON
elee(sle/ale/oc/olo/e/ss/alo/elels/elelo/s0l0/00/0/e/0(0/0/001076/00/0/8/0/66/80/80 00888 8)48
OOOOOOO0000000OOO0O0O0O00OOCOOOOCDONOO0COOOOOXOCNOO0NNN
O000000000OOOOOCOOOO00OOOO0OHC0OOOXOXOOOONCONNOOXOOONNN
COOXOO00XOO0000000O0OOOOO0OOCOOO0ONCOXCOON0OO0OCOO0O0N0
GOO00O0000XOOO0OOO0000000OOXOO0OOONNOOOOODDOVONOOCOOOONN
OO0000000OOOOOXOOOOEOO0OOOCNONEOXNCOOCOONNOVNNOOOO00NNN
O00COOO000000OOCHONOO0OBOXONNOOOOOOOXDOOONOOCONOONCOONON0
OOX0000000COO0000000OOOOOCOOOXOONT0000VOXO0OO000O00T00XK
O0O0XO00000OO00000000000000O0OOOCO0000000000000000000000
0000000000000000EO0OOOOOOOOOOOCO0000000O000000000N00000
0000O00OOOO0O0OOOXOOOOOOOOOXOXOO0OOO000O0000O00NXO00000
000000OOXOOOOOOOOOXOOO0BOXOOOOXOOOOOOOO00OO00OOO0000000
OOXOO0O0OOOXOOOOXOOOO00OOOOO00OOOXOOCOO0OOO0O000O000000D
O0000000OOXOOOOOOOOO0OOXO0OOOO00OXOOXOOOOOOOXOOOOXOOD0D
0O0000OXOOXO0O0OOO0OOOXOOXOOOOXOXOEOOVOTO0OOXOOOXO®OOOVOXOX
OXOOXO0OXO0000000O0OOXEOO0OOO00OOO0O00OXOO0OOXOBOOXOOOXO
O00000XOXOO0000OOOOO0O0OOOOOOOO0OXO000BOOXO0VD0000OXO00
OXO00O0OOO0OOO0OOXOOOOOXOOOXOOXOXOOVBOXOXOOOO000EOO00000N0
O0O0XOO00000OXOOOXOBOXOOXOO®XOXOX@X XXX XXX XXX XX XXX XXXX
),9,0,0,:0,0.0,0,0.0,0,¢.0,0.0,0.9.0,0.9,0.:0,0:6.0.00.0.0:00000 060000000 00000000000060000000 4
XXXXXXXX

The simulated terpolymer contains 1780 HEMA units, 200 NVP units and 20
EGDMA units.



Table 3.35 : Sequence lengths seen in the simulated sequence

distribution of figure 3.35.

Sequence Distributions:

Length HEMA NVP EGDMA
1 18 104 20
3 10 0 0
3 8 0 0
i 12 0 0
5 4 0 0
7 i 0 0
8 3 0 0
5 8 0 0
10 4 0 0
11 2 0 0
12 4 0 N
13 i i 0
14 i 0 0
i5 4 0 (i
i6 p 0 0
i8 i 0 (
37 i { 0
23 1 0 0
54 i 0 0
76 4 0 0
57 i 0 0
38 1 0 0
35 i 0 0
33 i 0 0
33 3 0 0
35 2 0 0
39 i 0 0
42 1 0 G
43 1 0 0
i i 0 0
46 3 0 0
51 1 0 G
55 3 0 0
56 1 0 0
58 i i i
60 i 0 {
61 i 0 0
62 i 0 0




67 1 0 0
70 1 0 0
96 0 1 0
Figure 3.36 : Computer simulated sequence distribution of

Tetrafilcon-A contact lens formulation with EGDMA (showing only the
addition of the second vinyl bond).
89 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.841 1(AC) = 2.834 r(BA) = 0.001
r(BC) = 0.002 r(CA) = 0.023 r(CB) = 0.099
Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by

X and EGDMA is represented by © :

XOO000OXO00OOOOOO0O00O00OOOOOOOOOOOO000000O00000000000000
OO000000000OOO0000000000O00O0000OOOO00000OO00OOOXOOOX00
OO00000OXOOOOOOOOO000000O00O0OOOOOOOOO0000000000N0000000
OO00000000OO00OO0OOOO00OO0OO0OOOOOO00CO000O0OO0OXO000000
O000000000O00OO0OOOOOOXOOOOOOO0OOOOOOOO0OO00000000O00NN0
OO00OO00OOOO0O00OO0OOOOOO0OOOOOOO0OOOO0OO0CO00O00O000000N
O000000000000OO0OOOOO0OOCOOO00OOOOOOO0O00O00ON0OO0COD0N
O000000000OO0OOOO000OOO0OO0OOOOOOOOOO0OOOCOOONOO000N00NN
OO0000O000O0OOO0COOOOOOOO0OOOOOO0OOOO0OCOXO0OOO0OOOO0ND0N0N
O00000000OO00O0000O00OXOOOO00OXOO0OOO0COOO0DOOVOOXO0000
000000000000OCOOOOOO00OO0O000COO0OO0N0CON00OXOOO0CODO0NN
000000O0XOO00OOO0OXO0OO00O000CCO0O0COONCOONCOOODNOOONNNN
OO0000OOOOO00O0OOOOOXOOO0OOOOOOXCOCOOOXOOOODONOOEOCNOODNN
O000000000OO0OOOOOOXOXOOX0OOOOOOCOOO0OOO0COO0OXDO00D00NN
e/os s eeecseeesnclee)sseesssssessessenessnienessssessssssnsss
0000O0000O0000BOOOOOOCCOOOCOXOCOOOOOOCOOOOCOOXOOODOOOXOD
s/8)(ss0esessoessssisssessnsensansssassslssesnsancsssesnsss
ele 80 (se/eeseeossosssasassss)(essnseensnannesnssnsessnsess
88 ssseessssesssiassesissnsssiasesnsinanennesenesssesessnses
slessse)essesssssssssiassssnsisssisnninnseaennnssiosnsanssasnss
sjasessesseniessssessnss isisnasesninnriser(snnnsinnsensonssesss
ojsssss)(s/sssasinsessssesasnsasercsiasiassienssnonsnsnesenes:
alaslslasiss)(ssessnsssenisaniennisienisiasnennsannnsananasenessss
Bsssssscssssseanasiscasanias/nrissessialasislssaninnia’nlsaanssnsss



O000000OO00000O00000OXOO0OXO0000000COO000000000ECCO0000
O00000000OOOOXOOXOOOXOOOXO000000O0OOOCOCOO00000000OX0OX0D
O00OO00000O0O0OO00C0OOXO000OO00OXO000OOXO00000XO0DOCON0
OOO00OOOOXOOOOOO000OBOOBOOOXO000OOOO0OO0OO000NCONOCONC00
XOOOXO000XOO0O0OOOO0000000000OXOOOOOOXO000O0O0OC00N0OXOX0
OO000OO0XOOOXOO0OOOOOOXOOOO00OXOOOCOCOOOO0OOCO0X000D00000
©OO0XO000000EO00O0OCO0000000000000CCOCOO0CCO00000000OXO0
OOO0XO00000000000OXO0O000OXOOO0O00C0000OXOO000O00EXOXO000
OO00O0XOOOOOO00000OXOOXOOOO0OO0O0OOXOCOO0OOOXO0EOVOCO0OXOXD
O0BOOXOO00BOOOOOO00EOOEO00XOOBOXCOOXOOOXOOOOXOXOOXOOOXD
OXOOXO00OXOBOXOXOOO@XO@X XXX XXX XXX XXXX XXX XXX XXX XX
)0.9,0,0,:0.9,0.:0,0,0,0,¢,0.9.0.0000.00000600000000000000000000000000000020000001
XXXXXX

The simulated terpolymer contains 1780 HEMA units, 200 NVP unifs and 20
EGDMA units.

Table 3.36 : Sequence lengths seen in the simulaied sequence
distribution of figure 3.36.

Sequence Distributions:

Length HEMA NVPF FGDMA
1 11 93 20
2 14 0 0
3 11 0 0
4 7 0 0
5 1 0 0
6 5 0 0
7 8 0 0
8 4 0 0
9 6 0 0
10 4 0 0
11 1 0 0
13 3 0 0
15 1 0 0
16 3 0 0
17 1 0 a
18 1 0 0
19 1 0 0

20 2 0 0
21 2 0 0
22 1 0 0
23 1 0 0

pri—Y
-y
j#3]



24 2 0 0
25 1 0 0
26 2 0 0
28 1 0 0
29 1 0 0
40 2 0 0
48 1 0 0
49 1 0 0
50 1 0 0
56 2 0 0
65 1 0 0
70 1 0 0
89 1 0 0
94 1 0 0
97 1 0 0
107 0 ] 0
233 1 0 0

Figure 3.37 : Compuier simulaied sequence distribution of
Tetrafilcon-A contact lens formulation with DATDAM (showing enly

the addition of the first vinyl bond).

89 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.841 r(AC) =9.67 r(BA) = 0.001

r(BC) =0.15 r(CA) = 0.065 r(CB) = 4.912

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and DATDAM is represented by © :
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The simulated terpolymer contains 1780 HEMA units, 200 NVP units and 20
DATDAM units.

Table 3.37 : Sequence lengths seen in the simulated sequence

distribution of figure 3.37.

Sequence Distributions:

Length HEMA NVP DATDAM
1 14 111 20
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10
11
12
13
15
17
18
20
21
22
23
26
27
29
30
32
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45
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55
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64
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73
79
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Figure 3.38 : Compuier simulaied sequence distribulion of
Tetrafilcon-A contact lens formulation with DATDAM (showing only
the addition of the second vinyl bond).

89 Mole % of Monomer A, HEMA




10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.841 r(AC) = 74.747 r(BA) = 0.001

r(BC) = 0.516 r(CA) = 0.013 1(CB) = 0.477

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented hy
X and DATDAM is represented by © :
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The simulated terpolymer contains 1780 HEMA uniis, 200 NVP units and 20
DATDAM units.
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Table 3.38 : Sequence lengths seen in the simulated sequence

distribution of figure 3.38.

Sequence Distributions:

Length HEMA NVP DATDAM
1 11 112 20
2 9 0 0
3 4 0 0
4 4 0 0
5 3 0 0
6 4 0 0
7 3 0 0
8 6 0 0
9 1 0 0
10 3 0 0
11 1 0 0
12 1 0 0
13 5 0 0
14 3 0 0
15 3 0 0
16 1 0 ]
17 3 0 0
19 2 0 0
21 1 0 0

22 1 0 0
24 2 0 0
25 1 0 0
26 1 0 0
28 2 0 0
29 1 0 0
31 1 0 0
33 1 0 0
34 1 0 0
36 1 0 0
38 1 0 0
39 2 0 0
42 1 0 0
48 1 0 0
53 1 0 0
54 1 0 {
61 1 0 0
62 1 0 0
67 1 0 0




88 0 1 0
90 1 0 0
93 1 0 0
97 1 0 0
152 1 0 0
Figure 3.39 : Computer simulated sequence distribution of

Tetrafilcon-A contact lens formulation with TAC (showing only the
addition of the first vinyl bond).

89 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.841 r(AC) = 4.266 r(BA) = 0.001

r(BC) = 0.001 r(CA) = 0.001 r(CRB) = 0.001

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and TAC is represented by © :
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The simulated terpolymer contains 1780 HEMA units, 200 NV units and 20
TAC units.

Table 3.39 : Sequence lengiths seen in the simulated sequence
distribution of figure 3.39.

Sequence Distributions:

Length HEMA NVP TAC
1 11 105 20
2 9 0 0
3 7 0 0
4 6 0 0
5 6 0 0
6 5 0 0
7 1 0 0
8 6 0 0
9 1 0 0

10 1 0 0
11 4 0 0
12 1 0 0
13 2 0 0
14 3 0 0
15 3 0 0
16 2 0 0
17 2 0 0
18 1 0 0
19 1 0 0
21 1 0 0
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Figure 3.40 : Computer simulated sequence distribution of
Tetrafilcon-A contact lens formulation with TAC (showing only the
addition of the second vinyl bond).

89 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.841 r(AC) =47.78 r(BA) = 0.001

r(BC) = 0.264 r(CA) =0.02 1(CB) = 0.547

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented hy
X and TAC is represented by ©:
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The simulated terpolymer contains 1780 HEMA units, 200 NVP units and 20
TAC units.

Table 3.40
distribution of figure 3.40.

Sequence lengths seen in the simulated sequence

Sequence Distributions:

Length HEMA NVP TAC
1 24 122 20
2 6 0 0
3 3 0 0
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Before considering the analysis of the sequence distributions seen in figures
3.35 to 3.40, we must bear in mind that 10% of the HEMA units seen in these
sequence distributions actually represent MMA units. Figure 3.41, below,
represents the computer simulated sequence distribution of the Tetrafilcon-A
contact lens formulation without any cross-linker. This figure and table 3.41
will give us an idea of the whereabouts of the MMA units present in ihe
complete formulation, but absent from figures 3.35 to 3.40, and also what the

overall sequence distribution would look like.

Figure 3.41 : Computer simulated sequence distribution of
Tetrafilcon-A contact lens formulation in the absence of any cross-
linkers.

80 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NVP

10 Mole % of Monomer C, MMA

r(AB) = 4.841 r(AC) = 0.810 r(BA) = 0.001

r(BC) = 4.04 r(CA) =0.192 r(CB) = 0.01

Polymerized to 100% Conversion
In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and MMA is represented by © :
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The simulated terpolymer contains 1600 HEMA umits, 200 NVP units and 200
MMA units.

Table 3.41 : Sequence lengths seen in the simulated sequence

distribution of figure 3.41.

Sequence Distributions:

Length HEMA NVP MMA
1 47 114 157
2 35 1 20
3 40 0 1
4 22 0 0
5 27 0 0
6 12 0 0
7 14 0 0
8 10 0 0
9 5 0 0
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From figures 3.35 to 3.40 and figure 3.41 it can be seen that the overall sequence
distribution for this Tetrafilcon-A contact lens is not very good, we tend to
have too many extended sequences of HEMA monomer units. This is
primarily due to the fact that it is present in much greater quantity than either
of the other major components in the initial formulation, and to a lesser

degree, here, because it is more reactive than the other components.

Considering the cross-linkers, we see that EGDMA is reasonably well
distributed throughout the terpolymer, but both DATDAM and TAC are very
poorly distributed throughout the terpolymer and show much higher residual
tendencies (both first and second vinyl bonds come in very late, towards the
end of the polymerisation). Thus, here it appears that the appropriate cross-

linker to use would be EGDMA.
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3.44 Xylofilcon-A contact lens material(MMA : NVP : CMA : EGDMA ::
30 : 59 : 10 : 1)

The Xylofilcon-A contact lens material is based predominantly on NVP and has
an EWC of approximately 68%. This is much higher than the EWC of
Tetrafilcon-A (ca. 43%) simply because Tefrafilcon-A is based predominantly on

HEMA which is less hydrophilic than NVP.

Since Xylofilcon-A is composed of four components, a similar procedure fo that
adopted in section 3.43 must be used fo determine which one of the major
components of this contact lens formulation may be replaced by increasing the
percentage composition of one of the two remaining componenis, which mosi
closely represents the reactivity of the component being replaced. To aid this,
copolymerisation simulations were run beiween MMA : CMA and NVP :
CMA, both at a 50 : 50 mole ratio, computer simulated sequence distributions
are shown in figures 3.42 and 3.43, respectively. It must be mentioned that no
reactivity ratio or Q-e data was found for cyclohexyl methacrylate (CMA), a
reasonable approximation was made using the Q-e values of phenyl

methacrylate.

Figure 3.42 : Computer simulated sequence distribution of a
copolymer of MMA : CMA :: 50 : 50.

50 Mole % of Monomer A, MMA

50 Mole % of Monomer B, CMA

r(AB) = 0.729

r(BA) = 1.177

Polymerized to 100% Conversion

In the simulated copolymer MMA is represented by O and CMA is vepresented
by X
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XOOXXOXXOOOXXOXOXXXXXOOXXXOXOXXOXOXXXOOOOXOXXXXOXOXXXXOXXOX
XXXOOOOXXOXXOOOXOOXXOOXOOOOXXXXXXXXOXOXXXXOXOOXXXXXXOXXOOXX
XOOXOOXXXOXOOOOOOXXXOXXXXOOOXXXXXOOXXOOXXXO0OXOXOX0000XO000
OOOOXOXXOOOOOXXXXOXXXOOOOXOXXXXOOXOOXXXXXXXOOXXOOXXXXOXXXOO0
OXXOOXXOOXOXXOXXOOXXXXOXOOOXXXOOOXXXXXXOXOXOOXOOOXXOOOXXOXO
XXOXXOXXXOOXXOXXOOXO00XOXXO00OXXXXOXXOXOOOXXOOOOXXXOXXOXO00
OXXOXXXXOOXOOXXOXOXXXOXXXXOOXOXXXOOXXOXXXXXOXXOXOXXXXOO000K
OXOXXXOXOOXOXOXOXXXXOOOOXXXXXOXXOXOOXXXOOOOXOXXXXOOXXXOOOX0O
XOXOOOOXOXXXOXXOXXXXXOXXXXOXXOOXXXXXXXXOXXXOXOXOOXXOX000X00
XXXOXOXOOOXXOOOOXXXXXOXOOXXOXXOXXOOOOOXXXXOXXOXXOXXXOOXXXXX
OOXXXOXOXOOO0OXXOXOOXOXOXXXOXXXOXOOOXXXOXXXOXX000X0000000X
OOXOXXOXOXXXOXXXXXOXOXXOOOXOXO00XXOXOOOOOXXXOXXXOOOXXOXKX XXX
OXOXXXXOXXXOOXXXXXXOOXOOXXXXXXOXOOOXOXXXOXOXXXXXOOOOXXXXXOXX
XXXXOOOXOOXOXOXXOXXXXXXXXOXOOOXXXO0OXOOXOXOX XXX XXXXOXOXXOX)
OXXOXXOOOOXOOXXO0OXOOXXXOOXOXO0OXO000DOOXOXOXXOOXXXXXXOXX XX
OXXXXOOOXXO00XO00OOXXXXXXO000OXOXOOXO0OXXOXXOOOOOX XX XXX X0
XXOXOXOXXXXOXXXXXXXOXOOXOOXXOXOOXXOXXXO000D00OXOXXODOXXOO0X
OXXXXXXOXXXOOXXOXOOXOOXXOXOOXXXOXXOXXOOXXOOXOOOOXXOXXXXOXOD
OOOXXOOXXOXXOOOXOXOXXXXXOXXXOOOOXXXXXXXXOXOOXOXXOXXOXXXXOXO
XOOXOOOXOXOXXXO00XXXO0O0XXOO00OXOOOXOXOXOOOXXOXOXOXOXOOXO00K
XXOXOXXOOOXOOXXOXXXOXOXXXXOXOOXO00XOXOOXOXOXXXXDOXXXOXXXXOD
XXOXXXOOOXOOXOXOXOXOXXOXXXOXOXOXOO00OXXXOOXOXXOO0O0OXOOXXO)
OOOXOXXXXXOXOXOXO0OXXXXXO0OXXXOOXOOOXOOXOOXOXOOOOXXOXOXOO0
XXOOOXO0OXXOXOOXO000XXXXOOOOOXOXXOXOXOXOXOODOOXOOOX XX XY
XXXXOOOXOXXXXOOXOXOXO0OXOXOXXOXOOXO00Q00OOXO00OXOX XXX COOX
XOOXOOXOXXXXXOXXXOXOOXXOOXO0000OXOXOOXOXXOXXXXOXOXXXOXOXOOX
OOO0OOOXOXXXXOO00OXOXXXOXOXXOXXOOOOXOXOOXOOXOOXXOXXOOXXX XKD
OXXOXXOOXO0000XOXXO000OXXOOXOXOOOXXXXOOX XX XOOXXXXOOOOX XX XK
OXXOO0OOXXOOXXXXOXOXXXOOOXOXOXOOXOOXXOXXXXOXXO0OXXO0000XX0
XOXOOOOXXOXOXOOXXO0XXO000XOOXOXOXO00000OXOXOOXXO00X000000X
OOOO0OXOXOXXXXOOOOXXOXXOOXXOXOXOOOXOOXXOXOXOOOXXXOOXO00OX0O0X
OOXXXOOOOOXXXXOO0OXXXOXOOOXO00OXOOXXO00OXOOOXOOXXXOXOOXXOX
OOOOXXOXOOXOOOXXOOXOXXOXO00XO000OOOXXOXOOXOOXO000XO0000X0
OOXOXOOXOXOOXOOOXOOXXXO0OXOXO00OXOOXXXO00XOOOXOOXXOX000D00
0O0000O00000000

The simulated copolymer contains 1000 MMA units and 1000 CMA units.

Table 3.42 : Sequence lengths seen in the simulated sequence

distribution of figure 3.42.

Sequence Distributions:

Length MMA CMA
1 252 252
2 116 117
3 65 56
4 30 38
5 20 17
6 6 8
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7 3 3
8 3 5
20 1 0
Figure 3.43 : Computer simulated sequence distribution of a

copolymer of NVP : CMA :: 50 : 50.

50 Mole % of Monomer A, NVP

50 Mole % of Monomer B, CMA

r(AB) = 0.001

r(BA) = 2.116

Polymerized to 100% Conversion

In the simulated copolymer NVP is represented by O and CMA is represenied
by X:

XXX XXOXXXXXOXXXXXXOXXXXXOXOXXXXXXOXXOX XXX OXX XXX OXXOXXXONKKXOK
XOXOXOXOXOXXXXXXXXXOXXXXOXXXXXXOXXXXXXOXOXXXXOXXOXOXXXXOXOXO
XXXXXXXXXXOXOXXXXOXOXOXXXXOXOXXOXOXXXXXXXXOXXXOXXXXOXXXXXOXXX
XXOXXXOXXXXOXXXXOXXXXOXXXXXXOXOXOXOXXXOXOXXOXXXXXXOXXXOXOXXX
XXXXOXXXOXXOXXOXOXOXOXXXOXXOXXOXXXXOXOXXXOXXXXXXXXOXXOXXXXXO
XXXOXOXXXOXOXXXOXXXXOXXXOXOXXXXOXXXXXOXXXOOXXXOXXOXOXXXOXOXO
XOXXOXXOXXXOXOXXXXXXOXXXXOXOXOXOXXOXXXXXXXOXXXXXXXXXXXOXOXXXX
XXXXOXOXOXXOXOXXOXOXOXXXXOXXOXXOXXOXXXXXOXXXOXOXOXOXXOXOXOXX
OXXXOXXXXOXOXXOXXOXOXOXXXOXOXXOXXOXXOOXOXOX XXX XXX XOXXXXXOXXX
XOXXXOXXXXXXOXXXOXOXOXXOXXOXXXXOXXXOXOXOXXOXXOXXOXXXXXOXOXOX
OXOXOXXXOXXOXXXXXXXXOXXXXOXXXOXOXOXOXOXXXXXXOXXXOXXOXXXOXXXX
OXXOXXOXOXXXXXXOXXXXXXOXOXXXXOXXXOXOXXXOXOXXXOXOXOXOXXOXXXOX
XXOXXOXXXOXXXXXOXOXXOXOXOXOXOXOXOXOXOXOXXXOXXOXOXXOXOXOXOXO
XXXXOXOXOXXOXXXOXXXOXXOXXXXXOXOXXOXOXXXXXOXOXXOXOXXXOXOXOXOX
XOXXOXXOXOXOXOXOXOXXOXOXOXOXOXXOXXOXXXOXOXOXXXOXOXXXXXXOXXO
XOXOXOXOXXOXXOXXOXXOXOXXOXXXXXXOXOXXXOXOXOXOXOXXOXOXOXXXOXXK
XOXXOXXXXXOXXOXXXOXXOXXXXOXOXXXXXOXOXOXXXOXXOXXOXXOXXOXOXOXX
XXXXOXXXXXOXOXXXOXXXXXOXXOXOXOXOXOXXOXXOXOXOXOXOXXOXXXOXXXX
OXOXOXOXOXOXXXXOXOXOXXXOXOXXXXXOXXOXOXOXXXXOXXOXXOXOXOXOXXXK
OXOXOXOXOXOXOXOXOXXOXOXXXXXXOXXOXXOXXXOXXOXOXXOXXXOXXOXXOXO
XXOXOXOXXOXXOXXOXXXXOXXXOXXXXOXOXOXOXOXXOXXOXOXXXOXOXOXOXOX
OXXXXOXXXXXXXOXOXOXOXXOXOXOXOXOXOXOXOXXXOXXOXOXOXOXXOXOXOXX
OXXXOXOXXOXOXXOXOXXXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXXOXOXO
XOXOXOXOXOXOXOXXOXOXXOXOXOXOXXOXOXOXXOXOXOXOXOXOXOXDXOXOXIX
OXOXOXOXOXOXOXXOXOXOXXOXXOXXOXXO00O0000000000000000000000
sjss/easiessasssnsnianisnssscesnnisisssiasnisnalosnislnsensassnnsenns
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The simulated copolymer contains 1000 NVP units and 1000 CMA units.

Table 3.43 : Sequence lengths seen in the simulated gsequence
distribution of figure 3.43.

Sequence Distributions:

Length NVP CMA
1 463 235
2 2 102
3 0 52
4 0 31
5 0 20
6 0 15
7 0 3
8 0 5
9 0 1
10 0 1
11 0 1

533 1 0

From figures 3.42 and 3.43 we can see that MMA more closely resembles CMA
than NVP, but NVP does have a reasonable reaction profile with CMA as seen
from the sequence distribution in figure 3.43. Therefore it would be appropriate
here to replace CMA in this contact lens formulation by increasing the MMA
content by approximately 6% and by increasing the NVP content by
approximately 4% to account for the absent CMA (this would also fake info
account the fact that CMA is slightly less reactive than PMA, whose Q- values

were used to calculate the reactivity ratios for CMA with the other monomers).



It is now possible to run the terpolymer simulation program to compare the
different sequence distributions seen with the different cross-linkers for the

contact lens material Xylofilcon-A.

Figures 3.44 to 3.49 show the computer simulated sequence distributions for the
Xylofilcon-A contact lens material with various cross-linkers. Tables 3.44 {0 3.49

show the sequence lengths seen in figures 3.44 to 3.49, respectively.

Figure 3.44 : Computer simulated sequence distribution of
Xylofilcon-A contact lens formulation with EGDMA (showing only the
addition of the first vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.04 r(AC) = 0.936 r(BA) = 0.01

r(BC) = 0.006 r(CA) =1.013 r(CB) =6.37

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and EGDMA is represented by © :

O00OXO0OXOO0O0OXOXOOOXOO0OXO0XOOXOO0XOO00XOOXOOOX00000000X
00000XO0000XO0OXODOXOXOOXOXO0OXOXOOXO00XOOOOOXOXOOXOXOXOX
O00X0©XOXO000BOXOXXOOXOOOXO000OXOXO00OXOXO00X0O000X00B00X
OOXXOXOOOXOXOOXOOOXOOXOXOOXO0OOO000OXOOX00000XO00000XOX0
O00OXO00OXOOXOXOOXOOOXOO00OXO0OXO000000OOX00X0BXO00000O0XM
OXOX00XX00000000E0X0000XOOXOOXXOOXOXOOXO00000OXOXOX@OOX0
OOO0OXOXOOOXOXOXOOXOXOXOXOOX0000OX®OOXOX0OXOe0X000XOOX00X0
OO000000000XOOOXOOXOOXOXO00OXOXOOXOXOXXOOXO00OGOOOXOOXOKOX
OO000COXO0OXOXOXOOXOXOXOXOXOXOOOX0OXOOXOOXOXOX000OXOXOOX0
OXOOXO000XOXOXOOXOOOOXOXOXOOXOXOXOXXOOXOXOXXOXOXOOOXOOXO0
O00X00OXO0OXOXOOXOO000X0OXOOXXOXOXO00OOXOXOOXOXOOXOXOOXAO
OXOXOX®OX00OOX00XOOXOOXOXOOXOXOXOXOXOXXOXOXOOXOXOOXOOXXOXOXK
XO00OXOXOOXOXXO0OX00XOXOX0OXO0OXOXOX0X00000X0OX@00XOXO0OXOX
OXOXO00XX0OOXO000XO0000XOOXOOXOXOXOXOXO0OX0OXOXOXOOXOXOXOOM
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OXOOXOXOXOXOXO00O0XOXO00XOXOXOXO000OXO0X00XO0XOXOXOXOXOXOXOX
OXOOXOXOOXOXOXOXOXO0XOXOXO00XOOXOOXOXOX000OOXOOOXOXOXOXX0
OXOXOO0OOXOXOXOXOOXOXOXOO0XOXO0OXOXOOXO0XOXOX@OX0OXOX0000XD
XOOXOOOOXOXXOXOXXOOXOXOXO00OXO0OXOXOOXOOXXOXOOXOOXOXXOOX00XD
OXOXOXOXOXXXOXOXOXXOXOXOXXOXOXOXOXOOXOXOXOOXOXOXOOXOXOXOXX
OXOXOXOXOXOOXOXOXOXOXXOXOXOXXOXXOXXOXXOXOXOXXOXXOXXOXXXOXXOD
1(0) 0,:0.0:0,0:0,0.0,0.:9,0:0.9.:0,0.09.0000960000006000000000000000000000000000004
0,0:9.0,0.0.0,0,0,:0,6.9.9,0.9,00.99.99000000000500000000000000000000000000000094
19,0:9,0,0,0.0,0,0,¢,0,:9.0,9.0,:0.0,0.0,0.0.0.:0.0.9.90.0,000000 06000 0000.00000000000 0000000061
9,9:0,0,:0,0.9,0,0,0.0.¢,0.9.0.0.0,0:0.0.0:00.00.60.9060060000000000000000 0900000600004
1,9,0,0.9,0.9,0,9.0,0,0.0,0.9,:0,0.0.0.0,0.0.0.0.0.0090.¢00.0000 000860000 090000000000000000904
1:9,0,:9,0:0,6,9.0.9.9.0,6.0,0.9,0.0,0.0.9.0900.000060006668 600000000000 0000000000009 0604
1, 0,9:9,9.9,0.9,0,0,0,0,9,0,0,0,0.9.0.:0.0.0,0,0.006.060090 690080000000 0000000000500058004
,9,9.9,0.0,0.9.9,9,0.0.0,0.:9.0,0.0.000.60.006000060006006000,0000000000000090 00000001
1,9,0.9,0.9,0.0,0.0.0.0.:0,0.9,0.0.:0,0.9.0,099 0000606008 600805006000000000000000560601
1,:9,9:9,9,:9,9.9,0.9,¢,0,0,0,0.9.0.0,0.:0.0.9:9.0.09.0.90.0600069 0050605 00060000000000000 0901
,9,0:9.9.0,0.9,0.9,9.9,0,0,0.:0,0,0.0.99.0,0.0,:0.0.0060 0006600000660 06000000 0000000000494
1, 9.0:0,9.0,9.9,9.9,0,0,0,0,0.9,099.90.0.09090000008060600060000080800000000009 0001
,9,9.9.9,0.9,9,0,9,0.¢,0.0.0.¢.0.0,0.98.090.96960006000000000000000000000000000000904
9:0:0,0.0.9,0,:9.0,0.0.9.0.0,009.000.00.00090 9600600000000

The simulated terpolymer contains 720 MMA units, 1260 NVP units and 20
HEGDMA units.

Table 3.44 : Sequence lengths seen in the simulated sequence

distribution of figure 3.44.

Sequence Distributions:

Length MMA NVP EGDMA
1 198 336 20
2 100 30 0
3 36 2 0
4 17 2 0
5 12 0 0
6 2 0 0
7 4 0 0
8 2 0 0
9 2 0 0
12 1 0 0

858 0 1 0
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Figure 3.45 : Computer simulated sequence distribution of
Xylofilcon-A contact lens formulation with EGDMA (showing only the
addition of the second vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) =4.04 r(AC) =3.334 r(BA) = 0.01

r(BC) = 0.002 r(CA) =0.143 r(CB) = 0.099

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and EGDMA is represented by © :

XO©XOOOXOOXOXO00XO000XOOXOXOXO000XO0OXO0OXOOXOXO0OX@©XOOXOD
OOXOO0OXOXOO000OXOOOO0O0OOOXOOOOXOOOXOXOXODOOOXOOOXODO0OX
OOXO000000000O0OXO00OXOOOXOXOXOOOO00V0O0OOOXOEXOOOOOXOOO0X
OO00000OXOXOXOO0OOOXOXOXOOOXOOODXOXOOVOD0O0OXO00OXOOXOXO
XOOO0O0OOXOOXOOOXOOOXOXOOODOOOXOXOOOOXOOOOODOXOOOXOXOXO00
OXOOXOXO00XO0OXO000000XOOXOXOXOOOOXOXOXOXODDOXOXO0OOXOX®XO0
XO000XOX00X0000X000XOX00000OXO0OXOXOOXOOXO000X0000000000
XOXOXOXOO0XO0000000XO00XOXO0000OXOXOXXO0OXOXOXOOX@X00OXOOXO0X
OO0O0XOOOXOOOXOOXOXOOXOXOXXOXO0000OXEOXOXOXOXOXOXO0OXO0OX000
OXOXOO0O00XOXO00OXOXO0000XOOXOXO0XOXOOO0OXOXOOXOOXOXOOXOOXOX
OXO0000OXOOOXO000OXOXOXOOXO000O000OXOX0OOXOOOOXOXOXOOXOXOXO
OXOXO0O0O00XOOXOXOOXOXOXOXOXO00OXOXOOX00DOXOOXOXOOOOOXOXOX
OOXOXOXOOXOXO00XOXOXOXODXOX0OOXOXO00OXXOOOXOX0OXOXOOX0000
XOOXOXOXOXOOXOOXOX00XOOXO00000OXOXO0OOXOXOXOOXOXOOOOOXOOXD
OXOXOXOXO0OXOXOXOXOXOXOX0000X00X000XOXOOXOXOOXOOX0O0OX0OXD
OXOOXOXOOOXOXOXOOXOO0XOOXOXOX00OXOOXOXOXOXOXOXOXOXOXOOXOXOOK
XOOXOXOXOXOXXOXOOXOXOXOXOXOXOXOOOXOXOXOXOOXOXOOXXOOOX DX OOX
OXOXXOXOXOXO0OXOOXO00OXOXOXOXOXOXOXOOXOXOXOXOXXOXOXXOOXOXOK
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OXXOXOXOXOXOXOXOXOXOXOOOXOXOXOXXOXOXOXOXOXOXOXOXOOXODXOXOO
OXOXOXXOXOOXOXOXOXXOXXXOXXXXXXXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
19,0:9,0,0,0,0,0,0,0,0:0,0,0,0,0,0,0.0,000000.000900000000000000 00000000 0000000000 04
19:9.9,0.9,0,0,0,0,0,0,0,¢,0.9.0.0.0.0.009.000000.090.00000000000 0000000000000 6000000%
19,9.9.9,0,0,0,9,0,0,0,0.0,¢.0.0.0.0.0.000 000 0000.00000000000000000000000006000000 0%
0)9,9,0.9,0,0:0,0,0,0,0:0.:0,0.0,0,:0,0,0.0:0.0.000 0000000000 00000900 00000000 000000000004
09,9:8,0.9.0,0,0,9,0,0,0.0.0,0.0.0000.000.000000.9000.00000000000000000 0000000000004
0919,0,0,9:0,0.0.9,0,0.0.0.0.0,0.0.0000065600590000000000000000000000000000000003
)9,9,:9.9.9:9,0.0.9.0,0:0.0.0.0,00000.0000000000090000000000000000000000000080084
0)9,9:9.9,9,0:0.0,0,0,0.0.0,¢.0,0.0,:0,:0,0.0.0000.000,000000000 0000000000000 0000000006054
%9,9,0,0.9.0,0.9.9,0,0,0,0,:0.:0.:0.0,0.0.00.06.00.6 000000 000000000000000000000000000020
)9,9,9,0.9.9,0,0,0,0,0,0,0.0,0.0.9.0.0.0,000 0000009 000000000000000000000000000000204
0% 990.9.0.0.9,0,0,0.0.00.0.9.0.0.0.00.00666000 0000000 00000000000000000000000884
) 9.9.9.0,9.0.9,:90.0,:0,0.0.0.0.:0.00900000000000000000004

The simulated terpolymer confains 720 MMA units, 1260 NVP units and 20
EGDMA units.

Table 3.45 : Sequence lengths seen in the simulated sequence

distribution of figure 3.45.

Sequence Distributions:

Length MMA NVP EGDMA
1 174 338 20
2 71 13 0
3 38 1 0
4 27 2 0
5 7 0 0
6 7 0 0
7 5 0 0
8 1 0 0
9 2 0 0]

10 2 0 0
12 2 0 0
866 0 1 0
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Figure 3.46 : Computer simulated sequence distribution of
Xylofilcon-A contact lens formulation with DATDAM (showing only
the addition of the first vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.04 r(AC) = 1.805 r(BA) = 0.01

r(BC) =0.15 r(CA) = 0.063 r(CB) =4.912

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and DATDAM is represented by © :

0O00OXO00OXOXOO00OOXOOOOO0XOOOOO0OXOEOOOOXOOOCOXOXOO0OX0)
OOOXOXOODOOOOO@OOXOXODXOODOXOOOOOOOOOOXODOXOOOXOXD@OXQXO
XO0OXO0OXOXO000000X00X00000000DXOOXOXOXOOOOOXOXOOXOOX0O0X
OOOXO0000OXOXOXOOO0OXO00BOXOXOOOOXOXOXOOXOOXOOOOXOOXOX00
O00000000OOXOOXOXOOOOXOOXOOOOOXOOOOXO0OXONOO0OXOXOOOXOON
OXO00OXOOXOXO000O0X00OXOOXO0OXOXO00ODO0OXO000XOXOOODOXOXOXO0
OXO00OXOXOOXO0O0OOO0OOOXOOOVVOXXOOOOOOOXOOXOOOXOOXOXOOXOX0O
OXOO000OXOXO0OXXOOOXOXOOOOOOOOXOOOXOXOOXOXOOXOXOOOOOX000X0O
XXOOXOXO0XO0©O000XO00XOOXO00000OXOXOXO0B®OOXOO0O0OXOXOOXOX
OOXOXOOXOOXOXOOXOXOXOXOOXOOXOOXOO0OXO0X0000OOOXO0O00OXOX00
XOXOOXOOXO00OXOOXO000000OXXOXO0OXOOOXOXOXOOOOXOOXOOXX0OXOX
OXOXOOXXOXOXO00XO000OXOXOXOXO0OXOXOXOXOXOXOXO000X00OXXO00X00
OXXOO00OXOXXOXOOXOOXXOXOOXO000OXOXOXOXOXOXO00OXOOXOXOXO0X0
OXOXXOXOXOXOOX@OOX0O®OXOXO0OXOXO0OXO00000000XXOXOXO00000X0
OXOO00XOXOXOXOXOXOXOOXO0OXOXOXOOXOOXOOXOXOOXOXOXXOXOOXO0XXO
OXOXOXOOXOXOXO0OXOXOXOOXOXOXOOXOOXOXOXOXOXOXOOXOXOOXOXOXOX
OOXXOXOXOXOXOOXO0OXOOXOXOXO0OXOXOOXOXOXOXOXOXOXOXOXOXOX0OX
XOOOXOXOXXOXOXOXOOXXOXOOOXOXOXOXOOXOXO0OXOXXOXXOXOXOXOXOXD
XO®OXOOXOOXOXOX0OXOOXOXOXOXXXOXOXOOXOX0®OXOXOXOXOOXOXOXOX
OXOXXXOXOXOXXOXXOXXXXXXXXXXXXX XX XXX XOXXXOOOOOCOOOOOOOOOOOOK
19,2,0.0,0,0.0,0,0.9,0,:0.:0,¢,0,0,0,0,0/0,:0.:0.0:0.0.00000 0000000000000 00000 0000000000000 04
09:0,9.9,0.9,0,0,0,6,0,0,0,0,0.:0.0,0,0.0.09.0.0.0.00006000¢ 000000000090 00000000000000881
0919,9,0,9,9.9.9,0,0.0,9/0,0,0.0/0,0,0,9,0,0,0,0.0.0.0.00000 00900000000 000000000000 0009 2921
0,9,0,0,0,0,0,0,0,9,0,9,0.0,0.0,0.0.0.0.0.0.0.0. 0006000000000 0000000000000 000000050048
2)9,9:0,0.9,0.9:0,0,0,0.9,9.:¢.0.0,9.9.0,0,0,0.000000000 0009000000000 0000000000000 00 00
§9,9,0,9,0,0,0,0,0,0,0,0,0,0 0000000000900 0000000000000 00000000008 000880
9,0,0:0.9,.9.9.0.9,0,0.0.00.0.00.90.00006000000000000000000000000000008080008004
09,9,9:9.9.9.0.9.0.6.9.0.0,0.0,0009 9000000060060 0 0000000000000 0 000D E 00 H
09,9,0,0.0,9.0.0,0,0.0.0.90.9.0.0.00.0.0.0 0600000005900 00000000 0PIIN S0 41
19,9,0,9,9.9,0,0,9.0,0.0.6.¢ ¢00000 0000000000000 0PI EEOI 000D O eSS
XXXXXXXXXXXXXXOOOOOCOOOOOIK XXX X0 EX KKK
0,9,0,9.9.9,99,0,0,6.0.9.0000.000000000060 00900000 ECELIIIOEIIOPEONO D040 8 41
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,0,9,0.9,0,0,0.9,0,¢.0,0,0,0,0.0,0,9,0,0,0,0,0,6,00,0.000000.0000000000.0090 000000000000 0094
1 9,0,0.9.9,0,0,0.9.0.0,:0,0.0,0,0.0.0.0.0.0.0.0.0.0.0.0000.00600000¢

The simulated terpolymer contains 720 MMA units, 1260 NVP units and 20
DATDAM units.

Table 3.46 : Sequence lengths seen in the simulated sequence
distribution of figure 3.46.

Sequence Distributions:

Length MMA NVP DATDAM
1 168 308 20

2 80 22 0

3 34 2 0

4 18 2 0

5 13 0 0

6 6 0 0

7 5 0 0

8 4 0 0

9 3 0 0

10 1 0 0

13 1 0 0
902 0 1 0

Figure 3.47 : Computer simulated sequence distribution of

Xylofilcon-A contact lens formulation with DATDAM (showing only

the addition of the second vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mobole % of Monomer C, DATDAM

r(AB) = 4.04 r(AC) = 23.505 r(BA) = 0.01

r(BC) = 0.516 r(CA) = 0.022 r(CB) = 0.447

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and DATDAM is represented by © :
OOXOXOX000000000X0000X00000X00000XD0OXOXOXO00DO0ODXO0D00
00000X000O00O000OXCO00OXOOGOOOXOXCOODOOOOOXOO0OOXOXOOO00D
XOO0000XX00000XOXOOXOX00XOX0O0X000XOKXKOOOXOXOOXOOOXOO000000
OXOOX00000X0000X000XOOX0000XOOXOOXOOXOOXOXOXOX00OODO0D00NY

O0000O0OXOOXOXOOOXOX0000OXOOXOO00OXOXOXOXOXOXOOXOOXODXOXY
OOXOX00XOX000XOOXOX00000X0OXOXOXOXOXOOOXOXOOXOXOOX 000X
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OXOOOOXOXOOOOXOOXOOXOOOQOOOXOXOXOOXOOOOOOXOXOOOOOXOXOOXOX
OOOOOOXOOOXOOOOXOOXOXOOOXOXOOXOXOOOXOOOXOOOXOOOXOXOXOOOOX
OXOOOOXOXOOOXOOOOXOOOXOOXOOOXOXOXOXOXOOOOXOXOOOXOOXOXOOOX
OXOOOXOOOOXOXOXXOOOXOOXOOOOXOXOOOOOXOOOOOOOXXOOXOXOXOXOXD
OXOXOXOXXOOXOXOXOOXOXOXOOOXOOXOOOOOOXOOXOXOOXOXOOXODXDDXO
XOOOXXOOXOOOXOXOXOXOXOXOXOXOOOXOOOOOOOXOOOXOOODOOXOXOOXGO
OXOXOOXOXOOXOXOXOXOXOOXOXOOOXOOOXOXOXOOOOXOOOOXO@OODXGXDO
OOXOXOXOXDOOXOXOOOOXOOXOXOOOXOXXOXOOOOXOXOOOXOOXOXOXOOXXQ
XOXOXOXOXOXOXOXOOOXOXOOOXDOXOOXOXOXOOOXOOOXOOOOOODOXO@XOX
OXOXOXOXOOXOXOXDOOXOOXOXOXOXOXOXOOXOXOOXXOOXODOXOXODOXOXOX
OXOOOXOXOXXOOOOOOXOOXOXOXOXOOXOXOXOXOXOXOXOOOXOXOXOXOOOXGX
OXXOXOXOXXOOXOOXXOXOXOXOXOXOXOXOXXOXOXOXOXXOXOXDXOXOXOXOXXO
XOXXOXOXOXOXXXOXXXOOOX@XOXOXOXOOOOXOXOXOXDXDXOOXOXX@X@XX@X
©X©XX©X©X©X©X©X©XX@XX@X@X@X@X@XX@XXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX%XXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK%XXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK%XXXXX%
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK%XXXXXX%
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX%XXXXXXXK%XXKK%X
19.9.9:0.8.6.9,:0.9.000,00006609099500000000000804

The simulated terpolymer contains 720 MMA units, 1260 NVP units and 20
DATDAM units.

Table 3.47 : Sequence lengths seen in the simulated sequence
distribution of figure 3.47.

Sequence Distributions:

Length MMA NVP | DATDAM
1 179 320 30
) 61 33 0
3 46 ) 0
4 19 3 ]
5 i3 0 0
6 7 0] 0
7 3 0 0"
8 3 0 0
9 3 ] 0
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10 2 -0 0
11 1 0 0
881 0 1 0
Figure 3.48 : Computer simulated sequence distribution of

Xylofilcon-A contact lens formulation with TAC (showing only the
addition of the first vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.04 r(AC) = 12.449 r(BA) = 0.01

r(BC) = 0.001 r(CA) = 0.001 1(CB) = 0.001

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and TAC is represented by © :

O000000000000XOXOXOOOOXOXEOXOXOXOOXOXOOXOOXO0O0OOOOXO0OX000
OOXOO000OXOOXXOOOOOOODOXEXOXOXOXO©XOOOOXE@OXOOXOOOOOXOXO00
OOXOO00000OXOXEOXEOXOOOOOX@XOXOOOOOOOXEOXOOXO00000OXO000X
OO0OXOO00O0XOXOXOOOOOXOXO0O000OOOOVDOXOXOXOXOOXOXO0000OXEOX00
XOO00000OXOOOOOOXOOOOXOXOXOOOOOOXOOOXOOOO0OXOXOOOOOOOXO0D
O0O0XOO00000OXOXOOOOXEOXOXOOOXOXOXOO0000OOXOXOOXO0OOXO0OX®0
OXOXOO0O0OXO0OXOO00OXOOOXOOXOOOOOOOOXOOOOXOXOOXOOXOXOXO00
OOXO00000OXOOXOXOOOOXOOXXOOOOXOXOOXOO0OXOOXOXODO0OOXOXOXO
XOOOXOO00OXOOXOOXOOXOXOXO000000O0XOOOXOOXOXOXOO00OXO0OXOX0
OXOXOOXOXOXOXOOOXOXOOXOXOXOOOXOOXOOXOOXOOXOXO000OXOXOXO00X
OOO00XOOOOXOOXOOXOOXOXOXOXOXOOOXOOXOXOXOXOXO0OXOXOXOXXO000
OOOOXOXOOXOXOXO000XOOXOXOOXOXOOXOOXOXOOXOXO0OXOXOXO000X0X
OXOXOOXOXOO0OXOOXXOOXOXOXOX00000OXOXOXOOOXOXOOXOXOXOOX000
XOOXOXOXOXOXO00XO000XOXOXOOXOXOOXOXOOXOXOXO0OXO00OX00OXOX00
OXXOOXOXOXOOXOOXO00XOOXOXXO000OX0OOXOXO00OXOX0OOXOXOXO0OX0X0
XOOXOXOXOOXXO00OXOXOOXOXO00XOXOXOOXOXOOXOOXOOXOXOOXOXOXOXOX
OOO0XO00XOXO00XOXOOXOOXXOXOXO00OXOXOOXOXOXOXOXOXOXXOOXOOXD
OXOXOOXOOXOXOOXOXOXO000OOXOXOXOXOXOXOOXOXOOXXOXOXXOXXOOOXX
OXOOXOXOXXOXXOOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOOXOXOX00OXOK
OXXOXOXOXXOXOXXOXOXOXXXXX XXX XX KOO XXOOOOOOOOCCOOOOOOK
N%%:2:.9.9.0.0.0.9.0,0,00,0.000.00.00090000000000 0000000000000 0000 0002900004
h59:.0.9.9.9.0.0.0.0,00.9.00.0000000 0000000000000 000000000000 S 0PI 0
XXHXXXKKXX XXX XX K
00919,9,9.9.9.9.9.9.9.0,0,000.009.00.00 0000006600000 000000 00SIOIIOO IS S S o1
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK%XK%XX%K
XXXKHIHKIKIXOEKIRIOOKKAIC OO XK
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XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXK
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
1 9.9,0,9,0.¢.0,0.0,0.0.0.0.0000000000000000000000000004

The simulated terpolymer contains 720 MMA units, 1260 NVP units and 20
TAC units.

Table 3.48 : Sequence lengths seen in the simulated gequences
distribution of figure 3.48.

Sequence Distributions:

Length MMA NVP TAC
1 168 323 20
2 78 18 0
3 30 2 0
4 21 2 0
5 9 0 0
6 9 0 0
7 6 0 0
8 5 0 0
9 2 0 0
11 1 0 0
12 1 0 0
901 0 1 0

Figure 3.49 : Computer simulated sequence distribution of

Xylofilcon-A contact lens formulation with TAC (showing only the
addition of the second vinyl bond).

36 Mole % of Monomer A, MMA

63 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.04 r(AC) = 17.321 r(BA) = 0.01
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r(BC) = 0.264 r(CA) =0.038 r(CB) = 0.547
Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and TAC is represented by © :

OOOOOOXOOOXOXOXOOOOOOOOOOOOOOXOOOOXOOXOXOOXOXOOOXDXOOODQ
XOXOXOXOXO0000XOXO000000000XO0XO0XO000000000XOOXOXO00OXOXD
OXOXOOOOOXOOOXOOOOXOOXOOOXOOXOOOXOOOOXOOXOOOXOOOOOXDXOXOX
OXOXOOOOOOOXOOOOOXOOXOXOOXOOOXOOXOOXQDOOXOXOOOOXOXOQXOXOG
XOOOOOXOOOOXDOOXOOOOXXOXOOOOXOOOOOXOOXOOODDOODOOOXOOOXGS
OOOXOOXOOOOOOOXOOOXOOOOOOXOOOOOXOXOXOOXOXOOOOOOODDDGXQOO
OOXOOXOXOXOOOXOXOOXOXOXOOOOOXOOXOOOXOGOOOXOXOXODXOGXODXDG
OXOXDXOXOOOOOOXOOXOOOOOOOXOOXOXOOXOXOXDOXOXOOXDXOXOXOOQXO
XOOXOOOOXOXOOOOOOXOOXOXOOXOXOXDXOOXOOXOOXOOOOOOOXOXXOXGXG
XO0OXOXOXO000000OXOOOXXOXOXOXOOOOOXOOOXOXOXOOXOOOOXOOXOO0
XOOXOXOOXOOXOOXOOXOXOXOXO0000OXOXOXOXOXOOXOXOOXOOXOOX00000
XOOXOOXOXOOXOOXOOOXOOXOOOOXOOXOXOXOODOOXOXOXOXOXOGOGQOXDO
OOXXOOXOOXOOXDXOOOOXOOOOOOXOXDOOOOOOXOXOXOXDXOQDDXOXOXOQ@
OXDDXXXDOOXOOXXOOOXXOOOOOOXDOOOXDOXOGDXOXXOOXXDXODXGX@XOO
OOXODXOOXOXXOXOXOOOXOXOXOOXGXDOOXOXOGXDXOXOXOXOXOXOXOXXGXQ
OOXDXOOXOXXOOOXOXOXOXOXDXOXOOXOOXOXOOXOOODGXOXOXOXOOXQXQXG
XOXOXOODXOXOXOXOXOXOOOXOXOXOOXOOOOXODXOXOOOXOXOOBDXQKDXOX
OXOXOXOOOXOXOOXOXOXOOXDXOXOXOXODX@XXOXOXOGXDXOXOXDXGXGXOGX
XOXQOXOXOXOXOXXOXXOXDXOXOOXOXOXXOXO@DXOXOXQXOO@X@K%X@X@K@K
OXOXOXOXOXOXOXOXOXOXX®X® XXX XX XXX XXX IO IO XX KOOI KN K KKK
0% 0.9.9.0,0.0,0.0.00.0.0.0.0.0.0.9.00.000000 0000000000000 0000000000000000000
29%%9.9.0,0.0.0,0,0.00.0.0.0.0.00.0.000000000000C00000000000000000000000000es:
U0)919,9,0,0,0,9,0,0,0,0,0,0, 0.0, 0.0,0.0.0.0.0000.0 0000000000000 0000000000000000000000%
U %,0.0,0,9,0,0,0,0,0,0.0,0,80.0.0000000000000.0000000EI00000000000000000000e
§0)910,9,9,0,0,9,0,0,0,0,0,0,,0,0.0,0.0,0.0.0.0.0.0.010.0.0.00.0.0.0 00000 006000000 0000000000000
299.9.9.0,0,0,0,0,0,0,0,¢,¢,¢,0,0,0.0,0.0.00.0,0.0.0.000000000000000000000000000060000 00
%9:%9.9.0,0,0.0.0,0,0,0.0.:0,0,0,0,0.0,0.:0.0.00000000¢0 0000000000000 000000000000000 00
A% 0,0,0,:0.0,0,0,0,0,¢,0,¢,0,0,:0,0,0.0.:0.00.0990¢.000000 0000000000000 0000000000000 04
9)9,9,9/9,0,0,0,0,0,0,0,0,¢,0,8.0.0,0/0./0.0.0.0.0.0.0100.0.01010.00 00000000000 0000000000000000
9,9,9,9,9,0,0,0,0,0,0,0010/0,0.0,0,0,/0.0.0.0 00000000 00000000000 000000 0000000000202
19,9,9,0,:9,9,0,0,9,0,0.010,0,0,0.0.0.0,.0,0.0.0.0.0/00.0 0000000000000 0000000000000000000 004
09,9,0,9,9,9,0,0,0,0,0,0/0/0,0/0,0:0,0.0.0,0,0 0000 0 CVCCLCCVOP V0000000000 000006600229"
19:9.0,0,0,0,0,0,0,0,0.0,0,0,0.0.00,:0/0.0.0.0.0:0.0:0 00600000060 0000000 0000000 0000020000
1 9,9,9,0.0,¢.0,0,0,0.0,0.0.0.:0,0.0.0.0.00.¢0.00.0 00006000009

The simulated terpolymer contains 720 MMA units, 1260 NVP units and 20
TAC units.



Table 3.49 : Sequence lengths seen in the simulated sequence
distribution of figure 3.49.

Sequence Distributions:

Length MMA NVP TAC
1 169 328 20
2 80 17 0
3 31 2 0
4 18 2 0
5 17 0 0
6 7 0 0
7 5 0 0
8 1 0 0
10 2 0 0
11 2 0 0
14 1 0 0

892 0 1 0

Before considering the analysis of the sequence distribufions seen in figures
3.44 to 3.49, we must bear in mind that approximately 6% of the MMA units
and 4% of the NVP units, seen in these sequence distributions actually
represent CMA units. Figure 3.50, below, represents the computer simulated
sequence distribution of the Xylofilcon-A contact lens formulation without any
cross-linker. This figure and table 3.50 will give us an idea of the whereabouts
of the CMA units present in the complete formulation, but absent from figures

3.44 to 3.49, and also what the overall sequence distribution would look like.

Figure 3.50 : Computer simulated sequence distribution of
Xylofilcon-A contact lens formulation In the absence of 8Ny crogg-
linkers.

30 Mole % of Monomer A, MMA
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60 Mole % of Monomer B, NVP

10 Mole % of Monomer C, CMA

r(AB) = 4.04 r(AC) =0.729 r(BA) = 0.01

r(BC) = 0.001 r(CA) =1.177 r(CB) =2.116

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVP is represented by X
and CMA is represented by © :

XOXOOOXO000060000XOX00000000Xe000000X000XOXe0000000000
XB6OXO0O0X06000GEEOOXO00BXOXOOXOXOXOXOXOXOOO®OXOOOXOXOOX

O0OXOODBOXOXOXOOOXOXOOXOOOXOXO0OXOOXO00000000OXOOXOXOX
OOBOXOXOOXOXOOOOXOXOOXOOO®OOOOXOXOXO0EDOOXOXe0O 0000 X

©000BOXEOXOOOO0EEOOOO0O0OXOOVBEOOVOXBOXOXOOXOOD®OOXODX
©BOXOXOOOBXOOXO00OXOX00OXOOXO00OX0®XOOOXOOXOXOOXOOXOX®X

O©XOXO600000OXOOXOXO00000X00OXDOXOXEOOXOXOXOOX0OOX@00OXe00®
XOXOXOOO0000XOXOXOXO0X00®XOXOX000000®0OXO0OXOXOXEOOOXO00X

OXOXOX60000Xe00X0O0000000X0OXOXOOOXOXEOOXOOXOXOXOOODXDX
OOXOXOXOOOOXOXOOXOXO0OXOOXOXOXOXOXOXOXOOXOXOXO0OXOXOO0X

OXOXOXOXOOXOXO0OXO0OXOXOXO0OXOXO0OX0OXOXO00Q0OXOOXOXOXeDO00K
OXOOXO0X000XeX0O0OXOXOXE000X0000ee000X0®X00OX®XO000OXAX0O00)

OXOX®OXO000X0BOXOXOXOX00X000XeXOOOXOO0OXOX@XOOXEOOO®X X

©OOOXOXOXXO®XOXOOX®XOXO0OXOXOXOOOX0OXO0OXO0O0000OXOXOO0O0XS

OOX®OOXOOXOX®OXOXOXOXOXOOX000000000®XOXOXOXOXOOOXOXO0000

XOXOXOXOX©OX©O00XO0000000XOXO00OXO0OOOXOXO0OOXOXOXOOXOXOX00
OXOXOOXOOO00XOXOXOXOXOXOXOOOOXOXOXOOXOXDOOXXOXOXOOXOXOOXOOX
OXOOOXOOOOXOXOXOXXOXOOXOXOXOXOOXOOXOXOOOOXOXOXOXOOXO0X000

OOOXXOOXOXOXOXOOXOOXOOXOOOXOOOXOXOXXOOXOXOO000OXOXOXO0000X
OOXOOXOXOXOXOXOXOXOXOOOXOOXXO0OOOXOO0OXOOXOXOXOXOOXXXXOXOX
OXOXXOOOXOXOOXXOXOXOXOOXOOXOXXOXOXOOXOXOXXOXXOOXOOXOXOOXOX
102(0),0,0,0,9,0,0,0,9.¢,0,0,0,0,0.0,.0.0.0.0.0:0.0.0.0.0.00¢/0,0000000000000000000 00000000641
19:9,0,0,0,0,0,0,0,0,0,0,0,0,0,9,0,0,0,:0:0.0.0,:0,:0:0.000000 000000 0000000000 00000 0000000001
9:9,0,0,0,0,0,¢,0,0,0,¢,0,0,0,0,0,0,0,0.:0.0.0,0,:6.0.0.00000.0000000000000000000000000 000001
)9,9,9,:9,9,0,9,0,9,0:0,0,0,0,0,0,0,0,0.0.0,0.0.0,0.,0:0.6.0.0.0000000000000 000000000000 000 06024
)9:9,0,0,0,0,0,0,0,0,0.¢,0,0,0,:0.0.:0,:0.0.0.0.0.0.010.00000 0000000 0000000000000000000000024
19,9.9,0,0,9,0,0,0,0,0,0,0,0,0,0,0,0,0.:0.0:0.0.0.0.0.00.0.0000¢ 000000000000 0000000000000 6 681
219,9,0,0,0,0,0,0,0,0,0.9,0,0,0,0,0,0,:0.0.0.0,0/0.0.0.0 0000000000000 0000000000000 0000008
190,0,0,0:0,0,0.0,0,0,0¢.9,0,0,0,9,0.0,0.0.0.0/0.0.0.0.0.000000 0000900000000 0 0009000060008
%0.9,0,0,0,9,0,:0,0,0,0.0,0.0,0,:0.$.0.0.0.000.6.000 000900 ¢0 0000000000000 0000000000680
)9:9,0,9,0.9,0:0.9,0,0,0,0,0,9,0.0,9,9.:9.0.0.0.0.0.0.0000.000 0000000000000 00002000000 600 001
19.9,0,0,9.9,0,0,9,0,0.9.9,9,0.0.9.0.0.0.00.0,0.000009009 6500009000000 0000000 000089000
9 0,0,9,0,9,0.0,0,0.0.0,0,:0,0,0.00.0.0,0,09.00.0069 6000000000000 0000000000 0000000081
9:9:9,9,0,:9.9.9,0.0,0.:0.0,¢00.000000000900900000000600000000000000009000000884
XK KXX XXX

The simulated terpolymer contains 600 MMA units, 1200 NVP units and 200
CMA units.
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Table 3.50

Sequence lengths seen in the simulated sequence

distribution of figure 3.50.

Sequence Distributions:

Length MMA NVP CMA
1 159 344 154
2 75 11 18
3 33 0 2
4 20 1 1
5 7 0 0
6 6 0 0
7 2 0 0
9 3 0 0
830 0 1 0

From figures 3.44 to 3.49 and figure 3.50 it can be seen that the overall sequence
distribution for this Xylofilcon-A contact lens is not very good. Up to about 50%
conversion the sequence distribution is reasonable, but after this point it
becomes rapidly poorer and around 60% conversion we have a large block of
NVP. This occurs due to two factors: firstly because NVP is present in much
greater quantity than either of the other major components in the initial
formulation; secondly because it is much less reactive than the other
components. These factors together produce a very poor overall sequence

distribution for this contact lens formulation.

Considering the cross-linkers shown in figures 3.4 - 3.49, we can see that both
the vinyl bonds of EGDMA react before 50% conversion, although they are well
distributed throughout this section of the terpolymer, therefore only helping to
improve the sequence disiribution before 50% conversion and in no way
helping to break up the large block of NVP at the end. In contrast DATDAM

reacts mainly after 50% conversion, especially the second vinyl bond, which



helps to break up some of the NVP block residue. With TAC, we see that the
first vinyl bond predominantly reacts before 40% conversion, whilst the second
vinyl bond comes in very late and helps to break up some of the NVP block

residue.

Therefore, here it would appear that TAC or even DATDAM would be the best
cross-linkers to use for a reasonable sequence distribution and best distribution

of cross-links in contrast to the currently used cross-linker EGDMA.

3.5 Discussion of the contact lens sequence distributions

From the examples given in section 3.4 of the sequence distributions of various
contact lens formulations, we see that the overall sequence distributions of all
these contact lens formulations are very poor i.e., they tend to produce
extensive sequences of individual monomer units. Therefore, it may be
inferred that the formulations of these generic materials were determined
primarily owing to factors other than the relative reactivities of the monomers,
which when reacted would produce a characteristic sequence distribution.
Perhaps, water contents or tensile properties were the over-riding factors which

determined the formulations we see.
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It is also patently obvious that the selection of the type of cross-linker used in
these generic materials is very important. This is because the reactivity of the
cross-linker in relation to the main constituent monomers will have a
significant bearing upon determining its distribution throughout the final
sequence distribution of monomer units. From the examples given in this
chapter we see that the distribution of the different cross-linkers, although only
present in 1% mole ratio, can be significantly affected by the sequence
distribution of the monomers in the polymer. It is therefore important fo bear
this in mind, in conjunction with the reactivity ratios of the individual
monomer units, when designing polymers with controlled sequence

distributions.

Thus it is apparent that the sequence distribution of the maonomers in the
contact lens materials studied, was not considered in the formulation of these
generic contact lens materials. This may perhaps be one factor which
contributes to the high sales of de-proteination tablets sold to wearers of contact
lenses. Since it has been shown at Aston, that polymers with long repeat units
or extensive segments of individual monomers have a greater tendency to
produce non-specific adsorption than polymers with regular, short sequences of

individual monomer units.

Chapter 5 will illustrate an approach in which reactivity ratios may be used fo
the design polymers with improved sequence distributions of monomer units.
In chapter 6 we will consider the response of cell adhesion on polymers that

have been designed with controlled sequence distributions.
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CHAPTER FOUR
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4.0 Verification Of Computer Simulations

In contrast to the large number of studies of the polymerisation of copolymers
and of the possible copolymerisation mechanisms, investigations with aim of
establishing the general sequence distributions of monomers in the copolymers
are some what fewer. Analysis of the composition of a copolymer, may in
principle be made through the employment of any convenient method67.
However, the most useful and widely applied methods are elemental analyaia
and Nuclear Magnetic Resonance(NMR) based analysis. Provided the ever-
present problems of obtaining a solvent- and monomer-free sample of high
enough molecular weight, and any possible contamination from
homopolymer, are taken into account, then the farmer would be the preferred
technique. However, the elemental composition of many comman monomers
does not vary all that much, and prove sufficiently similar to lmit the accuracy
of the final results. The successful use of NMR also depends on significant
differences being present in the comonomers, in their structure, which will
provide resonances characteristic of each®69. 1H NMR is probably the more
convenient commonly available technique, but signal resolution is often
limited by concentration effects in polymer solutions and 13C NMR is usually
the enforced choice, though even here resolution limits will be found. The
need to calibrate 13C NMR resonances with respect to concentration requires
appropriate homopolymer standards, but modern data acquisition and spectral

subtraction routines can facilitate the subsequent analysis.



4.1 13C Nuclear Magnetic Resonance

13C Nuclear magnetic resonance has undoubtedly proved the most versatile
method of copolymer analysis, both for composition analysis and for probing
the connectivity and stereo-regularity of monomer units. In polymer structural
determinations the NMR spectrum represents directly and completely the
"average molecule”. No extinction coefficients are required and each resonance
area is directly proportional to the number of contributory species. The NMR
spectrum, as recorded, is a result of accumulations of responses from millions
of individual polymer molecules. Thus we see and interpret resulis from a
final summation that represents directly the average polymer chain. The
principal of advantage of 13C NMR, however, is a sensitivity towards subile

structural features displayed in an accessible form?70-74,

Chemical shift differences are observed in 13C polymer spectra for carbon
skeleton rearrangements of repeat units, inversions in head-to-tail monomer
additions and for configurational sequences. An interpretation of 13C NMR
polymer spectra can, therefore, be a perplexing analytical problem. Spectral
responses associated with stereo-chemical configurations are often
superimposed upon a corresponding response to the polymer carbon skeleton.
Thus when describing polymer structure, we customarily divide the polymer
backbone conceptually into a succession of individual monomer unifs, even
though after a polymer has formed, the source of any parficular backbone
carbon may be arbifrary. But one must be able to relate observed, complex e

NMR spectral patterns to successions of monomer additions.



13C NMR spectra are usually obtained with 1H-13C spin-spin coupling
completely removed by broad band or noise decoupling at the proton resonance
frequency. Under these conditions, energy transfer can occur among 'H and
13C nuclear spin levels. For these particular nuclei an enhancement called the
Nuclear Overhauser Effect (NOE) is observed for the intensities of the 13C
resonances. In small molecules with unrestricted segmental maobilities, NOE
varies from factors of one to three according to the structural environments. In
polymers it has been shown that NOE's are generally the same throughout

because of restricted segmental mobilities”5.

Intensity measurements in 13C NMR polymer spectra can be made using eifher
relative peak heights or pealk areas. Peak heights can be used reliably if there is
no averlap and if the peaks measured have the same line width at one-half the
maximum peak height. These criteria are not often met in 13C NMR polymer
spectra because of a characteristic 13C sensitivity to subtle structural features,
thus intensity measurements are more reliable if based on relative peak areas.
Spectral infegration, cutting and weighing and curve fitting can be used to
obtain relative peak areas, the best approach is usually through curve fitting to

avoid unwanted contributions from peak overlap.

Polymers prepared by addition polymerisation are necessarily characterised by
over-simplified representations. As monomers may add to a growing polymer
chain in more than one manner. Thus for some polymers this is no maore than
a difference in monomer unit configuration, for others it may be a skelefal
rearrangement. Thus only average structure, however, can be deftermined.
These may not reflect the sequencing of monomer units or the structural

variabilities possible form one polymer chain to another. Thus a true sfrictural
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determination that would describe the monomer sequences or sequence
distributions for each chain length is really not possible, only a final average
structural picture is obtained. But it is possible to describe average sequence

distributions.

4.11 Determination of Number-Average Sequence Lengths

In its simplest form, structural information about monomer distribution may
be expressed as the ratio of monomer A to monomer B in a copolymer.
Sequencing information may be obtained through the calculation of number-
average sequence lengths for each monomer type, within the copalymer.

If we consider triad concentrations, then the derivation for number-average
sequence lengths may be developed through an intuitive approach as follows:
Let 0 represent the units of monomer A in the copolymer, and 1 represent fhe

units of monomer B within the copolymer.

Now the total number of 0 units is equal to the triad concentrations Nio1 +
Npo1 + Nooo, because these triads represent all the possible arrangements

where 0 is the central unit. The number of runs is simply N101 + 1/2 Ngp1. The

factor 1/2 appears because there are two Ny triads for each run containing

two or more consecutive 0's. The number-average sequence length, ng

therefore is given by:

——  N101 +Noo1 + Nooo

Similarly, for 1 sequences :
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— No10+N110 +N111
" = "No1o + 1/2 N110

Eqt. 4.12

Where n—o and n—1 represent the number-average sequence lengths for 0

centred units and 1 centred units, respectively.

Some essentially random copolymers of HEMA with NVP, and MMA with
NVP were synthesized by conventional free radical polymerisation techniques,
as described in chapter 2, section 2.21. The compositions of the copolymers were
obtained from elemental analysis and compared with those obtained from |-
Modulated spin echo 13C NMR spectra. 13C NMR specira of the copolymers
were recorded on a 10% w/v solutions in d-DMSO, by using a Bruker AC 300, ai
a probe temperature of 373 K. Other relevant paramelers were: a sweep width of
approximately 18,000 Hz; acquisition fime 0.916 secs; number of pulses
approximately 14,000; additional delay between pulses 3.0 secs; proton
decoupling was accomplished by the use a composite pulse decoupling

technique.

Relative peak areas were measured by using spectral integration and curve
fitting and/or cutting and weighing. It was initially found that cutting and
weighing provided similar results for relative peak areas compared to those
obtained through the curve fitting approach. The best approach is usually
through curve fitting since it avoids unwanted contributions from pealk
overlap, through the deconvolution of overlapped peak components, and
matching these with generated peaks of Lorentzian shape. This is because NMR
peak shapes, theoretically are Lorentzian’6 and a Lorenfzian shape will he
observed if the peak widths are determined by the fransverse or T2 relaxation

process rather than field inhomogeneity. Cantributions to the line widihs from



magnetic field inhomogeneity usually produce Gaussian peak shapes. Line
widths in 13C NMR polymer spectra are generally 2 Hz or larger. Contributions
from field inhomogeneity, if the field is well tuned, will only be a few tenths of
a hertz; thus polymer line shapes are predominantly Lorentzian. Thus the
curve fitting method produces the most accurate results for use in calculation
of the number-average sequence lengths and configurational monomer
distributions. In all cases, comparisons were made only between areas of peaks

arising from carbons in similar chemical environments.

4.12 Carbon-type identification and peak assignments

The chemical shift in 13C NMR polymer specira are related to the number,
type, and relative configuration of nearest-neighbour carbon atoms. The three
carbon atoms nearest a carbon of interest strongly affect the chemical ahifi
while weaker contributions arise from carbons in the fourth and fifih positions
away’7. Sizeable chemical shift differences (10-40 ppm), therefore, can be
produced by the skeletal arrangement. Configurational arrangements also lead

to chemical shift differences but only by an order of 1 or 2 ppm or less’8,

The technique of off-resonance decoupling is used to identify the carbon type,
that is, whether it is a methyl, methylene, methine or quarternary. A single 1H
decoupling frequency, which offset 100-200 Hz from the resonance of interest, is
employed. The net result is that 'H-13C splittings are observed as multiplets of
only a few Hertz and can be used to identify the type of carbon from which the
signal arises. Thus, a methyl resonance is identified through the appearance of
a quartet, the methylene resonance by a triplet, and the methine resonance by a
doublet. Of course this information will be complicated by the various

configurational placements that each carbon type may be found in. Off-
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resonance decoupling is a valuable tool for carbon-type assignments in 13C
NMR spectra of most polymers and copolymers. It will not lead, however, to a
discrimination of the same carbon type in different structural environments.

An interpretation of the result after off-resonance decoupling can still be
ambiguous if the lines overlap. Other techniques or methods are still needed.
The most valuable have been assignments based on, firstly established
chemical shift behaviour, i.e., using some form of empirical method for 13c
NMR chemical shift assignments, such as the Grant and Paul Rules?”; secondly,
through comparison with the corresponding spectrum of a polymer containing

similar chemical moieties or carbon atoms in similar chemical environments.

central monomer unit and its immediate neighbours, this information will
allow us to differentiate between resonances due fo tacticity effects from
resonances due to monomer sequence effects. To illustrate this we may, for
example, consider a copolymer of MMA-NVP. Free radical polymerized PMMA
is primarily syndiotactic. In the -CO carbon resonance the most upfield peaks
have been assigned to the isotactic (mm)* triad?9. [* The m,r system to depict
individual monomer unit configurations along a polymer chain was
developed by Bovey80.81. This system elegantly accounts for relative
configurational differences without inferring chirality. Adjacent monomer
pairs with the same relative methine configurations are called meso (m) dyads
while those with opposite configurations are called racemic (r) dyads. Thus an

isotactic triad would be represented by mm and a syndiotactic triad by rr].

The preferred conformation of the isotactic alkyl methacrylate chain is82-67 .

e
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Where R = -CH3, -CpH5, -CoH40H, etc., and in this case interactions between
the oxygen of the -CO group and the hydrogen of the alkyl group can take place.
The initial deshielding effect on the -CO carbon is decreased because of these
interactions and by the diamagnetic shielding effects from the anisotropy of the
immediate -CO neighbours. This kind of interaction cannof take place in the
syndiotactic (rr) triad and the rr triad appears down field. PNVP prepared by
free radical polymerisation is also predominantly syndiotactic in nature.
Therefore, although the carbonyl group in NVP is part of a five-membered
ring, the peak assignments are based on the occurrence of similar interactions
between the carbonyl oxygen of one ring and the hydrogens of an adjacent ring,
like those found and described above in PMMA, but these interactions will
occur to a slightly lesser degree due to the inherent stability of the five-
membered ring. Thus the most down field peak has been assigned to the
syndiotactic (rr) triad and the most upfield peak to the isotactic (mm) triad.

Now, let M, represent a monomer unit of MMA within the copolymer, and N,
represent a monomer unit of NVP within the copolymer. A subscript of r/m
will indicate the configuration of the preceding monomer unit fo the following
one. While making the peak assignments in the case of different cotactic
sequences for the MMN, NMN, NNM and MNM monomer triads, we must
bear in mind that the ceniral carbonyl carbon in an M monomer unit and an N
monomer unit will not have the same sensitivity fo the tacticity of an adjacent

N monomer because of the various electronic interactions involved beiween



the central monomer unit and its immediate neighbours in different triad
sequences. These interactions may lead to a varying degree of shielding or
deshielding effect on the carbonyl carbon of the central monomer unif

depending on the configurations of the adjacent M and N unit.

In the case of the MMN triad, the central -CO carbon will have a diamagnetic
shielding effect from a M unit in m configuration as in PMMA. Similarly an N
unit attached to a central M unit in m configuration will result in the
interaction between the hydrogen of -OCH3 protons and the oxygen of the -CO
group in the ring of the N unit. This interaction again leads to the increased
electron density on the central -CO carbon. This kind of interaction is not
possible in an MrMrN cotactic iriad sequence and hence there is no induced
diamagnetic shielding effect. This cotactic triad is expected fto appear mosl
downfield out of the four possible cofactic sequences. Out of My M¢N and
MrMmN sequences, the central -CO carbon will have interactions with M and
N units in the respective sequences. The electron in-booting effect in the case of
MmM- is greater, as compared to the -MmN sequence and is supported by the
chemical shift values for different tactic triad sequences in homopolymers.
Consequently, the MmMN triad will appear upfield as compared to the
MyMmN triad. Thus using this information, lines corresponding to the MMN
sequences can be assigned fo the various cotacticities that may occur within
these sequences. Considering similar kinds of interactions and their relative
effects, the lines of the -CO carbon resonance for the NMN sequence may also
be assigned to the various cotacticities that may occur within these sequences.

Using similar procedures to those adopted for the M-centered BEUENces, we
may assign the various cotactic sequences that are possible, to the lines arising

from the -CO carbon resonance for the N-centered sequences.

157



Summation of the individual cotactic sequences for a particular triad sequence,
will give its overall concentration, as shown below in Figure 4.1. These triad
values may then be used to calculate the number-average sequence lengths for

the individual monomer units within the copolymer, as indicated earlier.

d—
v
v




Figure 4.1: Summation of Cotactic Triad Sequences

Cumulative Triad Sequences
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4.13 Statistical Analysis of Monomer Distributions

A technique frequently practised when making 13C NMR chemical shift
assignments is the inspection of observed comonomer distributions for
conformity to a statistical model. Bovey88 and Price38 pioneered the
development of statistical analyses of polymers. The most frequently used
statistical models are Bernoullian and first-order Markov. Bernoullian models
describe a random distribution of monomer units where the probability of a
monomer addition is independent of the outcome of any previous addition. A
Bernoullian distribution is a common occurrence in vinyl homopolymers as
well as in some copolymers. All first- (and higher -) order Markovian models
describe those circumstances where a probability of an addition is dependent
upon previous events: a first-order Markov model depends upon a single
preceding event; a second-order Markov model depends upon the ouicome of
two previous events, and so on89-92. Comonomer distributions may then be
defined by probability expressions for complete sets of mole fractions, that is,
normalised dyad or triad, etc., concentrations. For distinguishing first-order
Markovian from Bernoullian behaviour, we may compare a calculated versus
observed n-ad comonomer distribution for both cases (or calculated versus
observed number-average sequence lengths), or through the inspection of the
triad ratios, 001/010 and 110/101, which should equal 2.0 for Bernoullian
behaviour. Both Bernoullian and first-order Markov models will be examined

in the following analyses of copolymer 13C NMR spectra.
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4.2 Analysis of 13C NMR Copolymer Spectra in Comparison wiih

their Computer Simulations

4.21 Analysis of a HEMA : NVP :: 60 : 40 copolymer

From the reactivity ratios(HEMA = 4.841, NVP = 0.001), it can be seen that the
HEMA radical much prefers to add to its own monomer against adding the
NVP monomer. The NVP radical prefers to cross-propagate by adding to the
HEMA monomer, rather than adding its own monomer. Also we have a 3:2
ratio of HEMA : NVP in the initial feed. We would expect this to lead to a
copolymer with large blocks of HEMA monomer unifs interspersed with the
occasional NVP monomer unit. Thus the HEMA monomer would be used-up
through the early period of the polymerisation and a large black of the
remaining NVP monomer units would be added at the end. If we look at the
computer simulation of this copolymer, as shown in figure 4.21, with this
initial composition ratio, we see a quite reasonable approximation of what we

predicted:

Figure 4.21 : Computer simulated sequence distribution of a
copolymer of HEMA : NVP :: 60 : 40.

60 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

r(AB) = 4.841

r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and NVP is represented
by X:

—
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OOOOOOOOOOOXOOXOOOOXOOOXOOOOOOOOXOOOXOOOOOOXOOOOOOXOOOOO
OOOOOOOOXOOOOOOOOOOOOOOOXOOOXOOOOXOOOOOOOXOOOOOOOOOOOOO
OOOOOOOOOOOOOOOOOOOXOOOOOOOOOOOOOOOOOOOOOXOOOOOOOOOOOOO
OOOOXOOOOOOOOOOOXOOXOXOOOOOOOOXOOOOOOXOOOXOOOOOOOOOXOOOO
OOOOOOXOOOOOXOOOOOOOOOOOOOOOXOOOOXOOOOOOOXOOOXOOOOOOOOO
OOOOOOOOOOOOXOOOOOOOOOOXOXOOOOOOOOOOOOOOOOXOOXOOOOOOOGO
OOOOOOOOOOOOOOOXOOOOOOXOOOOOOXOOOOODXOXOODOOOOOOOOXOODOX
OOXOOOOOXOOOXOXOOOOOOOOOOOOOOOXOXOOOOOOOOOXOOOOXOOOOXDOX
OOOXOOXOOOOOOXOOOXOOOOOOOOOOXOOOOXOOOOOOOOOOOXOODOXOOOOO
OOOOOOOOOOOOOOXOOOOOOOOXOOOOOOOOOXOOOOOOOOOOOOOOXODOODX
OXOOXOXOOOOOOXOOOOOOOXOXOXOOOOOOOOOOOOOOOOOOOOOXOXOODOOG
DOOOOOOXOXOOOXOOOOOXOOXOOOOOXOOOXOOOXOOXOXOOXOODXOOXOD@O
OOOXOOOOOXOOXOOOOOOOOOOOOXOOOOOOXOOOOOOXOOXOOXOOOODOOOOG
XOOOXOOOXDOOOOOOOODOOXOOOOOOXOOOXOOOOOOOOOXODXOOOOOXODDO
XOOOOXOOOOOOXOOOOOOQOXOOXOOXOOXOOXOXOOOXOOOOXOXOGDXOXOGXQ
OXOOXOOXOXOOOOXOOOOOOOOOOXOOXOOOOOOOOOXOOXOOOOXOXGGODXGO
OXOOXOOOOXOXOOOOXOOOXOXOXOOOXOOOOXOOOOXOOOXOXOXGOOOXOODXG
OXOOOOXOXDOOOOOOXOOOOXOXOOOOXODOOXOOXOOOOOOOOOOOXOXOODQO
OOOOOOOOOOOXOXOOOOOOOOXOXOOXOOXOOXOODXOXOOOOXOXOXOOOOXOO
XOXXOXOXOOOOOXOOOOXOOXOOOXOXOOOOOXOOXOOOXODOXOXOOXOOOOXDX
OOXOOXOOXOXOOOOXOOOOXOOXOOOOOOOOXOOXOOXOOXOOXOXOOOXODDXOX
OOOOOOOXOXOOOOOOOXOOOOOXOOOOXOOXDOOOXGOOOOOOXOQOOOOOXGGO
XOXOXOOXOOOOOXOXOOOXOXODXOOOXOXOXOXOOOOOOXOOOXOOGXOOXGXGG
OOOXOODOOXGOXOOXOXDXOOXOOOXOXOGDXOOQXOXOOOXOOOOQOXQXOXQXQ
OXOQXOXOXOOOXOXOXOOOXOOXOOOXOXOXODXOOXOXOXOXDODOXDXOOXOXQ
XOXOXOXOOXOXOOXOOOXOXOOXOOOXXOOXOXOXOXOOOXOOOXGXGOXOXDXOXQ
OOXOOXOXOXOOXOXOXOXDOXOOXOXOOXOXOOXGXGXQXGXGOXDXDXQXXOXGXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXK%X
u2%%0.9.0,0,0,9.0,0,:0,0,0.0.000.0.000.600000000000000000000000000000000000 000
AU%%G0.9.0.0,0/0.0.0.0,0,0.0.0.0.0.000.000.000.00000 0000000000 000000000000000000:
URUUNUI9.0.0.0.0.0,0.0.0.0,0000.0.0000000000 0000000000 00000000000000000000 00
U%%%%0,0,00,0.0,0.0.0,0 000000000000 000000000000 000000 0000000000000 00
UN%%%S0.0.0.0,0,0,0.00,0,09.0.0.0.0000000000000000000 000000 00000000000000000
AU Y.9,0,0,0,0,0,0.0.0,0,0, 0000000000000 00 0000000000000 000000 00000000000s%
19.0.9,0,0,0,0,0,0,0.0,0.0.0.0.00.009000000¢0000000000 000

The simulated copolymer contains 1200 HEMA units and 800 NVP units.

Table 4.21 : Sequence lengths seen in the simulated sequence

distribution of figure 4.21.

Sequence Distributions:

Length HEMA NVFP
1 95 310
2 68 3
3 45 0
4 32 0
5 13 0
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14

10
11

12
13
14
15
16
17
19
21

24

32

484

163



4.211 A HEMA : NVP :: 60:40 Copolymer sampled at 37%

Conversion

Figure 4.211: 13C NMR Spectrum of a HEMA:NVP :: 60:40

Copolymer at 37% Conversion

CHQOH
QCH@
HHIN NHH HININ INNH
HHH NHIN HH iNNN
_ué;m DMSO-dg
i
177
C
180

Where 'H' represents a HEMA monomer unit and 'N' represenis a NVP

monomer unit in the copolymer.
Analysis of the above HEMA : NVP :: 60:40 copolymer 13C NMR spectrum, by

methods described earlier in section 4.1, leads to the following comonomer

triad fractions, shown in Table 4.211:
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Table 4.211: Observed Triad Distributions for a HEMA : NVP :: 60:40

Copolymer sampled at 37% Conversion

Triad Sequences Observed
Fraction
000 0.651
001/100 0.189
101 0.027
010 0.110
110/011 0.023
111 0.00

Where 0 represents the units of the HEMA monomer in the copolymer, and 1

represents the units of the NVP monomer within the copolymer

Table 4.212: Calculated Triad Distributions from Statistical Analysis

Triad Sequences Bernoullian First-order-Markov
(P = 0.87)* (Pp1 =0.13, P1p = 0.85)T
000 0.659 0.643
001/100 0.197 0.192
101 0.015 0.014
010 0.098 0.094
110/011 0.029 0.033
111 0.002 0.003

* Where P is the transitional probability, which in Bernoullian Siatistics
represents the probability of finding a "0-unit" within the copolymer. Thus
corresponding to the mole fraction of "0-units" observed for the copolymer.



T Where Pp1 and P1g are transitional probabilities, which in Markovian
Statistics give the probability of adding a "T-unit" onto a chain with a "0-unit"
radical at its end, and the probability of adding a "0-unit" onto a chain with a
"1T-unit" radical at its end, respectively. Thus in a first-order Markov system the
transition probabilities depend upon the outcome of the immediately

preceding event.

From the above data we may calculate the number-average sequence lengths
for each individual monomer unit, as described in section 4.11, and shown

below in Table 4.213 -

Table 4.213: Comparison of Number-Average Sequence Lengihs

Number-Average Sequence Lengths

Observed Calculated Computer

13¢ NMR Bernoullian 18t order Markov Simulation

HEMA | NVP | HEMA { NVP | HEMA | NVP HEMA { NVP

6.52 1.00 6.69 1.00 6.54 1.00 6.49 1.00

Table 4.214, below gives a comparison of compositions of the above capolymer,
determined through 13C NMR analysis, elemental analysis and computer

simulation data, at 37% conversion :



Table 4.214 Comparison of Copolymer Compositions at 37%

Conversion
Composition(Mole %)
13C NMR Elemental Analysis | Computer Simulation
HEMA | NVP HEMA NVP HEMA NVP
86.70 13.30 86.61 13.39 86.89 13.11

4.212 A HEMA : NVP :: 60:40 Copolymer sampled at 61% Conversion

Figure 4.212: T3C NMR Specirum of a HEMA:NVP Copolymer ::
60:40 at 61% Conversion

DMSO-dg,
TR OCHy CHOH |
HHN/NHH  HINN INNH
HHH ) NHN HﬁHiNNN

l
180 60 4 20
ppm




Where 'H' represents a HEMA monomer unit and 'N' represents a NVP

monomer unit in the copolymer.

Analysis of the above HEMA : NVP :: 60:40 copolymer 13C NMR spectra, by
methods described earlier in section 4.1, lead to the following comonaomer triad

fractions, shown in Table 4.215:

Table 4.215: Observed Triad Distributions for a HEMA : NVP :: 60:40

Copolymer sampled at 61% Conversion

Triad Sequences Observed
Fraction
000 0.499
- 001/100 0.235
101 0.060
010 0.144
110/011 0.047
111 0.016

Where 0 represents the units of the HEMA monomer in the copolymer, and 1

represents the units of the NVP monomer within the copolymer.
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Table 4.216: Calculated Triad Distributions from Statistical Analysis

Triad Sequences Bernoullian First-order-Markov
(Pg=0.78) (Pp1 =0.25, P19 =0.72)
000 0.475 0405
001/100 0.268 0.270
101 0.038 0.045
010 0.134 0.130
110/011 0.076 0.101
111 0.011 0.021

From the data above we may calculate the number-average sequence lengihs
for each individual monomer unit, as described in section 4.11, and shown

below in Table 4.217 :

Table 4.217: Comparison of Number-Average Sequence Lengths

Number-Average Sequence Lengths

Observed Calculated Computer

13C NMR Bernoullian 18t order Markov Simulation

HEMA | NVP | HEMA | NVP | HEMA | NVP | HEMA | NVP

3.62 1.00 3.55 1.00 2.92 1.00 3.31 1.00

&

Table 4.218, below gives a comparison of compositions of the above copolymer,
determined through 13C NMR analysis, elemental analysis and compuier

simulation data, at 61% conversion :
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Table 4.218: Comparison of Copolymer Compositions at 61%

Conversion

Composition(Mole %)

13C NMR Elemental Analysis | Computer Simulation
HEMA | NVP HEMA NVP HEMA NV
79.30 20.70 7848 21.52 81.99 18.01

4.22 Analysis of a MMA : NVP :: 60 : 40 copolymer

From the reactivity ratios (MMA = 4.04, NVP = 0.01), it can be seen thai the
MMA radical much prefers to add to its own monomer against adding the NVP
monomer. The NVF radical prefers fo cross-prapagate by adding ta the MMA
monomer, rather than adding its own monomer. Also we have a 3:2 ratio of
MMA : NVP in the initial feed. We would expect this to lead to a copolymer
with large blocks of MMA monomer units interspersed with the occasional
NVP monomer unit. Thus the MMA monomer would be used-up through the
early period of the polymerisation and a large block of the remaining NVP

monomer units would be added at the end.

This copolymer is very similar to the HEMA : NVP copolymer analysed in
section 4.21. Although here the MMA radical has a slightly lower tendency io
self-propagate compared with the HEMA radical in the previous copolymer,
and the NVP radical is seen to have a slightly lower tendency to cross-propagate
than in the copolymer studied in the previous section. Consequently we would

expect to see this in the sequence distributions and in the number-average
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sequence lengths, if compared at a similar % conversion. If we look at the
computer simulation of this copolymer, as shown in figure 4.22, with this
initial composition ratio, we see a quite reasonable approximation of what we

predicted:

Figure 4.22 : Computer simulated sequence distribution of a
copolymer of MMA : NVP :: 60 : 40.

60 Mole % of Monomer A, MMA

40 Mole % of Monomer B, NVP

r(AB) = 4.841

r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated copolymer MMA is represented by O and NVP is represented

by X :

XOOXOO00XO000OOOXOOXOOXOOXOOOOOOXOXOOOOOOXOOO0OXO0000000
00OXOOO00OOOOOOOOOOOOXOXOOOOOOOOOOO0OOOXOOOOOOXOXOOOOXO00
O0XOO000OXOXOOOOOOOOOOOXOOOXOOOOOOOOXOOXOXOXOOOXOO0OOXOO
OO0OXOOO00O0OXOOOXOOOOOOOOOOOOOOOXOXOXOOOOXOOXOOOOOO0OX000
OOXOO0O0OOOXOXOOOOOOOCOOXOOOOOOOOOXOOOOOOOOOOOO000000000
000000OXOOOOOOOOXOOXOXOOVOXOOXOXOOOXOOOOOOOXOOOO00000000
OO000000XOOOXOOOOOXOXOXOOOXOOOOOOOXOXOOXOVOOOOOXOOXOXOOXO
OOOOOOOOOOOXOOOOXXOXOXOOOOOXOOOXOOOOOOXOOOOXOOOOXOOOOOOO
XOO0OXO0000000OXOOOOXOOOOOXOOOOOOOO0OXOOOOOOXOODO00OXOXO0D
O000000XOOO0OOXOOOXOXOXOOOOXOOVOXOOOOOOXOOXOOO0OXOOXOOXO
XOOOXOOOOOOOOXOOOOOOOXOOOOXOOOXOOXOOOOOOXOXOOXOOOXOOOXOO
XOOXOO0O0XO00OXOOOOO0OO0OXOOXOXCOOOXOO0000OCOOXO000OXO0000
OO00OXOXOOXOOOOOOOXOOOOOOOOOOXOOOOXOOOOOOXOO0O00CO0XO000
O00000OO00O0OOXOOOOOOOOOXOCOOOOOOOOOOOO0OOOXOOXOXOOOXONOXD
OOOOXOOOOOOOOOXOOOOXOOOOOOOOOOXOOXOOOOOXOOOOOOODXOXOXOGO
OXO0OXOO0OOO0OOOXOOOOOOOCOOXOVCOOXOOOO0OXOXOOOXOOOOOXOO0N0
OOOOOOOOOOXOOOXOOOOOOOODOOOOOOOOOOXOOOOXOOXOOOXOOOODOXOQ
OXOOOOOOOXOOXOXOOOOXODOOOXOOOXOXOOOOOOXOXDOOODOGDODXDXQD
ODXOOOOXOXOXOODOOOOOOXOOXODOOXOOOOOOXDOXDXOXOOXXQXOOXQGSO
XODOOXOXOXDXOXOOOXOOOXOOXOXOOOOOOOOXOOOXODXGXOOODXOOXGXQQ
XO0OXO0XOOXO0OXO00OXOO0O000XOOXO00OXOXO0O000OXOO00000000
OOXOOO000OOXXOXOOXOOOOOXOOOOOXXOXOXOOONOOXOXOOXOOXOO00000
OOOXOOXDOOOODOXOOOOODOOOOXOOOXOOXOOOXODXOOXOXQXDXOX@GQXQ
OOXDOOOXOOOOXOXODXODXOXOXOXXDODXDOXOOBDXOXOXO%OXOXO@ODXQ@
XGXOXDOXOXOXDXDOXOOOOOXOXOOXOOXOOOXOXOXGOGOXGGXDXOXOXOXG%
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OXOXOOXOXOXOOOOXOXOOXOXOOXOOXOXOXOOXOOXOOXOXOXOXOXOXOOOXOX
OXXOXOOXOXOXOOXOXOXOXOXOOOXOXOOXOXOXOOXOXOXOXOOXOXOXOXOXOX
OXOOXOXOXOXXOXOOXOXOXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
119:9.9,0,0,0/0.0,0,0,0:0.0,0,:0.0.0.00.0.00000.000000 00000000001

The simulated copolymer contains 1200 MMA units and 800 NVP units.

Table 4.22 : Sequence lengths seen in the simulated sequence

distribution of figure 4.22.

Sequence Distributions:

Length MMA NVP
1 116 327
2 65 7
3 34 0
4 34 0
5 17 0
6 15 0
7 15 0
8 7 0
9 7 0

10 11 0
11 2 0
12 2 0
15 3 0
16 2 0
18 1 0
19 2 0
28 1 0
459 0 1

172



4.221 A MMA : NVP :: 60:40 Copolymer sampled at 14%

Conversion :

Figure 4.221: 13C NMR Spectrum of a MMA:NVP :: 60:40

Copolymer at 14% Conversion

MMN(NMM  RNN (R NN
M;I\iM N;kiN RANRAY, NNN

7715 17 DMSO-dg

OCHB

180 60 50 40 30 20
ppm

Where 'M' represents a MMA monomer unit and 'N' represenis a NVP

monomer unit in the copolymer.
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Analysis of the above MMA : NVP :: 60:40 copolymer 13C NMR spectra, by
methods described earlier in section 4.1, lead to the following comonomer triad

fractions, shown in Table 4.221:

Table 4.221: Observed Triad Distributions for a MMA - NVP :: 60:40

Copolymer sampled at 14% Conversion

Triad Sequences Observed
Fraction
000 0.645
001/100 0.197
101 0.017
010 0.093
110/011 0.048
111 0.00

Where 0 represents the units of the MMA monomer in the copolymer, and 1

represents the units of the NVP monomer within the copolymer.



Table 4.222: Calculated Triad Distributions from Statistical Analysis

Triad Sequences Bernoullian First-order-Markov
(Pp =0.86) (Pg1 = 0.14, P71 = 0.84)
000 0.636 0.621
001/100 0.207 0.202
101 0.017 0.016
010 0.104 0.096
110/011 0.034 0.038
111 0.003 0.004

From the above data we may calculate the number-average sequence lengths
for each individual monomer unit, as described in section 4.11, and shown

below in Table 4.223 :

Table 4.223: Comparison of Number-Average Sequence Lengths

Number-Average Sequence Lengths

Observed Calculated Computer

13¢c NMR Bernoullian 15t order Markov Simulation

MMA NVP MMA NVP MMA NVP MMA NVP

6.17 1.00 6.12 1.00 6.00 1.00 5.64 1.00

Table 4.224, below gives a comparison of compositions of the above copalymer,
determined through 13C NMR analysis, elemental analysis and computer

simulation data, at 14% conversion :
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Table 4.224: Comparison of Copolymer Compositions at 14%

Conversion
Composition(Mole %)
13C NMR Elemental Analysis | Computer Simulation
MMA NVP MMA NVP MMA NVP
85.90 14.10 85.55 14.45 B4.65 15.35
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4.222 A MMA : NVP :: 60:40 Copolymer sampled at 50%

Conversion :

Figure 4.222: 13C NMR Spectrum of a MMA:NVP :: 60:40

Copolymer at 50% Conversion

MMN{NMM  RMNN{RMNN
MMM | NMN  (MNREY NNN
P, oy pue

OC‘H3
71/

180 60 50 40 3 20
ppm
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Where 'M' represents a MMA monomer unit and 'N' represents a NVP

monomer unit in the copolymer.

Analysis of the above MMA : NVP :: 60:40 copolymer 13C NMR spectra, by
methods described earlier in section 4.1, lead to the following comonomer triad

fractions, shown in Table 4.275:

Table 4.225: Observed Triad Distributions for a MMA : NVP :: 60:40

Copolymer sampled at 50% Conversion

Triad Sequences Observed
Fraction
000 0.469

001/100 0.284
101 0.033
010 0.154
110/011 0.044
111 0.014

Where 0 represents the units of the MMA monomer in the copolymer, and 1

represents the units of the NVP monomer within the copolymer.



Table 4.226: Calculated Triad Distributions from Statistical Analysis

Triad Sequences Bernoullian First-order-Markov
(P =0.77) (Pg1 = 0.22, P1g = 0.74)
000 0.457 0.450
001/100 0.272 0.254
101 0.041 0.036
010 0.136 0.120
110/011 0.081 0.085
111 0.012 0.015

From the data above we may calculate the number-average sequence lengths
for each individual monomer unit, as described in section 4.11, and shown

below in Table 4.227 :

Table 4.227: Comparison of Number-Average Sequence Lengths

Number-Average Sequence Lengths

Observed Calculated Computer

13C NMR Bernoullian 18t order Markov Simulation

MMA NVP MMA NVP MMA | NVP MMA NVP

3.73 1.00 3.35 1.00 3.36 1.00 4.19 1.00

Table 4.228, below gives a comparison of compositions of the above copolymer,
determined through 13C NMR analysis, elemental analysis and computey

simulation data, at 50% conversion :



Table 4.228: Comparison of Copolymer Compositions at 50%

Conversion

Composition(Mole %)

13C NMR Elemental Analysis | Computer Simulation
MMA NVP MMA NVP MMA NVP
78.80 21.20 77.31 22.69 80.90 19.10

4.23 Analysis of a HEMA : NVP :: 20 : 80 copolymer

It is apparent from section 4.21 that HEMA and NVF, when present in
relatively equal quantities, will produce a relatively poor sequence distribution
of monomer units in the final copalymer(ie., long, extended sequences of
individual monomer units). This is simply a consequence of their reactivity
ratios(HEMA = 4.841, NVP = 0.001), and as a result we see that the HEMA
radical much prefers to add to its own monomer against adding the NVP
monomer. The NVP radical prefers to cross-propagate by adding to the HEMA
monomer, rather than adding its own monomer, which produces the poor
sequence distribution seen in figure 4.21. In this section we will analyse a
HEMA:NVP::20:80 copolymer, the greatly increased NVP content should,
according fo the computer simulation of the sequence distribution shown in
figure 4.23, produce a copolymer with a small ratio of HEMA:NVP
units(around 1:2) up to about 40% conversion. Thus in effect we will have
produced a copolymer with a relatively good sequence distribution(i.e., short,
regular sequences of individual monomer units). This will provide a good

opportunity to study the accuracy of the computer simulation program, when
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the copolymer synthesized has a relatively good sequence distribution. This
situation is quite different from the four previously examined in sections 4.211,
4.212, 4.221 and 4.222, although the monomers involved are the same or
similar, the sequence distributions produced shown in figures 4.21 and 4.22 are
all relatively poor in contrast to the sequence distribution seen in figure 4.23,

up to about 40% conversion.

Figure 4.23 : Computer simulated sequence distribution of a
copolymer of HEMA : NVP :: 20 : 80.

20 Mole % of Monomer A, HEMA

50 Mole % of Monomer B, NVP

1(AB) = 4.841

r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and NVP is represented
by X:

OXOO0OXOOOOXOOOXOOXOOOXOXOOOOXOOOOXOXOOOOODOOOOXOOXOXOXOOXO
XOXOXOXOOO0OXOOXOXOXOXOXOXOOXOXOO0000XO00000000OXOXOXO000000
XOXOXO0OXO0O0XOXOXOXO00XO0XOXOOOXO0OXO00O0O0OXOXOOXOOOXOX0X
OO0OXOOOOXOXOXOOXOOOOXOXOOOOXOXOOOXOOXOOOXOXOOOOXO0OOXOX0
XOXOXOXOXO00XOXOXOXO0XO0OXOXOOXOOOXOXOOOXOOXOXOXXOOXOOXOXOX
OXOOOXOXOXOOOXOOXOXOXOOXOXOXOOXOXO00OXO0OXOXO00000OXO00X00
XOXOXOXOOXO00XOOXO0000000OXOXOXOXOOXOX00XO00XOOX0OOXOX0000X
OXOOXOXOXOOXOXOXO000XOOXOXO00OXO0OXOXOXOXOXOXOXOXOXOOXOXOX
OOOXOXOOXOXOOXOXOXOXOXOOXOOXOOXOXOOOXOOX0OX0OOXOXOXOX00OX0OX

OXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXD

XOXOXOXOXOOXOOXOXOXOOXOXOOXOXOXOXOXXOXOXOXOXOXOXOXXOXOXXXXX
1 9,0,0:9,0.0.0.0,0,0,0.:0,0:0,0.0,0.0,:9.0.0.9,0.9.0.6.00.0.0000000000900009000000000000000004
19,0,0.9,0,9,0,0.0,0.0,0.9,0.0.0,00.9.60909060000000000000000085000000000005008 0504
19,9,0,0,9.9.9,0.0,0,0,0.9,:0.0.0.:0,0.0,:0.9,0,0.0.09.0,000000000 0800000600000 0000060000000 1
9,0.0,:0,0,0,:0,0.0,0.0.:0,0.9,:0.0.:0.9.:0.0.0.000000900600000060609008000009000080000000894
) 9,9.0,:9.9.9.9.0.0,0,0,:0,0:0,0.0,:0.00.0.00.:99,0006000000060050000000000090090000008 04
9,9,0.9,9,9,9,0.9,0.9.9.9.9.9,0,0.0.0,0.90.990.99.900000000050500000 0000009000000 0 9941
1.9:9,0,8.9.0.0.9,9.0.9,6,0.9.0.0,0,6.000.0.00.99900600900600000604005000000060006809 001
19.0.9,:0,9.0.:9.0.0.0.0.0,0.0.9.0.9090990099000009808 6008000000800 000000000000¢ 04
19.9.9,0.9.9,0.9.0,0.0.:9.0.:9,0.0.00,0.000099000500000000000008000000 0000004
1 9,9.9.:9,9.0,9,0.0,0.0:9,0.0.9.09,099090900690000600880090000000 0000000009900 841
1 9.9:9,9:9,8.0.8.9.9.9.$:09.9 0000009000000 00860966905089000009060000039000 04



1,9,0,0,0,0,0.9,9,0,0,0,0.0,0.:0,0.¢.9,0.0,0.0.0.0000900000000000000000000000000000000004
,9,9,0,0,0,0,0,0,0,0,0,0.0,0.0,0.9,0.0.0,0.9.0.000000000000000000000000000000000 0086000
,9,0,0,0,0,0,9,0,0,0.0,:0.0,0,:0,0.0,0.0.00.00.00000006000.000000000000 0000000000 00600 04
), 9,9,0,9,0,0,0,0,0,0.0,0,0,0,0,0,0.0,0.0,9.0.0.0,0000000000000000000000000000000000000 04
,9,0,0,0,0,0,9,0,0,9,0,0,0,0,0.0.0,0.:0:0.0.:0,0.0.00000.00000¢00.0000000000000000000 0000004
,0,0,9,0,0,0.:0,0,0,0.9.0,0.9,0.0.0.0,:0.0.:0.0.0,6.00.0020000000000000000000000000000000004
9,9:0,0,0,0,0,0,0,0.9,0.0,0.:0.0.0.0.0.00.000000000086000000000000000000000000000004
119,0,0,9,0,9.0,0,0,0.0.0,0.0,0.9,:0.0.0.0.0.9.0,0.00.00000000000000000000000090000000000091
),9,0.0,:0,0,0.:0,0,0,0.0.0,9.9,0.0,:0.0,0.0.9.90.090 00000000000 0.0000000000000000000600064
,9,0,0.0,0,9,9.0.0,:0,9.0.0,0.0.9.9,09.090.9066000000080000000000000090000000000000 691
1 9,9,0:9,0,0,0,9.0.9,:0.:0,6.0.0.:0.0.0.00.96.¢600080060009090059000004

The simulated copolymer contains 400 HEMA units and 1600 NVP units.

Table 4.23 : Sequence lengths seen in the simulated sequence

distribution of figure 4.23.

Sequence Distributions:

Length HEMA NVFP

1 138 221
2 43 3
3 23 0
4 14 0
5 1 0
6 1 0
7 2 0
8 1 0
9 2 0

1373 0 1
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Figure 4.231: 13C NMR Spectrum of a HEMA:NVP :: 20:80

Copolymer at 27% Conversion

CHOH  DMSO-dg
OCHy
HHN{NHH  HNNNNH
iﬁH LeriN Hﬁi—i NN
1 i » 1 [
177 175 173 ~c-
ppm
C=0 CH,
CH
/S [/ 3
| 7/ I l |
180 70 60 4 20
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Where 'H' represents a HEMA monomer unit and 'N' represents a NVP

monomer unit in the copolymer.
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Analysis of the above HEMA : NVP :: 20:80 copolymer 13C NMR spectrum, by
methods described earlier in section 4.1, leads to the determination of the

comonomer triad fractions, shown below:

Table 4.231 and table 4.232, below, show the observed and calculated
comonomer triad fractions, respectively. Table 4.233 gives a comparison of the
number-average sequence lengths for each individual monomer unit, whilst
table 4.234 compares the compositions of the copolymer calculated from 13C
NMR analysis, elemental analysis and computer simulation data, at 27%

conversion.

Table 4.231: Observed Triad Distributions for a HEMA : NVP :: 20:80

Copolymer sampled at 27% Conversion.

Triad Sequences Observed
Fraction
000 0.218
001/100 0.312
101 0.110
010 0.149
110/011 0.202
111 0.009

Where 0 represents the units of the HEMA monomer in the copolymer, and 1

represents the units of the NVP monaomer within the copolymer.



Table 4.232: Calculated Triad Distributions from Statistical Analysis

Triad Sequences Bernoullian First-order-Markov
(Pp = 0.64) (Pp1 =0.36, P1g = 0.62)
000 0.262 0.254
001/100 0.295 0.286
101 0.083 0.080
010 0.147 0.138
110/011 0.166 0.169
111 0.047 0.052

From the above data we may calculate the number-average sequence lengths
for each individual monomer unit, as described in section 4.11, and shown

below in Table 4.233 :

Table 4.233: Comparison of Number-Average Sequence Lengths

Number-Average Sequence Lengths

Observed Calculated Computer

13C¢ NMR Bernoullian 18t order Markov Simulation

HEMA | NVP | HEMA i NVP | HEMA | NVP | HEMA | NVP

1.67 1.00 1.78 1.00 1.72 1.00 1.88 1.00




Table 4.234, below gives a comparison of compositions of the above copolymer,
determined through 13C NMR analysis, elemental analysis and computer

simulation data, at 27% conversion :

Table 4.234: Comparison of Copolymer Compositions at 27%

Conversion

Composition(Mole %)

13C NMR Elemental Analysis | Computer Simulation
HEMA | NVP | HEMA | NVP | HEMA | NVP
64.00 36.00 64.42 35.58 65.74 34.26

4.3 Summary

It can be seen from section 4.2, that the computer simulation program based on
the Monte-Carlo method is reasonably accurate in predicting the overall
sequence distribution, of individual monomer units, which would be observed
upon polymerisation. This is apparent in tables 4.213, 4.217, 4.223, 4.227 & 4.233,
which show a good correlation between the observed number-average
sequence lengths (from 13C NMR analysis) and the predicted number-average
sequence lengths from the computer simulation program. There is a slight
deviation at higher conversions in comparison with the computer predicted
number-average sequence lengths. This deviation in the terminal model at
higher conversions has been noted by other workers59. But the deviation
observed here is not significant enough to prevent one from gaining a
reasonably good impression of the sequence distribution of individual

monomer units in the synthesized polymer. Also, tables 4.214, 4.218, 4.224, 4.228
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& 4.234 show a reasonably good correlation between the observed copolymer
compositions (from 13C NMR and Elemental analysis), at the various
conversions, and the predicted copolymer compositions from the computer
simulation program. The data from both statistical analyses, Bernoullian and
First-order Markov, does not reconcile well with the observed data for triad
fractions. This may possibly be due to the fact that the polymerisation systems
being studied do not follow these statistical profiles and may follow higher
order Markovian statistics, or the differences may be due to errors in the
assignment of peaks which may be compounded when the triad fractions of
different tacticities are added (as illustrated in figure 4.1) to give the overall

comonomer {riad fractions shown in the above tables.

In summary we may state that the computer simulation programs produce
sufficiently accurate simulations of the sequence distribution of individual
monomer units that would be seen upon polymerisation, to warrant their use

in designing polymers with controlled sequence distributions.
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CHAPTER FIVE
A WEU% ?F‘ THE DESIGN
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5.0 A Procedure for the Design of Polymers with Controlled
Sequence Distributions

It is apparent, from chapter 3, that the main factors which govern the sequence
distribution of a polymer are, the concentration of the monomers and their
reactivity ratios. Since the concentrations are easily varied this is usually not a
problem in helping to achieve a certain sequence distribution. But the
reactivity ratios are not easily varied. In fact they are specific for a particular pair
of monomers, since they are inherently dependent on the chemical
functionality of the monomers concerned. Thus we cannot easily alter this, as
the main reason a particular monomer is chosen is for its chemical properties.
[n this chapter we will expound a procedure which will enahle us fo
manipulate the way monomers, with their reactivity ratios, are used in arder (o
produce a relatively good sequence distribution (shorf, regular sequences of

individual monomer units) in the final polymer.

5.1 Reactivity Ratios and Sequence Distributions

Let us consider how reactivity ratios affect the sequence distributions seen in
the polymerized polymer. The monomer reactivity ratios ri and ry are the
ratios of the rate constants for a radical adding to its own monomer to that of its
addition to another. It is a measure of preference for its own kind of monomer
fo that of another. If r1>1, the radical Mje on the growing end of the chain
prefers to add My. If ri<1, the radical Mye prefers to add Mj. These relationships
also apply to rp with respect to radical Mye. Table 5.0, overleaf, gives examples

of some common monomer reactivity ratios?3-98 .
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Table 5.0 : Some Monomer Reactivity Ratios

Monomer 1 r Monomer 2 9 Reference
HEMA 0.810 MMA 0.192 99
HEMA 0.65 STY 0.57 100
HEMA 4.841 NVP 0.001 101
HEMA 4.126 NNDMA 0.238 Q-e?

NNDMA 0.410 MMA 1.650 102
NVP 0.01 MMA 4.04 103

* calculated from the Q-e scheme, see section 3.3.

Several important insights regarding our understanding of how free radical
copolymerisation reactivity ratios affect the sequence distributions seen in the
polymerized copolymer, emerge from considering the four special cases of fhe
reactivity ratios seen, for the Terminal Model, in section 3.21. We may

illustrate and examine these special cases by the following examples:

(i) When ri=rp=1. We may illustrate this case by considering the following
example of HEMA : AOEMA :: 50 : 50(where AOEMA = Acetoxy Ethyl
methacrylate), with ry = 1.020 and ry = 0.990, respectively. Figure 5.1, below,
shows the computer simulated sequence distribution for this copolymer. Table

5.1 shows the sequence lengths seen in figure 5.1 :

Figure 6.1 : Computer simulated sequence distribution of a HEMA :
AOCEMA :: 50 : 50 copolymer.

50 Mole % of Monomer A, HEMA

50 Mole % of Manomer B, AOEMA
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r(AB) = 1.020 r(BA) = 0.990
Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, AOEMA is represented
by X:

OXXXOXOXOOXXOXXO00000OOXOOXOXXOXXXXXOXXXOOOXOXXXXOXO00X000
OOOXXOOOOXOXXOXOOXOXOXOXOOOUXXXXXOXXOOXOXOOOXOXXOXO00X X000
XXOXXOXXOOXXOXOXOOXOXXXOXXOXOXXOXOXXOXXXXXOXXOXOXXXOOOXXXKO
XOOOOXOXXXOOOXXXXXXOOXXOXXOXOXXOXOXXXXXXXOOXOXXOO0OXXOXXXXD
XOXOOXOOOXXXOOXXXXXXXXOOXXOOXOXOXXOXOXOXXXXXOXXXXOXOXXXXOXO
OXOXOO00OXXXOOXO0XOXOO00OOXOOXOXOOXOXOXXXOO00OXXXXXXOXODOXXX
OXXOXXXOXXXXOO000OXOXOO0XO0XOXOO0OXXXOOXXOOOXOOOXXOXXOXOXOXX00
OOXOOXXOOXOOXXOXOXXOXXXXXOOXXXOOOXOOXXXXOXXOOOOXX XXX XX XXXOX
OXOOXOXXXOXXOOXOOXOXO0OXXOOXXOOOOXOOXXXOXXXOOXOXXXOXOXXX XXX
OOXOXXXOOXOOXXXXXOOXXXOOXXXXXXXXOOXXOOOOXOXOOOOXXXXOOXXOXOX
OXXOOOXOXOOXXOXXXXOXXOXOXOOOOXOXXOXOOXXXOOX XX XXOXXXXOXOOOXD
OXXOXXOOXXOXOXXOXOOXO0OXXOOXXOXOXXXXOOOXXXXXXOXXOXOXO0OXOXD
OXXXXXXOOXXOOXXOXXXXO00000OXXOOOXOOXOXOOOOXOXXXXOOXO0OOOXXX
XOXXOOXXXOOOXXXOOOXXOOXXOOXXXOOOXXXOOOOOXOOXOO0OOOXOO0OKOX
XOXXOXOXXOXXXOXO00OXO0O0OOXOXOXKXOOXOXOXOOXXXOXXXOOXO0OOXXOD
OXXXXOXXOXXOOXXXOOXOOXXXOOOOOOXXXOOXXXOXOXXXOOOXOXOOXOOXOXX
OXOOXOXXXXO000OXO0OXXOXXOOOOOOOOXXXOOXOXOXXOOXXOOXOXOXXXOXX
XXOXXXXOXOXXOOXOOOXOOXXOOOXXOOXXOOOOXOXXOXOXOXOXOXOOXOXXXO
XOXOXXOXXXOOXO00O0XXXOOOOXXXXXOXXXXXOOOOXOXXOOOXXOOOOXXXXOO
OO0O00OXXXXXOXXOOOXOXXXOOXXXOXXXXOOXOXOO0OXXXO000OXXO000X000
OOXXOXOXOXOXXOOOXXXXXOXOOXOO000OOOXXOXOOXXXOXXXOOXO0OXXOXX0O
OOXOXOXXXXOXXXXOOO0OXOXOO0OXOOXXXOXXXOO00OXOXXOXOXOOXO00OX00
XXOXOXO00O0XOOXOOOOXXXXXOXXXOOOOOXXXOXXXXOXXOXOXXOXXO00XOXX0
OOXXOOOOOXXXXOOXOOXXXOXOOXXOOXXXXOOXXXOOOOXXXO0OOXOXXO00OXXX
OXOOO0O00OXOXXXXXOOOXXXOXXOXOOXOOXOOXOOXOXOXOOOXXOOXOXXX0O0XX
OXXOOOXXXXOOOOXXXXXOXXOOOXXXXO0O0OXXOXXOXO0OXOXXO000X00OX0000
OXOXXOXXXOXOXOOXXOOXOOOXOXOO0OXXXOOXOXXXXXOOXOXOXXO000X00X
XOOXXOXOOXOOOXOOXOXOXOXOXXXOXXOOOOXOOOXOXXOXOXXOOXOXXOXXXX
XXXOOOXXOO00O0OXXXXXOXOXOOXXOXXOXXOOXOXXOXXOOXOOXO0X000000
OOXOO0O0O0OXXXOXXOXOXXXXXOOOOOXOXOXXOOOOXXXOXXOXXOXXXOXXXO00XX
OOXXXOXOXXXXXXXOOO0XO0000000OXXXOXOOOOUXOOOXXX XXX XXO0000OXO0X
OOXOXOXO0O0XOO000OOXXXXXOOXOXXOXOXXOOXOOXXXOXOXOXXXOOXOXXXXO
OOOXOXXXOXOXOOXOXOXOOOXXOXOOOXXOXXXXXOOXXOOXXXXOOXO00OX000
XOXXXXOXOXOXOOXOO000000XOO0OOOOXXXOOXOXXOXOXOOXXOXOOXXOOXXO
OOXO000OXXOXOOXXXX

The simulated copolymer contains 1000 HEMA units and 1000 AOEMA units.
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Table 5.1 : Sequence lengths seen in the simulated sequence

distribution of figure 5.1.

Sequence Distributions:

Length HEMA AOEMA
1 258 256
2 139 142
3 52 53
4 25 27
5 18 14
6 3 10
7 5 3
8 2 1
9 3 0

10 1 0
11 0 1
12 1 0
23 0 1

Here, we may firstly note that we have what is known as ‘Ideal
Copolymerisation’. This is a special case of free radical polymerisation that

arises when ry x r = 1 (i.e., when both active centres show the same preference

for addition of one of the monomers), see chapter 3. Under these conditions, r

= and the relative rates of incorporation of the two monomers into the

copolymer are independent of the identity of the unit at the end of the
propagating chain. The term ideal copolymerisation was coined® historically to
show the analogy between the variations in the copolymer composition as a
function of the comonomer feed compositions for different values of ry, and
the variations seen in the vapour-liquid equilibria in ideal mixtures. It does not

in any sense imply a desirable type of copolymerisation.

In our present example we also have ri=rp=1, where the two monomers show

equal reactivities toward bath propagating species. Here the copolymer
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composition is the same as the comonomer feed with a random placement of
the two monomers along the copolymer chain. This behaviour is referred to as
random or Bernoullian. As would be expected we see a large number of
individual monomer sequence lengths. The averall sequence distribution is
reasonably good, but contains too many long individual monomer sequence

lengths to be classified as a really good sequence distribution.

(i) When ri=ry=0. We may illustrate this case by considering the following
example of STY : MALAN :: 50 : 50(where STY = Styrene and MALAN = Maleic
Anhydride), with rj = 0.040 and r3 = 0.001, respectively. Figure 5.2, below, shows
the computer simulated sequence distribution for this copolymer. Table 5.2

shows the sequence lengths seen in figure 5.2 :

Figure 5.2 : Computer simulated sequence distribution of a &TY
MALAN :: 50 : 50 copolymer.

50 Mole % of Monomer A, STY

50 Mole % of Monomer B, MALAN

r(AB) = 0.040 r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated terpolymer STY is represented by O, MALAN is represented by
X:

XOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOOXOXOXOXDOXOXDXOXOXDXO
XOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXDXDXOXOXDXGXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXQXOXOXOXGXDXOXDXOXOXDXGXOXDK
OXOXOXOXOXOXOXOXOXOXOXOXOXOXDXOXOXOXOXOXOXODXOXDXOXOXQXOXD
XOXOXOXOXOXOXOXOXOXODXOXOXOOXOXOXOXOXOXOXDXOXOXG%QXGXDXOXG
XDXOXOXOOXOOOXOOXOXOXOXOXOXOXOXOXOXOXODXOXOXOXGXDOXGXDXQ%@
XOXDXDXOXOXOXOXOXOXOXDXOXDXOXOXOXOXOXDXOXOXGXDXDXOXQXGXOXD
XOXOXOXOXDXOXOXOXDXOXOXDXOXOXOXOXOXOXOXOXQXQXOXOXO%@XO%Q%Q
XOXDXOXOOXOXOXOOXOXOXDXOXDXOOXOXOXDXDXDXOKOXOXOKOXOXDXGXQX




OXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOOXODXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXDXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXDXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXODXOXOXDXOXDX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXDXOXOXDX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXDXOXOXOXOXOOXOXOXD
XOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXDXOXDXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXDXDXO
XOXOXOXOXOXOXOXDXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOX
OXOXOXOXOXOOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXDXOXOXODXOXDXQ
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXQXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXGXOXOXOXOXDOXO
XOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXX X XXXXX XXX X
1 9.9.0.9.9,:0.9.0.9.0.0.0.06009000.0900004

The simulated copolymer contains 1000 STY units and 1000 MALAN unils.

Table 5.2 Sequence lengths seen in the simulated sequence

distribution of figure 5.2.

Sequence Distributions:

Length STY MALAN
1 920 959
2 37 0
3 2 0
41 0" 1

Here the two monomers enter into the copolymer in equimolar amounts in a
non random, alternating arrangement along the copolymer chain. This
tendency towards alternation increases as r{ x ry -> 0, and perfect alternation

will occur when 11 x 12 = 0. From the above simulation in figure 5.1, we see that
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the overall sequence distribution is very good, except for the small residue of

Maleic Anhydride at the end of the polymerisation.

(iii) When r1>1 & ro<1. We may illustrate this case by considering the following
example of AN : DEFM :: 50 : 50(where An = Acrylonitrile and DEFM = Diethyl
Fumarate), with r1 = 10.0 and rp = 0.10, respectively. Figure 5.3, below, shows the
computer simulated sequence distribution for this copolymer. Table 5.3 shows

the sequence lengths seen in figure 5.3 :

Figure 5.3 : Computer simulated sequence distribution of a AN :
DEFM :: 50 : 50 copolymer.

50 Mole % of Monomer A, AN

50 Mole % of Monomer B, DEFM

r(AB) = 10.0 r(BA) = 0.10

Polymerized to 100% Conversion

In the simulated terpolymer AN is represented by O, DEFM is represented by X :

OOOXXOO00000OOOOXOOOOOCOOOOOXOOOOXOOXOOOO0OOO00000000000
O0O0OOOOOOOOXOOOOOOOOXXOOOOOOOXOOXOOOXOXOOOOO0OOOOXO00000
O0000O0O00OOOOOOOOOOOOOOOOOOXOOOOXOOOOOXOOOXOXOOOO000000
00000000OO0OOOOOXOOOOOO0OOXOOOCOOOOOOO0OOXOOOOXOOOO0000
XO000000OOOXXXOOOOOOOXXOOOOOOOXOOOXOXOOXOOOOXOOOO0000000
OO0OO0000OOOOOOOOOOOXOXOOOOXOOOOOXOOOXOOOXXOOXOOOOO000000
O00000000OOOO0OOOOXOOXOOOXOOOOOOO0O0OXOOOOVOOOOXO000000
OOXOO000OXOOO0OOCOOOOO0O0OOOOOO0OOXOOXOOOOOOOCOOCOXOO000
)Nelele) (e/els/elee/elo/a/oslelee]e/0/s]0/0/00/0/0/076/0167070/010/010 )10 /0106006106006 (8
OXO000XO0000OXOOXO0O0000O000O00OOOOO0CONOXOOXOOXXOO0O0OXX
O0O0XOOO0OXXOXOOOXOOOXOOO0OOOOOOCOO0O0OXOOOOOO00O0O00000X
OXO000OXO0000000OXO000000OOXOOOOOOXOOOOOXOOOXCOXXO00000D
XXOXO000000000XO00X000000XOOXOOOXO00D000X0000XO000000000
XO00XO00O000000O0OOCOOXOO0OOXOOOOOXXTOOOOOCOXOOOXOO0O000
O000O00XOOXOOXOOOOOCOOO0OOXXOOCOOOO00NDOXXXXOXXOO0000000
XOOOOOOOOOXXOOXXOOOOOOOOOODOOOOODXOXDOOOXOOOOOOOOQO@XODX
XXOO000000XXX00000X000XO0000C000XO000XOXO00000000000X X000
OXOOXOOXXXXXXO00000000X000000XXOXXXXOOXO00000XXO0OXOXOXO0
OO00000OXXXXO00XOO000OXO0OXOXOXOO00OO000O0XODXO00OXXOOGN0
OXO0X0OXOO00XOXOXOXXO00XX0OOO0OXOXOO00OXO000XOXOXXOXO0OOOXO0
OXDXXOOOOXXOOOOOOOODOXXDOODXGOOOOOOXOQGXQXOXOOXXXOXQOOOQO
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XOOXXXXXXXOXXOOXXOOXOXXOOXOOXOXXXXXXXXXXXXOXXXOXXOOXXXXXXXXO
XOOXXXXXXXXXXXXOXXXOXXXOOOXXOXXXXOXXXXXXXXXXXXXXXXXOXXXXOXXXX
XXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXX
XXXXXXXXXXXXXX

The simulated copolymer contains 1000 AN units and 1000 DEFM unis.

Table 5.3 : Sequence lengths seen in the simulated sequence

distribution of figure 5.3

Sequence Distributions:

Length AN DEFM
1 39 130
2 30 29
3 26 7
4 14 5
5 11 0
6 10 2
7 7 1
8 3 1
9 10 0

10 6 0
11 4 0
12 5 2
14 2 0
16 1 0
17 3 1
24 2 0
26 1 0
29 1 0
30 1 0
33 1 0
34 1 (
703 0 1




Here, again, we may note that ry x r; =1, therefore we have the situation of ideal
copolymerisation. But here the sequence distribution is totally different to that
seen in figure 5.1. This is because the reactivity ratios of the two monomers are
quite different, and consequently one of the monomers is more reactive than
the other towards both propagating species. This leads to the monomer with
the higher reactivity ratio being used up much earlier in the reaction,
consequently leaving behind a large residue of the lesser reactive monomer.

This will subsequently come in at the end as a large block.

Overall the sequence distribution seen is very poor (generally a large number of
long individual monomer sequence lengths). The problem in these situations,
as exemplified by the simulated sequence distribution in figure 5.3, is that it
becomes progressively more difficult to produce copolymers containing
appreciable amounts of both monomers as the difference in the reactivity ratios
of the two monomers increases. Unfortunately, this situation tends to arise

most frequently in free-radical copolymerisations.

(iv) When rj<l & ry<l. We may illustrate this case by considering the
following example of MMA : NVPY :: 50 : 50(where NVPY = N-vinyl Pyridine),
with ry = 0.40 and r; = 0.86, respectively. Figure 5.4, below, shows the computer
simulated sequence distribution for this copolymer. Table 5.4 shows the

sequence lengths seen in figure 5.4 :
Figure 5.4 : Computer simulated sequence distribution of a MMA

NVPY :: 50 : §0 copolymer.
50 Mole % of Monomer A, MMA
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50 Mole % of Monomer B, NVPY

r(AB) = 1.020 r(BA) = 0.990

Polymerized to 100% Conversion

In the simulated terpolymer MMA is represented by O, NVPY is represented by
X

XXOXOXXXXXXXOXXXOO0XOOXXOOXXOXOOXXOOXXXOXXOXOXXOOXXXOOXXOOK
XOOOXXOXOXXOOOXXXOXXOXOOOOOXOXXOXXXXXOOOXXXOXOOXDXDXOXDOOX
OXXXXXXXOXOOXXOOXXOXXXOXOXOXOOXXOOOXXOOXXXXOXXXOXXOXOXOOXOO
OXXXOXOXOXXOOXOOXXOOXOXOXOOXOXOOXXXOXOXOOXODXXXOXDXOXOXXDX
OOXOXOXOXXOXXOOXXOXOXXXOXOOOOXOXXOXOOXXOXXOXOXXXOXOOXDXXXOX
XOOXOXOXOXOXOOOOXXXOXXXXXOXOXOXXOOOXXXOXXOXOXXOOOXGDXOXXOXX
OOXDOXXXXOXOXXOXOOXXOOXXXOOXOXXOXDOXXXXXOXXXOOXOXXXOOXGXXXX
OXOXXOXOXXXOOXOXOXXOXOOXOXXXXXOXDOXXOOXXOOXOXXXXOXOXXDXXXOX
OXOXXOXOOXOOXXOXOXOOXOXXXOXXOXXXOOXDXOOOXOXOOOOOOOXOOGXXOG
XOXXXXOXOOXXOXDOXXOOXOXOXOOOXXXOXOXOXXOXXXOXXXOXOXOXXXGOXXX
OXOXOOOXXOXOXOXGXXOXXOXXOXOXOOXXXOOXGXXXOXOXXOXOOXGXOXODOX
OXXXOXXXOXXXXOXXXXXXOXXOXOOXOXOXXOXOXXOXXXXOOXXXDOXXODXDXOX
OXXXXXXOOOXXOOXOXXXXOOOXOXXOXOQXXOXXOOXOXOOXXOXDOXXDOGOXXXG
OOXXXODXOXXOOXXOXXOXOXOOXXOXXOOXOOXOOXXXDXXOXDXXOXXDXOXQXXX
OXOXXOXOXOXXOXXXOXXOXXXOOXOXOXXXXOXODXOOXXOXXXGXXDQXDXXDXDX
DXXOXXOXOXOXXOXOXXXOXOOXOXXXOXOXXXUXDXXXOXOXDDXXOGXGXOXQXXX
XOXOXOXOOOXXOXOXOOOXXOXXOXXOODXXOXOOXGXOOOXDXXXXDXOXXXDXQX
OXXXOXXXOXXXXXOXOXOXOXOXXOXXOOOXOOXXOXOXXXOOOXOXOXXXXOOXXXO
XXXXOOXXOXOXXXXXOXXXOXOXOOXXOXXXOXXXOXXOXOXOXOXOXOOXXXXXO00
XXXOOXOXXXOXOOXXXOOXXXOXOXXXOXOOOXOOOXOXOXXOXOXXOOXXXOXXXXX
XOOXOOXXOXOOXXXOXOXOO0OXXOXOXOXXOOXXOOXXOOOXXOXOOXXOOXXXOX
XOXXXOXXOXOOXOXOOXXXOXOOXOXOXOXOOXXOOXO0OOOXOXXXOXXOXXOXOXX
OXOXOXOXXOOOXOXXOXOXOOOXOXOXXOOOXXOOXOOOOOXOXXOXOOXXXXOOOO
XXOXXOXOOXOXOXXOOOXOOXXXOOXOOXXOOOXOXOXXXOXOXOOOXXOXX000XX
OXOXOOXOOXOXOOOOXXOOXOOXOOOOXOOXXXXOOOXXXXOOOXOOXOOXOX000
OOXOOXOOXOOXXOOOOOOOXOXOXOOXOXOOXOOXOXOXOOXOXOOXOOXOXOOXO
XOXXXOXOOXOXOXOOXOXXOOXOOXXO00O0OXOOOOXXXOXOXOOXOOOXOOXXOX
XOOOOOOXOXOXOOOXOXOOOOXOXOXOOOXXXXOXOXOOXOOXOXOXOXOOXO0OO
XXOXOOXXOXOXOXOOXO0OXO00OXXXOXOXXXOXOOXOOOXOXOOXOXOXXOXOXO
OOOXOXOXOOXOOXOXXOXOXOXXOOXOXXOOOXOOOXOOXOXOXXOOOXO00OXO00
OOXOXOXOXXOOXXOXOXOOXXOXO000OXOOOOXOOXOOOXXXXXOXXOXOXOOXOX0
XXXOXOXOXXXXOXXXOOXOXOOXXXOXXOOXXOXOXXOO000OXOXOXOXOXOXOXOXO
XOOOXXOOXXXXOXOXOXOXXOXXOOXOXO00OOOO0OXOO000OXOOXOXXOOOXD
O000000000OXOOCOOXOOOXOOOXOXXOXOOOOXOO0OOCOOO0000000000
0O0000O000OOO0O0000

The simulated copolymer contains 1000 MMA units and 1000 NVPY uniis.

198




Table 5.4: Sequence lengths seen in the simulated sequence

distribution of figure 5.4.

Sequence Distributions:

Length MMA NVPY
1 374 353
2 145 143
3 50 71
4 15 19
5 7 8
6 3 3
7 2 2
9 1 0

12 1 0
38 1 0

Here 11 x ry <1, thus we are moving away from the ideal type of behaviour, and
there is an increasing tendency towards alternation. Both monomers prefer
cross-propagation but to differing degrees. Tn the simulated sequence
distribution, shown in figure 5.4, we have a small residue of the slightly less
reactive. MMA at the end. The overall the sequence distribution seen is
reasonably good, but it does contain some long individual monomer sequence

lengths, which prevent this sequence distribution from becoming a really good

one.

5.2 Designing Polymers with Improved Sequence
Distributions

In section 5.2, we saw the influence of monomer reactivity ratios on the

sequence distribution of the synthesized polymer, with concentrations held

equal. Figures 5.1-5.4 illustrate that the shortest individual monomer CEBBENE
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seen are when both ri and ry tend towards zero, i.e., when ri=ro=0. This is
followed by figure 5.1, where both r1 and ry tend towards one, i.e., ri=ry=1 and
figure 5.4 where r1 <1 and rp < 1, here the difference between the reactivity
ratios becomes very important. A large difference between the reactivity ratios
will result in a faster rate of consumption of one monomer with respect to the
other monomer. This will manifest itself in the sequence distributions seen.
We will tend to see a poor sequence distribution with long, extended
individual monomer sequences, and a large block of the residual lesser reactive
monomer coming in at the end of the polymerisation. This exemplified by
figure 5.3. Infuriatingly, this latter example tends to be more representative of
real situations, than any of the other three cases. Thus normally the monomers
selected for their biological and/or physical properties, which are required in
the synthesized biomaterial for a particular biological environment, tend (o
produce, upon polymerisation, a very poor sequence distribution. This may be

seen in the contact lens formulations given in chapter 3.

Utilising the information gained from figures 5.1-5.4, we can develop the
necessary approach for designing polymers with controlled sequence
distributions. We may illustrate this hypothetically by attempting to modify the
very poor sequence distribution seen in figure 5.3. We will simulate the
sequence distribution seen upon the polymerisation of the two monomers, in
figure 5.3, in the presence of a third monomer to produce a terpolymer with &
much improved sequence distribution. It can be seen from figure 5.3 that there
are two main problems here, firstly we must try fto reduce the range of
monomer sequence lengths seen from 1 to 34, to a much narrower range with
averall shorter monomer sequence lengths; and, secondly we must fry io

reduce the large block of 703 monomer units of residual diethyl fumarate
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(DEFM), that is present at the end of the polymerisation. Bearing in mind the
sequence distributions seen in figures 5.1-5.4, we see that there are two possible
criteria for choosing the third monomer: firstly the third monomer chosen
may be such that it has low reactivity ratios with both monomers and vice
versa, such that we have a tendency towards alternation, i.e., r13 <0, r93 < 0, 13
< 0,132 <0, and r13 = r31 = 0 and r23 ~ r33 = O(where r31 and r3z represents the
reactivity ratios of the third monomer with respect to monomers one and fwa).
In our present situation with the two monomers being acrylonitrile (AN) and
DEFM (in figure 5.3), we may choose the third monomer as styrene (§TY). The
simulated sequence distribution seen upon the polymerisation of these three

monomers is shown below in figure 5.5

Figure 5.5 : Computer simulated sequence distribution of a AN
DEFM : STY :: 33 : 33 : 34 terpolymer.

33 Mole % of Monomer A, AN

33 Mole % of Monomer B, DEFM

34 Mole % of Monomer C, STY

r(AB) = 10 r(AC) =0.15 r(BA) = 0.100

r(BC) =0.394 r(CA) =0.330 r(CB) =0.110

Polymerized to 100% Conversion

In the simulated terpolymer AN is represented by O, DEFM is represented by X
and STY is represented by ©:
O©OO©O©XO©O©X©XO©XOO©XO©O©O©©XO©XO©X©X@XO@XO@XO@XD@X@@
X©XOOO©O©XO©XD©XO©XO©XO©O@@XO@XXO@O@X@D@X@XO@XO@O@XX@X
XO@XO©XOO©XO©XO©XOO@XO@XO@XO@XO@@X@O@XO@@OO@O@O@Q@XO@@
©XO©O©XD©XO@XO©XOO@@OO©XO©XO©O©XO©O©XOO©XO@©XG@XO@GD@X
D©XO@X©O©XO©O©XO©X©XO©O©X©O©XO©XO©XO@XO@XOO@XO@XQG@XOG
©O©X@O©XO©XO©XO©XO©O©XO@XO@XO@O@XO@O@XO@XOXO@X@XG@@XGO
@XOO@O@XD@XOO@O@XO@XOOO@X@@OO@XO@XXX@XO@XDXQ@O@XD@Q@@@

XXXO@XO@X©X©XOD@XOX@O@XOXD@X@XO@X@@XO@XQ@X@XG@XD@XG@%XG
O©X@@XO@XXO@O@X@XO@XO@O@X©XO©XO@XO@O@@@D@XOQ@@%G@XX@%G

201




©XO©XO©X©©X©XO©O©XO©©©XO©XO©XO©XO©XO©XO©X©X©X©©O©©X©©X
O©O©XXXO©XO©XO©X©©©XXX©O©O©X©XXOO©XX©O©X©XO©O©XOO@XO@O
©X©XO©XO©XO©XO©OOO©X©X©XO©XO©XO©XO©X©XO©XO©O©O©O©O©XO©
X©XOO©O©XO©O©OO©©XO©XO©XO©O©XO©OO©©O©OO©XO©©XX©O©XO©©
XO@XO@XO@X@@XO@OO©©XO©O©XO©O©XO©O©OO©XO©O©O@XO@XO@XO@X
O©XO©O©X©O©O©O©XO©XOO©XX©O©O©XX©O©XO©X©O©XO©X©X©XO©O©X
O©©XOO©O©XO©©OO©XO@XO@XO@@X@XO@O@XO@XXO@XO@@@X@XO@XO@X
XO©XO©O@OOO©O©O©XO©XO©XOO©XO©XO©XOOO©O©XOO©XOO@X@XO@XX
O©XX©XO©©©XO©O©XO©XOO©XO©O©OO©XO©XO©XO©XOO©XO©XO@@XD@X
©XO©XX©O©XO©XOXO©O©XOXO©XO©OO©XO©XXXXO@XO@O@XXO@@XD@X@X
O©XXO©X©XO@XXO©XO©XO©XO©XO©©XO©XX©XO©XO©O©XO©XO©XX@XXG@
O©XO@X@XO©XOO©XO©O©OO@XO@@O@@@XO@XO@XO@XO@XO@XO@XX@XG@
X©XOO©X©©XOOOO@XO©O©O©XO©O©XO©XO©X©XO@XXO@XO@X@XOGQ@XD
©XO@O@XO©X©O©XOO©XO©X©X©X©XO©XO©XOO©XO©XDO@XO@XD@O@XO@
XO©©©XXO©©XOO©©XO©X©XO©XO©XO©XXO©XO@X@X©D©XXO@OO@XX@XG
©O©O©XXO©XO@XOO©XO©X©O©XO@O@O@@O@XO@O@O@XO@DXO@XD@XO@X
O©X@O@O©X©XO©XO©X©XO©XO©XO©X©X©OO©O©XO©XD@XO@XO@O@XO@G
©O@XO@XO@XO@XO©XO@XO@O@O@XO@XO@XOO@@XO@X@XXOO@XD@XXO@X
OO@©XO©©X©OO©X©XO©XO©O©X©XOO©XO©XO@XXO@XO@O@XO@@X@O@X@
X@X@XO@XO@XOXO@XO@XO@O@O@XO@XO@XXO@XOO@XO@XO@X@X@XDO@XQ
©XO©XO©XXOO©XXX©XO@OO@X@XO@@XOOO@XXO@O@XO@XO@O@XO@XXO@X
O@@XO@XO@XX@X@O@X@XO@XO@XXO@@OXO@XOXO@XO@XXD@XO@XO@OO@X
©XO@XO@XOO@XO@XO@@XO@XO@XO@XOO@XO@XO@XO@XO@XXO@XD@XQ@XD
©XO©XDOO@O@OXO@O@X@XOO@XO@ODD@XOOOO@XOOG@XD@XOOGG@XXD@
XXO@XO@XO©XO©XO@OOXDXO@XX@XO@XOXXD@XQ@X@XOOO@X@XD@XO@DG
O©XOO©XO©XO©X©XD@XOXXOXOOOXOXUXOXOXOOOOXXXOOXOOQXOXDXOXXQ
XXDOCWXXOXOXOXOXXXXOXOXXXXXXXXXXXXXXXXXXXXXXXXXXXX%XXXXXXXXX%
1 9.9/0.:9.9.0.0.0,:090,000000$8009050000000000000004

The simulated terpolymer contains 660 AN units, 660 DEFM units and 680 STY
units.

Table 5.5 Sequence lengths seen in the simulated sequence

distribution of figure 5.5.

Sequence Distributions:

Length AN DEFM STY
1 475 459 574

2 64 47 41

3 15 7 8

4 3 2 0

78 0 1 0

The sequence distribution seen above in figure 5.5 is a vast impravement upon
that seen in figure 5.3. We have a small residue of DEFM, but this is negligible

compared to the large residue seen in figure 5.3.
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The second criterion for choosing the third monomer would again involve the
third monomer to have low reactivity ratios with the least reactive monomer,
here DEFM, i.e., r23 <0, r3p < 0, and ry3 = r3o ~ 0, thus again giving us a tendency
towards alternation between these two monomers. We see from figure 5.3, that
to improve the simulated sequence distribution, this tendency towards
alternation between the chosen third monomer and the least reactive
monomer is an important and necessary factor, in both criteria, because it will
lead to the break up of the large residual block of the least reactive monomer,
seen at the end of the polymerisation. In this criterion the third monomer
would show a similar reactivity towards the most reactive monomer(here,
Acrylonitrile, AN), as does the least reactive monomer (here, Diethyl fumarate,
DEFM). The affect of this third monomer would be to preferentially
copolymerize with the least reactive monomer, with respect o the most
reactive monomer. In such a situation a monomer that has reaclivity ratios
that reflect the above mentioned behaviour, may be Vinyl chloride (it is known
that Vinyl chloride, VC, is a gas at room temperature, it is used here purely to
illustrate the above described approach). The simulated sequence distribution
seen upon the polymerisation of these three monomers is shown below in

tigure 5.6:

Figure 5.6 : Computer simulated sequence distribution of a AN
DEFM : VC :: 33 : 33 : 34 terpolymer.

33 Mole % of Monomer A, AN

33 Mole % of Monomer B, DEFM

34 Mole % of Monomer B, VC

r(AB) =10 r(AC) =2.55 r(BA) = 0.100

r(BC) = 0.300 r(CA) =0.070 r(CB) =0.130

Polymerized to 100% Conversion




In the simulated terpolymer AN is represented by O, DEFM is represented by X
and VC is represented by O:

XOOXO00XOO00XX0OOOOXO0®O00E®XO00O00000000e0000000G0X0000
OOO00BOOOOXOO000OOBOEXEOXOXOOXOOXX0EOOXD®OO0®O000OXXOX
OOXXXO000000000600E0EOO00V0OXEOXOOXOOO0E0EVO0EOXO0O000000
OOXOOXO000XO00000EXOEXOOOOVEXOVBOEXOV0EOX0OXXOO0E0® X000
0O00BOOOXOO0BXEOOEOOO0EOEXBOOOOEOEO0BXEOOOXOO0OCO000000
OOOOXEXOOXO0OOOO000000OXO0EOECECOOC0000E00EOEOOB0OXXON
OXOOXOOX0OXO0OO00BOXO00OXOXOO00OXOOOOOXOXO©XO00000000X00)
XGOOXOOO0000OX00000OXEOOXOO00®XOO00OX0OX00000OX000800
XO0OXOXO0O0000X0OX000000X0OXe0O0O0000000OX0OXOXO00000OX
O00BXOOBOXOOXO0EOOOO0GOOXOVEXOXOO0BDEVOEOXDEXO00N0B0OX
OXO0O00OXO00060000EOGOOBOEXOVOEOVEXOXOXOOXOO0OX0®X0000
OBXOOXOB®XOO00OXOOO000BOOEXOXOXDOXOXO®OOXOO0O0OXO000®00
OOXOXOOXO0000OXEOXOO0X00000000000C0000000OXOXO00O00000
OXXX©OO00000XOXO00G00OXOX®OOXO0OXOOO®XEO®X000®XO00®O0X
OXOXOXO0OOB0O0O00OXO00GXXO0OXOOOXXOOO00000XEO00OXO0NOIXX
OXOBOOOXXOXOOXOOXOXXOX@OXOO0OOXOXOOO®O®XX0OXO000DOXE00®
OOO@X©OOOOO@X©©©X©XO©©X©X©O©X©XX©X@@XOOXDXXOOXX@X@XXO@X
OOXOXO0000OXOODOXXOO®X0OXOOXDOXOXOOOOX0OXOOXXXO0®XOOOX®()
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OXOXOXOXOXXOOXOXOXOOXXOOXOXXOXOXOXOXOXOXXOXOXOXOXXXOXOX
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The simulated copolymer contains 660 AN units, 660 DEFM units and 680 VC

urnits.
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Table 5.6 : Sequence lengths seen in the simulated sequence

distribution of figure 5.6.

Sequence Distributions:

Length AN DEFM vC
1 157 444 586
2 65 77 38
3 42 14 6
4 20 5 0
5 14 0 0
6 6 0 0
7 3 0 0
8 2 0 0

11 1 0 0
13 1 0 0

Here in figure 5.6 we again see a vast improvement upon the sequence
distribution seen in figure 5.3. It can be seen, in figure 5.6, that we have
eliminated the large residual block of DEFM present in the simulated sequence
distribution seen in figure 5.3, the largest individual monomer sequence length
here is of thirteen units. There is a difference in the distribution of the three
monomer units throughout the simulated sequence distributions seen in
figures 5.5 and 5.6. In figure 5.5 we can see that the three monomer units are
fairly homogeneously distributed throughout the simulated sequence
distribution. In contrast, in figure 5.6, we see that the most reactive monomer is
consumed in the first 60% of the overall conversion, and we are left with a
near enough alternating copolymer of the remaining two monomer units. This
still overall produces a terpolymer with a fairly good sequence distribution, and
in contrast to figure 5.5 there is no residual block of any monomer unit at the
end of the polymerisation. Thus both approaches produce polymers with
relatively good sequence distributions, although the first criterion produces the

most homogeneous distribution of individual monomer units.
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5.3 Summary

The examples given in this chapter serve to illustrate the basic patterns seen in
the sequence distributions of polymers with various extremes of reactivity
ratios. Also, an approach has been described whereby the judicions
introduction of another monomer, may be utilised to improve a bad or
relatively poor sequence distribution, into one that is relatively quite good.
This same process will be used in chapter 6 to design biopolymers, containing
predominantly hydrophilic monomers, with relatively good sequence

distributions of individual monomer units.
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6.0 Cell Adhesion Studies on Polymers with Controlled
Sequence Distributions

The design of biologically responsive polymers with controlled sequence
distributions requires: first and foremost a thorough understanding of the
factors which control the sequence distributions seen upon polymerisation fo
form the polymer; and, secondly with this information we can then
incorporate certain monomers into the polymerisation reaction, to form
polymers with controlled sequence distributions, whilst being endowed with

biologically responsive properties.

From the previous chapter, it can be seen that the main factors which gavern
the sequence distribution of a polymer are, the concenfration of the monomers
and their reactivity ratios. Since the concentrations are easily varied this is
usually not a problem in helping to achieve a certain sequence distribution. But
the reactivity ratios are not easily varied. In fact they are specific for a particular
pair of monomers, since they are inherently dependent on the chemical
functionality of the monomers concerned. Thus we cannot easily alter this, as
the main reason a particular monomer is chosen is for its chemical properties.

In chapter 5, we have illustrated an approach in which the judicious
introduction of a third monomer may be used to produce an enhanced
sequence distribution, for a pair of monomers, which would normally on
polymerisation produce a very poor sequence distribution(long, extended

sequences of individual monomer units).

The reason why reactivity ratios are such a problem in designing polymers

with controlled sequence distributions, lies firstly in their fundamenial
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definition, i.e. they are specific for a particular pair of monomers; and secondly,
when one starts to define the required properties of the synthesized polymer
we inevitably start to limit ourselves to the range of monomers (and
consequently the range of reactivity ratios available) that may be used to
produce the required polymer. For example, if we wanted to design a new
biomaterial, which must firstly have a high water content, therefore requiring
hydrophilic monomers; secondly if the surface is to be charged then this may be
achieved through the use of monomers that contain jonisable groups or
monomers containing permanent charges, such as the zwitterionic monomers.
Although it is necessary to take into account these factors when designing the
new biomaterial. They inadvertently set limitations on the range of reactivity
ratios available, through the limited number of monomers that will contain

the desired properties.

In this chapter we will be concerned with the design of biomaterials consisting
predominantly of hydrophilic monomers, thereby having high equilibrium
water contents, polymerised and cross-linked as a membrane (by the procedure
described in section 2.22). These membranes will also contain a certain amount
of monomers with specific biomimetic/biologically responsive functional
groups. Above all, these materials will be designed with a good sequence

distribution as the prime criterion.

As previously mentioned, the size of the hydrophobic and hydrophilic
domains, illustrated by the various sequence lengths, tends to affect the
susceptibility of the surface of these materials to serum proteins. The larger
these individual domains are, the more likely it is that the surface will he

prone to protein adhesion. Hydrophobic domains tend to he more suscepiible
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to deposition of cell adhesion proteins, and hence the larger these domains are
the more likely it is that they will deposit cell adhesion proteins, such as
vitronectin and fibronectin. This consequently leads to greater amounts of cell
adhesion. Since it is known that, generally cells will only adhere to surfaces
likely to deposit proteins. Thus cell adhesion studies may be used to assess the
level of biocompatibility or biotolerance of these materials in order to ascertain

their potential use as biomaterials.

6.1 Cell Adhesion Anaiysis on Membranes Polymerized to
100% Conversion

In this section we will firstly consider the affect of a single type of polar group,
e.g., the hydroxyl group of HEMA or the nifrogenous groups of NVP and NV,
in combination with relatively hydrophobic monomers, e.g., MMA, EMA and
STY, upon cell adhesion with respect to the sequence distribution of individual
monomer units in the synthesized polymeric membrane. We will
subsequently investigate the affect of different cross-linkers upon cell adhesion
and how this relates to the sequence distribution of individual monomer units
in the cross-linked membrane. Finally we will consider the affect of cell
adhesion on high Equilibrium Water Content (EWC) membranes which have
relatively good sequence distributions, whilst confaining various
functional/biomimetic monomer units. The % cell adhesion was calculated
relative to tissue culture plastic (TCP), which was arbitrarily chosen as being
100% cell adhesive. The last column in all of the following column charts
depicts the % cell adhesion and EWC for polyHEMA, which is known to be

relatively non-adhesive to cells.
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6.11 HEMA/MMA/EMA Membranes

Figure 6.11 shows the % cell adhesion and % EWC for membranes of

HEMA /MMA /EMA with the compositions as shown in table 6.11.

Figure 6.11 : HEMA/MMA/EMA Membranes
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Table 6.11 : Data for Figure 6.11

No. Composition % Water Content { % Cell Adhesion
1 { HEMA:MMA:EMA 2.8 41.5
33:33:34
2 | HEMA:MMA:EMA 6.3 14.2
40:30:30
3 | HEMA:MMA:EMA 3.3 39.3
30:40:30
4,9,1 PolyHEMA 38.0 4.5
3
17,21 25,30,35

In figure 6.11 we see that, generally, as the EWC increases, the % cell adhesion
decreases. In terms of sequence distribution, from figures 6.12 to 6.14, we see
that membrane No. 1 has a relatively poor sequence distribution compared to
membranes 2 and 3, which both have similar and relatively good sequence
distributions. Thus here it appears that cell adhesion is governed mainly by the
EWC, although it is interesting to see a membrane, such as No. 2, with such a
low EWC (only 6.3%) having a relatively low amount of cell adhesion, yef

containing highly polar monomers.

Figure 6.12 : Computer simulated sequence distribution of a HEMA
MMA : EMA :: 33 : 33 : 34 terpolymer.

33 Mole % of Monomer A, HEMA

33 Mole % of Monomer B, MMA

34 Mole % of Monomer C, EMA

r(AB) = 0.81 r(AC) = 1.882 r(BA) = 0.192
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r(BC) = 0.936 r(CA) = 0.388 r(CB) = 1.013

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and EMA is represented by © :

XXOOOXO©OXOXOOXOOXOOXO©XOX©XOXOXO@OXXOOOOXOXXOX@XOOXOOOOO
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©XO©OOOXO@OOXOXOXOXXO@@O@@XO@OXOOX@OXO@DOXOXOXXO@OOXOOX
OOXO©©©©OOOO©O©X©OXOX©XO©XXOOOO©OXX©OXXDXOO@@@@XOOXXO@O
XOX©©X©XOXOOXOXOXOXO©XOXOXOXO@@X@OOXXOO@@@GDOOXOXOX@XOXO
OXOXXOOX@XOOOX@O@OXOOOXOOOOXOOOX@XO@XOOX@OXOXXXXXXXOXGXGO
OO©©XOXOO@©XOOOXOXOXOXO@XOXOOXOXOX@@OXXO@@XX@OXOG@X@XKGX
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©©OX©XXXXOXOO©©XOXO©©OX©©OXOOOO©©O©OXOXX©XOX©OXXXOO©OXO
OX©©XX©XO©X©OX©©X©XO©X©©XO©O©XOXXO©©O©X©O©OXO©O©©OXX©X
©OXX©©OXO©OXXOX@OOX©©XX©X©©XXOXX©©O©©©©O©©©©OX©©OXOXX©
XOO©XO©©©XOXOXX©XXOXOXOOXO©O©©©©XX©OOX©OXOX©©©©XO©O©OX©
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OXOOOXOOOXOOXXXO00OOOOOOVOOOOBOO®

EMA units.

213




Table 6.12 : Sequence lengths seen in the simulated sequence
distribution of figure 6.12.

Sequence Distributions:

Length HEMA MMA EMA
1 343 414 218
2 96 85 84
3 25 13 33
4 10 6 28
5 2 0 4
6 0 1 2
7 0 1 1

11 0 0 1
16 0 0 1
17 0 0 1

Figure 6.13 : Computer simulated sequence distribution of a HEMA :
MMA : EMA :: 40 : 30 : 30 terpolymer.

40 Mole % of Monomer A, HEMA

30 Mole % of Monomer B, MMA

30 Mole % of Monomer C, EMA

r(AB) = 0.81 r(AC) = 1.882 r(BA) = 0.192

r(BC) = 0.936 r(CA) =0.388 r(CB) =1.013

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and EMA is represented by © :
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The simulated terpolymer contains 800 HEMA units, 600 MMA units and 600
EMA units.

Table 6.13 Sequence lengths seen in the simulated sequence

distribution of figure 6.13.

Sequence Distributions:

Length HEMA MMA EMA
1 345 418 245
2 115 65 80
3 42 16 24
4 17 1 9
5 2 0 6
6 1 0 6
7 1 0 3
8 1 0 0




Figure 6.14 : Computer simulated sequence distribution of a HEMA :

MMA : EMA :: 30 : 40 : 30 terpolymer.

30 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, MMA

30 Mole % of Monomer C, EMA ’

r(AB) = 0.81 r(AC) =1.882 r(BA) = 0.192

r(BC) = 0.936 r(CA) = 0.388 r(CB) = 1.013

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and EMA is represented by © :
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The simulated terpolymer contains 600 HEMA units, 800 MMA units and 600
EMA units.

Table 6.14 Sequence lengths seen in the simulated sequence

distribution of figure 6.14.

Sequence Distributions:

Length HEMA MMA EMA

1 371 418 228
2 70 97 84

3 20 33 27
4 6 10 15

5 1 3 4

6 2 6

7 0 2 1

8 0 1 0

From the above figures we can see that all these membranes are relatively
adhesive to cells. But we see that the least adhesive membrane is the one that
has the highest EWC and the shortest sequence lengths, that is membrane No.
2 represented by figure 6.13. The shorter sequences of hydrophobic and
hydrophilic domains at the surface of these membranes reduces the amount of
interaction that can occur with serum proteins, thus reducing the possibility of
significant deposition of these proteins, which is usually followed by lower
amounts of cell adhesion. This probably explains the reason why membrane

No. 2 produces the lowest amount of cell adhesion.
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6.12

HEMA/MMA/STY Membranes
Figure 6.15, below, shows the % cell adhesion and % EWC for membranes of

HEMA/MMA /EMA with the compositions as shown in table 6.15.

Figure 6.15

: HEMA/MMA/STY Membranes
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&0
% El Water Content
()
E’ % Adhesion
Membrane
Table 6.15 : Data for Figure 6.15
No. Composition % Water Content | % Cell Adhesion
5 HEMA:MMA:STY 4.5 18.6
33:34:33
6 | HEMA:MMA:STY 7.9 21.2
50:25:25
7 HEMA:MMA:STY 16.5 17.2
60:10:30
8 | HEMA:MMA:STY 14.0 16.3
60:30;10

In figure 6.15 we see that there is no real correlation between the EWC and %

cell adhesion for this set of membranes. But from figures 6.16 fo 6.19 we see that
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there is some correlation with the sequence distribution of the monomer units.
It can be seen that an increase in the EWC from 4.5% to 7.9%, for membranes 5
and 6, actually produces slightly more cell adhesion for the membrane
containing the higher EWC. In contrast from figures 6.16 and 6.17 (also tables
6.16 and 6.17) we see that membrane No. 5 has a slightly better sequence
distribution when compared to membrane No. 6. Comparing membranes 7 and
8, we again see that the membrane with the slightly higher EWC (No. 7)
produces slightly more cell adhesion. But from the simulated sequence
distributions shown in figures 6.18 and 6.19, we see that membrane No, 7
which produces slightly more cell adhesion and yet has a higher EWC, has a
relatively poor sequence distribution when compared to membrane No. 8. In
comparison with membrane No. 9, which represents PolyHEMA, we see thal
this series of membranes are significantly more cell adhesive than PolyHEMA.
In this series of membranes it appears thai the sequence disfribution of the
individual monomer units within the polymer does have some affect upon

the subsequent cell adhesiveness of the polymers.

Figure 6.16 : Computer simulated sequence distribution of a HEMA :

MMA : STY :: 33 : 34 : 33 terpolymer.
33 Mole % of Monomer A, HEMA

34 Mole % of Monomer B, MMA

33 Mole % of Monomer C, STY

r(AB) = 0.81 r(AC) = 1.65 r(BA) = 0.192

r(BC) = 0.418 r(CA) =0.500 r(CB) = 0.49

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and STY is represented by © :
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The simulated terpolymer contains 660 HEMA units, 680 MMA units and 660

STY units.
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Table 6.16 : Sequence lengths seen in the simulated sequence
distribution of figure 6.16.

Sequence Distributions:

Length HEMA MMA STY
1 369 532 339
2 71 57 84
3 22 6 32
4 9 4 4
5 7 0 2
6 2 0 2
9 0 0 1
10 0 0 1

Figure 6.17 : Computer simulated sequence distribution of a HEMA
MMA : STY :: 50 : 25 : 25 terpolymer.

50 Mole % of Monomer A, HEMA

25 Mole % of Monomer B, MMA

25 Mole % of Monomer C, 5TY

r(AB) = 0.81 r(AC) = 1.65 r(BA) = 0.192

r(BC) = 0.418 r(CA) = 0.500 r(CB) =0.49

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and STY is represented by © :
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The simulated terpolymer contains 1000 HEMA units, 500 MMA units and 500
STY units.

Table 6.17 : Sequence lengths seen in the simulated sequence

distribution of figure 6.17.

Sequence Distributions:

Length HEMA MMA STY
1 300 424 276
2 136 32 71
3 55 4 17
4 30 4 17
5 11 0 1
6 9 0 0
7 1 0 0
8 1 0 0
9 1 0 0

10 1 0 1
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Figure 6.18 : Computer simulated sequence distribution of a HEMA -
MMA : STY :: 60 : 10 : 30 terpolymer.

60 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, MMA

30 Mole % of Monomer C, STY

r(AB) = 0.81 r(AC) = 1.65 r(BA) = 0.192

r(BC) =0.418 r(CA) = 0.500 r(CB) = 0.49

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and STY is represented by © :
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The simulated terpolymer contains 1200 HEMA units, 200 MMA units and 600
5TY units.

Table 6.18 : Sequence lengths seen in the simulated sequence

distribution of figure 6.18.

Sequence Distributions:

Length HEMA MMA STY
1 191 190 203
2 101 5 75
3 67 0 20
4 48 0 8
5 29 0 2
6 19 0 o
7 6 0 0
8 3 0 0
9 4 0 0
10 3 0 0
11 1 0 0
12 1 0 0
55 0 0 1

Figure 6.19 : Computer simulated sequence distribution of a HEMA :
MMA : STY :: 60 : 30 : 10 terpolymer.

60 Mole % of Monomer A, HEMA

30 Mole % of Monomer B, MMA

10 Mole % of Monomer C, STY

r(AB) = 0.81 r(AC) =1.65 r(BA) =0.192

r(BC) = 0418 r(CA) = 0.500 r(CB) = 0.49

Polymerized to 100% Conversion
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In the simulated terpolymer HEMA is represented by O, MMA is represented by
X and STY is represented by © :
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The simulated terpolymer contains 1200 HEMA units, 600 MMA units and 200
STY units.
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Table 6.19 : Sequence lengths seen in the simulated sequence

distribution of figure 6.19.

Sequence Distributions:

Length HEMA MMA STY
1 303 502 166
2 130 44 12
3 61 2 1
4 37 1 0
5 18 0 0
6 11 0 0
7 8 0 1
8 3 0 0
9 1 0 0

11 2 0 0
13 3 0 0

The above figures again illustrate the relationship between the size of the
sequence lengths seen and the amount of cell adhesion that occurs. We note
that membranes No. 5 and No. 8, although here not having the highest EWC’s,
do display the shortest average sequence lengths, thus providing the smallest
possible domains for interaction with serum proteins, which probably results
in the proteins not adhering in very major quantities thus producing
reasonable but not excessive levels of cell adhesion. It may be noted that these

membranes are generally more adhesive than polyHEMA.

6.13 NVP/MMA/NVI Membranes

Figure 6.20, below, shows the % cell adhesion and % EWC for membranes of

NVP/MMA/NVI with the compositions as shown in fable 6.20.
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Figure 6.20 : NVP/MMA/NVI Membranes
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Table 6.20 : Data for Figure 6.20

No. Composition % Water Content | % Cell Adhesion

10 i NVP:MMA:NVI 40.2 3.4
33:33:34

11 NVP:MMA:NVI 44.5 14.2
30:40:30

12 1 NVP-MMA:NVI 44.5 12.0
20:35:45

From figure 6.20 we see that there is no real correlation between the FWC and
the % cell adhesion. In fact the membrane with the lowesi EWC has the lowesi

% cell adhesion. From figures 6.21 to 6.23 we see that all of these membranes
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containing nitrogenous groups have relatively poor sequence distributions,
The membrane with the worst sequence distribution (No. 10) has the lowest %
cell adhesion. This is an anomalous situation since this particular membrane
also has the lowest EWC. In comparing membranes No. 11 and No. 12 we see
that their EWC are equal but membrane No. 12 produces slightly less cell
adhesion. This is in spite of containing a much higher % of NVI which is
positively charged in an aqueous environment and since cells generally have
an overall negative charge it would be expected that membrane No. 12 would
deposit more cells than membrane No. 11. From considering figures 6.22 and
6.23, which illustrate the simulated sequence distributions of these membranes,
we see that membrane No. 12 has a slightly better sequence distribution relative
to membrane No. 11. Therefore, it appears that in these latier two membranes
the relative sequence distribution has been the differentiating factor in the %
cell adhesion that occurs on these membranes. It is interesting o note here thal
previously it has been found that polymers containing NVP tend to be fairly
adhesive to cells up to 60% EWC after which they produce generally non-
adhesive (to cells) materials. We see in membrane No. 10 a material that
produces a relatively low amount of cell adhesion with an EWC of only 40.2%.

Figure 6.24 will demonstrate this general trend found for NVP copolymers.

Figure 6.21 : Computer simulated sequence distribution of a NVP

MMA : NVI :: 33 : 33 : 34 terpolymer.
33 Mole % of Monomer A, NVP

33 Mole % of Monomer B, MMA

34 Mole % of Monomer C, NVI

r(AB) = 0.01 r(AC) =0.174 r(BA) = 4.04
r(BC) =4.603 1(CA) =2.368 r(CB) = 0.67

Polymerized to 100% Conversion




In the simulated terpolymer NVP is represented by O, MMA is represented by X
and NVI is represented by © :
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The simulated terpolymer contains 660 NVP units, 660 MMA units and 680

NVI units.
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Table 6.21 : Sequence lengths seen in the simulated sequernice
distribution of figure 6.21.

Sequence Distributions:

Length NVP MMA NVI
1 354 144 177
2 34 72 71
3 6 30 31
4 1 20 25
5 0 12 15
6 0 5 4
7 0 2 3
8 0 5 1
9 0 3 1
10 0 bl 2
11 0 1 1
216 1 0 (0

Figure 6.22 : Computer simulated sequence distribution of a NVP
MMA : NVI :: 30 : 40 : 30 terpolymer.

30 Mole % of Monomer A, NVP

40 Mole % of Monomer B, MMA

30 Mole % of Monomer C, NVI

r(AB) = 0.01 r(AC) =0.174 r(BA) = 4.04

r(BC) = 4.603 r(CA) =2.368 r(CB) = 0.67

Polymerized to 100% Conversion

In the simulated terpolymer NVP is represented by O, MMA is represented by X
and NVI is represented by © :
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The simulated terpolymer contains 600 NVP units, 800 MMA units and 600
NVI units.

Table 6.22 : Sequence lengths seen in the simulated sequence

distribution of figure 6.22.

Sequence Distributions:

Length NVP MMA NVI
1 355 174 156
2 21 78 72
3 9 40 39
4 1 21 16
5 0 7 9
6 0 10 4
7 0 7 0
8 0 3 1
9 0 3 1
10 O v e 2 ] eveeny




11 0 0 1
12 0 3 1
15 0 1 0
172 1 0 0

Figure 6.23 : Computer simulated sequence distribution of a NVP :
MMA : NVI :: 20 : 35 : 45 terpolymer.

20 Mole % of Monomer A, NVP

35 Mole % of Monomer B, MMA

45 Mole % of Monomer C, NVI

r(AB) = 0.01 r(AC) =0.174 r(BA) = 4.04

r(BC) = 4.603 r(CA) = 2.368 r(CB) = 0.67

Polymerized to 100% Conversion

In the simulated terpolymer NVP is represented by O, MMA is represenfed by X
and NVI is represented by ©
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The simulated terpolymer contains 400 NVP units, 700 MMA units and 900
NVT units.

Table 6.23 : Sequence lengths seen in the simulated gequence
distribution of figure 6.23.

Sequence Distributions:

Length NVP MMA NVI
1 277 145 127
2 14 77 70
3 2 42 58
4 0 20 27
5 0 9 15
6 0 6 14
7 0 3 5
8 0 2 5
9 0 2 3

10 0 1 3
11 0 1 2
12 0 2 2
14 0 1 1
89 1 0 0

In the above figures we observe that all the membranes have relatively poor
sequence distributions, i.e., produce relatively long sequence lengths, This
coupled with the presence of a positively charged monomer (NVID), would

suggest that we should observe a high degree of interaction of the surfaces of
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these membranes with serum proteins, thus resulting in relatively large
amounts of cell adhesion. But we have an anomalous situation here in that we
observe only relatively moderate amounts of cell adhesion, and further we see
that membrane No. 10, represented in figure 6.21, produces very little cell

adhesion and yet has a moderate EWC.

6.14 HEMA/NVP Membranes

Figure 6.24, below, shows the % cell adhesion and % EWC for membranes of

HEMA/NVP with the compositions as shown in table 6.24.

Figure 6.24 : HEMA/NVP Membranes
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Table 6.24 : Data for Figure 6.24

No. Composition % Water Content | % Cell Adhesion
14 HEMA:NVP 54.3 209
60:40
15 HEMA:NVP 56.1 10.5
55:45
16 HEMA:NVP 58.9 2.3
50:50

Work previously done in these laboratories has demonstrated the affect of
EWC on the cell adhesive properties of HEMA/NVF membranes!T. [t has been
demonstrated that as the EWC approaches 60% the cell adhesiveness of these
type of maferials decreases rapidly, and such materials with over 60% EWC are
essentially non-adhesive to cells. Figure 6.24 adequately illustrates this point,
and from figures 6.25 to 6.27 which show the simulated sequence distributions
of these membranes, we see that these membranes generally have poor
sequence distributions of individual monomer units. In this situation the non-

adhesive affect seems to be governed primarily by the EWC of these materials.

Figure 6.25 : Computer simulated sequence distribution of a
copolymer of HEMA : NVP :: 60 : 40.
60 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP
r(AB) = 4.841
r(BA) = 0.001

Polymerized to 100% Conversion

235




In the simulated copolymer HEMA is represented by O and NVP is represented
by X:
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The simulated copolymer contains 1200 HEMA units and 800 NVP units.
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Table 6.25 : Sequence lengths seen in the simulated sequence

distribution of figure 6.25.

Sequence Distributions:

Length HEMA NVP
1 95 310
2 68 3
3 45 0
4 32 0
5 13 0
6 14 0
7 9 0
8 6 0
9 5 0

10 5 0
vvvvvvvvvvvvv = & i
12 2 0
13 2 0
14 1 0
15 3 0
16 2 0
17 1 0
19 1 0
21 3 0
24 1 0
32 1 0
484 0 1

Figure 6.26 : Computer simulated sequence distribution of a
copolymer of HEMA : NVP :: 55 : 45,

55 Mole % of Monomer A, HEMA

45 Mole % of Monomer B, NVP

r(AB) = 4.841

r(BA) = 0.001

Polymerized to 100% Conversion
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In the simulated copolymer HEMA is represented by O and NVP is represented
by X:
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The simulated copolymer contains 1100 HEMA units and 900 NVP uniis.
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Table 6.26 : Sequence lengths seen in the simulated sequence

distribution of figure 6.26.

Sequence Distributions:

Length HEMA NVP
1 89 271
2 57 1
3 26 0
4 26 0
5 13 0
6 11 0
7 6 0
8 9 0
9 7 0
10 4 0
11 3 0
12 4 0
13 4 0
14 2 1]
15 2 ]
16 1 0
17 1 0
19 1 0
20 1 0
22 2 0
26 1 0

627 0 1

Figure 6.27 : Computer simulated sequence distribution of a

copolymer of HEMA : NVP :: 50 : 50.
50 Mole % of Monomer A, HEMA

50 Mole % of Monomer B, NVP
r(AB) = 4.841
r(BA) = 0.001

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and NVP is represenied
by X
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OXOOOOOXOOOOXOOOOXOOOOOOOXOOOOOOXOOOXOOOXOOOOOOOOOOOXOOO
XOOOOOOOOOOOOOOOOOOXOOOOOXOOOXOOOOXOOOOXOOOOOXOOOOOOXOXO
OOOOOOOOOXOOOOOOOOOOOOOOOOOOOOOOOXOXOOOOOOOOOXOOOOOOOOO
OOOOOOOXOOOXOOOOOOOOXOOOXOOOXOOOOOXOOOOXOOXOOOOOXOOOOOOX

XOXOXOOOOOOOOOOXOOOOOOOOOOOOOXOOOOOOOXOXOOOOOOOXOXOXOOOO
XOXOOOOOOOOOOOXOOOOOXOOXOXOOOOOXOOOXOXOXOXOOOOOOXOOXOXOOX
OOXOOOOOXOOXOXOXOOOOOXOXOOOOOXOOXOOOOOOOOOOXOOOXOXOOOOOO
OOOOOOOXOOOOOXOXOOOXOXOOOXOXOOXOXOXOXOOOOOOXOOOXOOOOXOOOX
OOXOXOOOOOOOXOXOOXOXOOOOOXOXOOOOXOOOOOOXOOXOXOOXOOXOOXOOO
OXOXOXOXOXOOOOOOXOOXOXOOOOOOXOXOXOXOOXOXOOOXOXOOOXOXOXOOO
OOOXOXOOOXOOOOXOXOOXOOOXOXOXOXOOOXOXOOOOXOOXOOXOOOXOXOOXO
OOXOXOXOOXOOOOOOOXOXOXOXOOOXOXOOOOOXOXOXXOOOXOOXOOXOXOOOO
XOXOOXOOOOOXOXOXOXOXOOOOOXOOXOOXOOOOOOXOXOXOOOXOXOXOOXOOO
XOXOXOXOOOOXOOXOOXOOXOOXOOOOXOOXOOXOOOXOXOOXOXOOOXOOOXOOO
XOXOOXOXOOXOXOOXOXOOXOXOXOXOXOXOXOXOXOOOXOXOXOOOOXOXOXOXOX
OOXOXOOOXOOXOXOOXOOXOOXOXOOXOXOXOOXOXOOXOXOOXOXOOOOXOXOOX
OOXOXOXOXOXOXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXX

The simulated copolymer contains 1000 HEMA units and 1000 NVP units.

240




Table 6.27 : Sequence lengths seen in the simulated sequence
distribution of figure 6.27.

Sequence Distributions

Length | HEMA NVP
1 120 308
2 60 2
3 42 0
4 22 0
5 20 0
6 14 0
7 10 0
8 2 0
9 1 0
10 6 0
11 3 0
12 1 0
13 3 0
14 1 0
16 2 0
17 1 0
18 1 0
19 1 0
23 1 0

688 0 1

From the above figures we observe that all the membranes produce relatively
long average sequence lengths. Thus here the relatively low amounts of cell

adhesion seen, can only be accounted for by changes in the EWC of these

membranes.

6.15 HEMA/NVP/Cross-linker Membranes

Figure 6.28, below, shows the % cell adhesion and % EWC for membranes of

HEMA/NVP/Cross-linker with the compositions as shown in table 6.28.
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Figure 6.28 :

HEMA/NVP/Cross-linker Membranes

80
60
v
&0
.g 0 B Water Content
A
E ] Cell Adhesion
20
0 ?" b
18 19 20 21
Membrane
Table 6.28 : Data for Figure 6.28
No. Composition % Water Content | % Cell Adhesion
18 { HEMA:NVP:EGDMA 54.3 209
59:40:1
19 {HEMA:NVP.DATDAM 614 0
59:40:1
20 HEMA:NVP:TAC 58.5 1.0
59:40:1

From figure 6.28 we see a dramatic decrease in the % cell adhesion with

different cross-linkers. The overall pattern is similar to that seen in the

previous series of membranes, i.e., as the HEMA/NVP copolymers approach an

EWC of 60% we see a rapid decrease in the amount of cell adhesion that occurs
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on these materials. From tigures 6.29 to 6.34, which show the simulated
sequence distributions of these membranes, we see that EGDMA is the most
reactive out of the three cross-linkers being studied. Thus it can be seen in
figures 6.29 and 6.30, EGDMA tends to come in quite early on in the conversion
with respect to the bulk amount of NVP. DATDAM, as seen in figures 6.31 and
6.32, is in contrast fairly unreactive and tends to remain towards the end of the
reaction where it can seen that it has some affect upon the residual block of
NVP. This breaking up of some of the residual block of the NVP present
towards the end of the reaction probably accounts for the increased EWC seen
for this membrane relative to the other two membranes. Thereby we produce a
material with an EWC greater than 60%, and as seen in figure 6.28 this
membrane is virtually non-adhesive to cells. TAC seems to be of an
intermediate reactivity compared to EGDMA and DATDAM, in that the first
bond tends to react fairly early on in the reaction but the second bond tends to
exhibit a much reduced reactivity and appears to have some affect upon the
residual NVP block seen at the end of the reaction (please see figures 6.33 and
6.34). This affect is not as pronounced as that seen for DATDAM and this is
reflected in the slightly lower EWC seen for this membrane. But as can be seen
in figure 6.28 this increased EWC is sufficient to still produce a material that is
fairly non-adhesive to cells, even when compared to PolyHEMA (membrane

NO. 21).

Figure 6.29 : Computer simulated sequence distribution of a HEMA
NVP : EGDMA :: 59 : 40 : 1 terpolymer.(Showing only the addition of

the 1st bond)
59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP
1 Mole % of Monomer C, EGDMA
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r(AB) = 4.841 r(AC) = 1.882 r(BA) = 0.001

r(BC) = 0.006 r(CA) = 0.388 r(CB) = 6.37

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and EGDMA is represented by © :

OOOOOOOXOOOOOOOOOOOXOOOXOOOOOOO@OOOOOOOXOOOOOOOOOOOOOOX
OOOXOOOOOOOOOOOOOOOO©OOOXOXOXOOOOOOXOOXOOOOXOOOOOOOOOOO
OOOXOOOOOOOOOOOOOOO©OOOOOOOOOOOOOXOOXOOXOOOXOOOOOOOOOOO
OOOOOOXOOOOOOOOOXOOOOOXOOOXOOOOOOOOOOOXOOOXOOOOOOOOOOOXO
XOOOOXOOOXOOXOXOOOOOOOOOOOOXOOOOOXOOOOOOOOOOOOOOOOOOXOXO
XOOOOOOOOOXOXOOOXOXOOOOOOOXOOOOXOOOOOXOOOOOOOOOOOXOOOOOO
OO@OOOOXOOOOOOOOOOOOOOOOOOOOXOOOXOOXOOOOO@OXOOXOOOOOOOO
XOXOOOOOOOOOOOXOOOOOOOXOXOOOOOOXOXOOOOOOOOOOOOOOXOOOOOOO
OOOOOOXOOXOOOOOOOOOOOOXOOOOOOOOOXOOXOO@OOOOOXOOOOOOOOOO
OOOOOOOOOOOOOXOOOOOXOOOOOOOXO@OOOOOOOOOOOOOXOOXOOXOOXOO
OOOXOOOOOOOOOOOXOXOOOOOOOOXOOXOOOOOOOOXOXOOOOOOXO@OOOOOO
OOOOOOOXOOOXOOOOOOOOXO©OOXOXOOOOOOOOOXOOOOXOOXOOOOOOOOOO
OOOOOXOOOOOXOOXOOOOOOOOOOOOOXOXOOOOOOOOOXOXOOOOXOOOOOOXO
XOOOXOOOOOOOXOOOOOOOOOOOOOOOOOXOOOOOOOOOOOOOOOXOOOOXOOOX
OOXOOOOOOOOOOOXOXOOOOOOXOOXOOXOOOOOOOXOOOXOOXOXOOOOXOXOX
OXOOOOXOOOOXOXOOOOXOOXOXOXOXOXOOOXOOOOOOOOOOXOOOOXOOOOXO
OOOXOXOXOXOOOXOOOO@OOOOOO@OOOOOOOXOOOXOOXOOOOOOXOOXOXOOX
OOOXOXOXOOXOOXOOOOOOOOOOOOOXOOOXOOOOOXOOXOOOOXOOOOOXOOXO
OOXOOOOOXOOOXOOOOOOOXOOOXOOXOOOOOOOOOXOXOOXOOOXOOXOOOOOO
XOOOOOOXOXOOOOOOXOOOOOOOOOOOXOOOXOOXOXOXOO©OOOOOOOOXOOOO
XOOOOOOXOOXOXOXOOOXOOXOOOXOOOOOXOOOXOOXOOOOOOXOXOOOXOOOO
OXO©OOXOOO©OOOOOOOOOOOOOOXOOXOXOOOXOOOOXOOXOXOXOXOXOOXOX
OXOOXOXOXOOXOOXOXOXOXOOXOXOOOOOOOOOOOXOOXOXOXOOOOXOOXOXOX
OOOOOXOXOOXOOOXOXOX@OXOXOXOOOOOXOOOOOOXOOOOXOXOXOOOXOOXOO
OXOOXOOOOXXOXOXOOXOXOOOXOXOOOXOOXOXOOOOOOOXOXOOOXOXOOXOXO
OOOOXOXOXOXOOXOXOXOOXOXOXOXOXOOXOXOXOOXOOXOOXOXOOXOOOXOXOX
OOXOXOXOOXOXOXOOXOXOXOXOXOOOXOX@X@X@X@X©XXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
U 000.0.0.0,00.0.0. 0000000000000 EI0 0000 0000000000000

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
EGDMA units.
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Table 6.29 : Sequence lengths seen in the simulated sequence

distribution of figure 6.29.

Sequence Distributions:

Length HEMA NVP EGDMA
1 101 293 20
2 62 1 0
3 37 0 0
4 21 0 0
5 16 0 0
6 13 0 0
7 11 0 0
8 6 0 0
9 6 0 0
10 1 0 0
11 9 0 0
12 2 0 0
13 6 0 0
14 4 0 0
15 3 0 0
16 1 0 0
17 2 0 0
18 1 0 0
20 1 0 0
23 1 0 0

505 0 1 0

Figure 6.30 : Computer simulated sequence distribution of a HEMA :

NVP : EGDMA :: 59 : 40 : 1 terpolymer.(2nd bond)
59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

1 Mole % of Monomer C, EGDMA

r(AB) = 4.841 r(AC) = 2.834 r(BA) = 0.001
r(BC) = 0.002 r(CA) =0.023 r(CB) = 0.099

Polymerized to 100% Conversion
In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and EGDMA is represented by © :
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OOOXOOOOOOOOOOOXOOOOOXOOOOOOOOOOOXOOXOXOOOOOOOOOOOOOOOO
OOOOXOOOOOXOXOOOOOOOOXOXOOOXOOOOOOOOOOOOOXOOOOOXOOOOOOXO

OOXOOOOOXOOXOOOOOOOOOOOOOOOOOXOOOXOOOOOXOOOOOXOOOOOOOOXO
OXOOOOOOOOXOO©OOOO©XOOXOXOOOOOXOOOXOX@OOOXOOOXOXOOOOOOOO

X©X©XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
EGDMA units.

Table 6.30 : Sequence lengths seen in the simulated sequence

distribution of figure 6.30.

Sequence Distributions:

Length HEMA NVP EGDMA
1 104 319 20
2 59 0 0
3 49 0 0
4 26 0 0
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5 27 0 0
6 8 0 0
7 8 0 0
8 7 0 0
9 1 0 0
10 5 0 0
11 3 0 0
12 4 0 0
13 4 0 0
14 2 0 0
15 4 0 0
17 2 0 0
20 2 0 0
26 1 0 0
32 1 0 0
481 0 1 0

Figure 6.31 : Computer simulated sequence distribution of a HEMA :
NVP : DATDAM :: 59 : 40 : 1 terpolymer.(1st bond)

59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.841 r(AC) =9.67 r(BA) = 0.001

r(BC) =0.150 r(CA) = 0.065 r(CB) =4.912

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and DATDAM is represented by © :

OOOOOOOOOOOOOXOOOOOOXOOOOOOOOXOOOOOOOOOOOXOOXOOOOOOOOXOX
OOOOOOOOOOOOOOOOOXOOOXOOOOOOOOOOOOOOOOXOOXOOXOXOOOOOOOO

OOOOOOXOOXOOOOOOOOOOOOXOOXOOOOOOXOOOOOOOOOXOOOOOOOOOOXOO
OOOXOOOOOOOOOOOOOOOXOOOOXOOOOOXOOOOOOXOOOOOOOOOXOOXOOOXO
OOXOOOOOOOOOOOOOOOOOOOOOOOOOOOXOOOOOOOOOOOOOOXOOOOOXOOO

OOOOOOOOOOOOOOOOOOOOOOXOOOOOOXOOOXOOXOOOOOOOXOOOXOOXOOOO
OOXOOOOOOOOXOOOOXOXOOOXOOOOOOOOOXOOOOOOOOOOXOOOOOOOOOOOO
OOOOXOOOOOXOOOXOXOOOXOXOXOOOOOOOXOOOOOOOOOOXOOOOXOOOOOOO
OOXOOOOXOOOOOOOOXOOOOOOOXOOOOOOOXOOOOOOXOOOOOOOOOOOXOOOO
OXOOOOOOOOOOOOOOOOOOXOOXOOOOOOXOOOOOOOOOOOOOOOOOOOOOOOO

OXOOOOOOOXOOOOXOOXOOOXOOOXOOOOOOOOOOOOOOXOOOOOOOOXOOOOOO
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OXOXOOOOOOXOOOOOOOOOOOOOXOOOOOOOOOOOOOXOOOOOXOOOXOXOOOOO
OOOOOOOXOOXOOXOOOXOXOOOOOXOOOOOOOXOOOOOXOOOOOOOOOOOOXOOO
OOOOXOOOXOOOOOXOOXOOOOXOOOOXOOOOOOOOOOOOOXOOOOOOOOXOOOOO
OOOXOOOOXOOOOOXOOOOOOOOXOXOOOOOOOOXOOOOOOOOXOXOOXOXOXOXO
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XOOOXOXOOOXOOOOOOOXOOXOXOOOXOOOXOOOXOXOOXOXOOOOOOXOOOOOO
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XOOOXOOOOOXOOXOOOXOOOOOXOOOXOXOOOOOOOOXOOXOOXOOOOXOOOOOO

OXOXOOXOOXOXOXOOOOOXOXOOXOXOOOXOOOOOOXOOXOXOOXOOOOOXOOOOX
OOOXOOOOOOOOOXOXOOOOXOOXOXOOOXOXOXOOOOOXOOXOOXOOOXOOXOOXO
OOOXOOXOOXOXOXOXOOOXOOOOXOOXOOXOOOXOOXOOOOXOOOOOOXOXOOOOX
OOOOXOXOOOXOOXOXOXOOXOXOXOOXOXOOOOXOOXOXOXOOOXOXOOXOXOXOO

OOXOXOOOOOOOXOOOOXOOXOXOOXOXOXOXOOOOOOXOOXOXOOXOOXOOXOXOX
OXOXOXOOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXO

XOX©X©X©X©X©X©X©X©X©X©X©X©X©X©X©X©X©©X©X©XXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
DATDAM units.

Table 6.31 : Sequence lengths seen in the simulated sequence

distribution of figure 6.31.

Sequence Distributions:

Length HEMA NVP DATDAM
1 84 301 18
2 52 0 1
3 34 0 0
4 24 0 0
5 17 0 0
6 14 0 0
7 13 0 0
8 13 0 0

248




9 6 0 0
10 3 0 0
11 3 0 0
12 5 0 0
13 4 0 0
14 3 0 0
15 1 0 0
16 2 0 0
17 1 0 0
18 1 0 0
25 2 0 0
27 1 0 0
499 0 1 0

Figure 6.32 : Computer simulated sequence distribution of a HEMA :
NVP : DATDAM :: 59 : 40 : 1 terpolymer.(2nd bond)

59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

1 Mole % of Monomer C, DATDAM

r(AB) = 4.841 r(AC) = 74.747 r(BA) = 0.001

r(BC) = 0.516 r(CA) =0.013 r(CB) = 0.447

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and DATDAM is represented by © :

XOOOOOOOOOOXOOOOOOOOXOXOOOOOOOOXOOOOOOOOXOOXOOOOOXOOOOOO
OOOOXOOXOOOOOOOOOOOOOXOOOOOOXOXOXOOOOOXOOOOOXOOOOOOOOOOO
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OOOOXOOOXOXOOOOOOXOXOOOOOOOOOOOXOOOOOOOOOOOXOOOOOOOOOOOO
OOOOOOOOOOOOOXOOOXOOOOOOOOXOXOOOOOOOOOOOOOOXOOOOXOOOOOO
OOXOOOOOOOOOXOOOOOXOOXOXOOOOOOXOOOOOOOOOOOOXOOOOOXOOXOXO
XOXOOOOOOOOOOOOOXOOOOOXOXOOXOOOOXOXOXOOXOOOOOOOOOOOOOOOO
XOXOOOXOOXOOOOOOOOOOOOXOOOXOOOOOXOXOOXOOOOOOOXOOOXOOOOOX
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OOOOOOOOOXOOXOXOOOXOXOOOOXOOOOOOXOXOOOOOOOOOXOXOOOOOOOOO
OOOXOOOXOXOXOXOOXOXOOOOXOXOOOOOXOXOOOOOOXOXOOOOOOXOOXOOOO
OXOOXOOOXOXOXOXOOOXOXOOOXOOOOOXOXOOOOOXOOXOXOOXOXOOXOXOOX
OOOOXOOXOOXOXOOOXOXOOOXOOXOOOOOOOOOXOOOOXOOXOOOOXOOOOOXO
XOOOOOOXOOOOOXOXOOOXOXOOOXOOOOOOXOXOOOXOXOXOOOXOOOOXOOXOX
OOXOOOOXOOOOOXOOOXOOOOOXOOXOOOOOOOOOXOXOOOOOOOOXOOOOOOOX
OOXOXOOOXOOOOOOOOOOOOOXOXOOOOOXOOOXOXOOOXOOOXOXOXOXOXOOO
OOOOXOXOXOOXOXOXOOOOOXOOOOOOOOOOXOXOXOOXOOOXOXOXOOOOOXOOO
XOOOOXOOOXOOXOXOOXOOOXOXOOXOXOXOOOOXOXOXOXOOXOXOXOXOOXOOO
XOOOXOXOOOXOOOOOXOOOXOOXOOOXOXOXOXOXOXOXOXOOXOXOOOXOOXOXO
OXOXOXOOXOXOXOOOOOXOOOOXOXOOOXOXOXOXOXOXOOXOXOXOOOXOOXOXO
XOX©X©X©X©X©X©X©X©X©X©XX©X©X©X©X©X©X©X©X©X©XXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
%Y %00.9,0,00,0,0,0.0.0.0.0.0.0.0.0.000000000 000 0000000000000

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
DATDAM units.

Table 6.32 : Sequence lengths seen in the simulated sequence

distribution of figure 6.32.

Sequence Distributions:

Length HEMA NVP DATDAM
1 97 297 20
2 42 1 0
3 39 0 0
4 14 0 0
5 23 0 0
6 9 0 0
7 6 0 0
8 7 0 0
9 6 0 0
10 6 0 0
11 5 0 0
12 5 0 0
13 5 0 0
14 3 0 0
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15 4 0 0
16 1 0 0
17 1 0 0
23 1 0 0
24 1 0 0
25 2 0 0
33 1 0 0
501 0 1 0

Figure 6.33 : Computer simulated sequence distribution of a HEMA :
NVP : TAC :: 59 : 40 : 1 terpolymer.(1st bond)

59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.841 r(AC) =4.266 r(BA) = 0.001

r(BC) = 0.001 r(CA) = 0.001 r(CB) = 0.001

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and TAC is represented by © :

OXOOO0OOO0O0OOOOOOOOOOOXOOOOOXOOOOOOOXOXOOOXOXOOOOXOOOOOOXO
OOOOXOOOXOXOXOOOXOOOOOOOOXOOOOOOOOOOOOXOOOOVOOXOOXOOOX00
OO0O00O0OOBXOOOXOXOOOOOXOOOOOOOOOOOOOVOOV0EOOOXOVOXOOO000
OO00000OO0OOOOOOXOOOOOOOO0OXOOOOOOOOXOOO0OOOOOOO0OOO000X
OOO0OXOOOOOOOXOOXOOOOOXOXOOVOOOOOOOOXOXOOOXOOOOOOOXOOO000
XOOXOOXOO00O0OOOXOOOOOOOOXOOOOOOXOOOXOOOOOVOOOOXOOXOOOO00
OO00OOXOOOOOOOOOXOXOXOOOOOOOVOOOXOOOXOOOOO0OOOOOOXOOO000
OXOXO0O00O0OOOOOOOXOOOOOOOOXOOXOOOOOOOOOOOOOXOOOXOOOXOOO0
OOXOOXOO0OO0OOXOOOOOOOOOXOXOOOOVOOOXOOOO0OOOOO0O0OO00000
OO0OXOXOOOXOXOXOO0O0OOOOOO0OOOOO0OOVOO00VOXOXOOXOOXOOXO0O
OOXOOOOOOOXOXOOOOXOOOOOOOOOOV0OOOOO0OXOOOOOXOOOOOO00O00
OXOO0OXOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0OOOOXOOOXOOOO0O0000
OXOXOOOXOXOXOOOOOO0OXOOOXOOXOOOOOOXOOOO000O00000000000X0
OOXOOXOOOO0OOOOOOOOOOOOOOOOOXOOXOOOOOXOOOOOOXOVOVOOVOOXO
OOXOOOOOOOOXOOOXOOXOOOOOXOXOOOXOXOXOXOOXOOOXOOOOOOOXOXOO
OO00OXOXOXOOOOOOXOOOOXOXOOOOXOOOOXOOOXOOXOOOOOOOOOOXOOXO
OOXOXOOOOOOXOOOXOOXOOOOOOOOO0OOOXOOOXOOOOOOOO0OXO®OOOXO00
OOXOOOXOXOOXOXOOXOOXOXO©OOOXOOOOOXOOOOOXOOO000OXOOO00OXO
OO0O00O0OOOOOXOXOOOOOOOOOOXOOOOOOOOXOXOOXOOOOOOVOOOXOXOXO0O
OXOOOXOOOOOXOOOXOXOOXOOOOOOXOXOXOOOOOOOXOOOOO000000000000
OOXOOXOXOOOOOXOOOOOOXOOXOOOXOOXOOOOOOXOXOXOOOXOOXOOXOOOXO
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OOXOO0OOXOOOXOOOOOOXOOOXOOOXOOXOOXOX@XOOXOXOOOOXOXOXOXOOX
OOOOXOXOXOXOXOXOOOOXOOOOOXOOX@XOXOOOXOXOXOOXOOXOOOXOXOO00
XOXOXOXOXOXOOOOOXOOXOOXOXOXOXOXOOOXOOXOOXOXOXOOOOXOXOXOX0
OXOXOXOXOOXOOXOXOOOOOOXOXOOOXOXOXO0OXOXOXOOOXOOOXOXOXOOXO
OXOXOXOXOXOOXOX@XOXOXOOXOOXOXOXOXOOXOXOOOXOOOXOOOOOXXOOOX
OOOOXOXOXOXOXOOOX@XOXOXOXOXOOXOXOOOOXOXOOXOXOXOXOXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XX XXX XXX XXX XXX X
1 9,0,0,0,0,0.9,0,9,0.9,0,0.0,0,0,9,0.9,0.0.:0.0.9.0.0.9.9.¢.0.0.0.0.00.0000000000 000000000000 00000
19,9,9,:9,9,0,0,0,0,0,0,0,9,0,9.0,0,9,0,9.9.0.0,9.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.00.000000 00000000
XXXXXXXXXXXXXXXXXXXXXXXXXXX XXX XX XXX XX XXX XXX XXX XXX X
19,9,9,:9,0,0,0,0,0,0,0,¢,9,0,0.0,0,0,:0,0,:0.0.0,:0.0.0.0.0.0.0.00.0.0.0.0.00.00.00000000 0000000000000
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXX XX XXX XX XXX XXX XXX XXX X
19,9,0,9,0.9,9,9,0,0,0.9,0,0,9,0,9,0,9,0,9.9.9.0.9.0.9.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0:0.0.0.0.0.0 9000000000 ¢
XXXXXXXXXXXXXXXXXX XXX X XXX XXX XXX XX XX XXX

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
TAC units.

Table 6.33 : Sequence lengths seen in the simulated sequence

distribution of figure 6.33.

Sequence Distributions:

Length HEMA NVP TAC
1 101 303 20
2 50 1 0
3 48 0 0
4 15 0 0
5 17 0 0
6 13 0 0
7 12 0 0
8 8 0 0
9 3 0 0
10 7 0 0
11 4 0 0
12 5 0 0
13 2 0 0
18 4 0 0
19 2 0 0
21 1 0 0
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22 1 0 0
24 1 0 0
26 1 0 0
34 1 0 0
495 0 1 0

Figure 6.34 : Computer simulated sequence distribution of a HEMA :
NVP : TAC :: 59 : 40 : 1 terpolymer.(2nd bond)

59 Mole % of Monomer A, HEMA

40 Mole % of Monomer B, NVP

1 Mole % of Monomer C, TAC

r(AB) = 4.841 r(AC) =47.78 r(BA) = 0.001

r(BC) = 0.264 r(CA) =0.020 r(CB) = 0.547

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NVP is represented by
X and TAC is represented by © :

OO0O0OO0OXOOOOOOOOXOOOXOOOOOOOXOOOOOXOOVVOVOOXOXOXOOXOOOOOO
OXOOOXOOO0OOXOOXOOOOOOOXOOOOOXOXOOOOOOOOOOOVOVVVOOXOOXO0O
O000000O0OXOOOOOOCOOOOOXOOOXOOOOOOOOXOOXOOOVOVOOOOXOO0OXO
OOOOXOOOOOOOXOOOOOOOOOXOOOXOOOOOOOXOOOOOOOOOOOXOO0OXOO00
OO0O00000OOO0OOOOOOOOOXOOOOXOOOXOOOOOOOOVOOOOOOXOO0VOOOOOX
OO000OXOOOOOOOXOOOOOOOOOOXOOOOOXOOOOOXOOOOVOXOOXOVOOXOOOOO
O000O0OO0OOOOO0OOOOOOOOOOXOOOOXOXOXOOXOOOXOOOOOOOOXOOOOOX0O
OOO00OXOOOOOOOOOXOXOXOOOOOOOOOXOXOOXOOOOOOOXOOOOOO00O000
OOO0OOOXOOOOOOOOXOOOOXOOOOOOOVOOOXOXOOOOOXOOOOOXOOOOOOO0O
OO00O0OOXOOOOOXOOOXOOOOOOXOOOXOOOOOOVOXOOXOOOOXOXOXOXO00
O000OXOOOOOOOOOXOOOOOOOOOOXOOXOOOOXOOVOOVVOXOOOXOOXOOO00
O0O00OXOOOO00OOOOOOOOXOOOOOOOOOOOXOOXOOOOXOOOOOOOO0OXO00O
OXO00OOXOOXOOOOOOXOOOOXOOOOXOOOOXOOOOOXOXOOOXOXOOOOOXO00
OOOOXOOOOOOOOOOOXOOXOXOXOXOXOOOOOOOOOOOOOOOOOO0O0OOXO000
OOXOOXOXOO0OO0OOOXOOOOOOXOXOOOOOXOXOOOOXOOXOOOXOOXOOOOX00
XOOOO0OOOOOOOOOOXOXOOOOOOXOOXOOOOOOOOVVOXOOOOOXOXOOO0O0OX
OOO00OOXOOOOXOOOXOOOOXOOOOXOOXOOOVOOOXOOVOXOXOOXOOOXOOOXO
OOOOXOOOOOOOOO0OOOOOXOXOOOOXOOOOOXOOOOXOXOOXOXOOOOXOOOXO
OXOOOXOOXOOOOOXOXOXOOOOOOOXOOOOXOXOOXOXOOOXOXOOXOXOXO000X
OOXOOOXOXOOOOOXOOOOXOOOXOOOXOOOOXOOVOOOOOXOXOOOXOXXOOX00
OOXOOOOO0OOOOOOXOXOXOOXOOOOXOXOOOXOOXOXOXOOOOXOXOOXOOXOXOX
OOO0OXOOOXOOXOOXOOOOOOOOOXOOXOXOXOXOOXOOXOOOOOOOOOOOXOOX0O
OO00OO0OOXOOOBOOOOOOXOXOXOOOOXOOXOXOXOXOOOOOOXOOOXOOXOXO00
XOOOOOXOXOOXOOOOXOXOXXOOXXOOOXOOOXOOOOXOOOOXOOXOOOXOOXO00
OO0O0OOOXOOOXOXOXOOOOXOXOOXOXOOOXOOOXOOOOOXOOXOOXOOOOOOXOX
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OOOXOXOOXOOOOOOXOXOXOOXOXOOXOXOXOXOXOXOXOXOXOXOXOXO0OX00X
OXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXOXOXXXXX
,9,0,:9,0,0,0,0,0,0.:0,0,0,0,0,9,:9,0.0,9,:0,0.0,0.:0.0,0.9.0.0.0.0.0.0.00.0.00.0000000 0000000000 0000000
),9,9,9,0,0,0,0,0,¢,0,0,0.0,0,0,0,0,0.0.0,0:0,0.0.0.0.9.0:0.0.0.0.0.0.00.0.0.0.0.000.0000000 000000000001
9,0,0,9,0,0,0,0,0,0,:0,0,0.0,0.0.:0,0.9.0.:0.0.0,0.0.0.0.00.00000.00000000000000000000000 00000
19,0,0,0,0,9,0,0,0,0,0.0,0,0,0.:0,0,0.0.:0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.00 0000000000000 00000000004
1 9,0,0,0,0,0,0,0,0,0,0,0,0,0,0.9.9,0,0,0.0.0.0.0.0,0.0.0.0.0.0.0.00.06.0.0.00.000.0000000000000000 0004
19,9,0,0,0,0,0,0,0,¢,0,0.:0,0,0.0,0,9.0.:0.0.0.0,0.0.0.00.0000000000000000000000000000000 000
9,0,0,0,0,9,0.0,¢,¢,0,0,0,0.9,:9.0,0.0.0.0.9.0.0.0.0.0.0.0090.0.0.0000900000000000000 00000000004
XXXXXXXXXXXXXXXXXXXXXXXXXXXOXXXXXX

The simulated terpolymer contains 1180 HEMA units, 800 NVP units and 20
TAC units.

Table 6.34 : Sequence lengths seen in the simulated sequence

distribution of figure 6.34.

Sequence Distributions:

Length HEMA NVP TAC
1 84 30 18
) 52 3 i
3 34 0 0
i 33 0 0
5 23 0 0
6 12 0 0
7 1 0 0
8 12 0 0
9 5 0 0
10 6 0 0
il 8 0 0
13 ) 0 0
14 i 0 0
i5 ) 0 0
17 i 0 0
18 2 0 0

23 1 0 0
74 1 0 0
28 i 0 0
490 0 i 0

254




From the above figures we observe how the sequence distribution of the main
monomer units can have a significant affect upon the distribution of the cross-
linker. In the above figures we see that the main monomers have quite
different reactivity ratios, this is reflected in the varying simulated sequence
distribution of monomer units with conversion. Thus here the distribution of
the cross-linker will be significantly affected according to its reactivity, in
relation to the reactivities of the main constituent monomers. The observed
results indicate that the cell adhesion characteristics of these membranes are
governed predominantly by the EWC.

6.16 NVP/NVI/SPE Membranes

Figure 6.35, below, shows the % cell adhesion and % EWC for membranes of

NVP/NVI/SPE with the compositions as shown in table 6.35.

Figure 6.35 : NVP/NVI/SPE Membranes
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Table 6.35 : Data for Figure 6.35
No. Composition % Water Content | % Cell Adhesion
22 NVP:NVI:SPE 83.3 11.0
40:35:25
23 NVP:NVI:SPE 85.2 22.7
40:40:20
24 NVP:NVI 94.9 38.7
50:50

From figure 6.35 we see that as the EWC rises the % cell adhesion also rises.
This is an anomalous situation. But it may be explained, as mentioned earlier,
by the fact that as we move along the series, from membrane No. 22 to No. 24,
we have an increasing amount of positive charge in the membrane courtesy of
the increasing content of NVI. This may be looked at in reverse (membrane 24
to 22) where an increasing amount of SPE, a zwitterionic monomer, reduces
cell adhesion despite a fall in the EWC. Considering figures 6.36 to 6.38 and
tables 6.36 to 6.38, we see that the best sequence distribution seen is that for
membrane No. 22 and the worst is that for membrane No. 24. This follows the
pattern of increasing cell adhesion as the sequence distribution worsens. All of
the simulated sequence distributions seen possess a slight residual block of a
particular monomer, which possibly accounts for the fact that none of the

above mentioned membranes are highly non-adhesive to cells when compared

to PolyHEMA, membrane No. 25.

Figure 6.36

: Computer simulated sequence distribution of a NVP :

NVI : SPE :: 40 : 35 : 25 terpolymer.

40 Mole % of Monomer A, NVP

35 Mole % of Monomer B, NVI
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25 Mole % of Monomer C, SPE
r(AB) = 0.174 r(AC) = 0.0001 r(BA) = 2.368
r(BC) =0.013 r(CA) =0.052 r(CB) =0.214

Polymerized to 100% Conversion

In the simulated terpolymer NVP is represented by O, NVI is represented by X
and SPE is represented by © :

clejclejclelelelcielclelclelclolclolclolclelclolclolclolclclolcleleolsleolcleololelelolcleoleh(clelelele
olcjejclelclelclelclolchlcielcleolcleclelclelor(cleolclolclelclolcleolclelclelclelclelclelcleolclelclele)
000OOBOOOXOVOVOOOVOXOVOVOVOVOVOVOVOXOXOVOVOVOVOXOV®O
©000OXOOVOOOXOVOVOOOXOVO®VOOB®OOVOVOVOOOOO®OOVO®XOV®OO®O®X
©000O0BVOXXOVOVOOOXOVOXOO®V®V®VO®VO®VOXOVEVO®OO®OB®O®OOO®
000O0OXOOBOOBOVBXOXOXOVO®OOXXOOO©OO©OO©O®VOV®VOVO®VO®OEXOO®O
clelclelclejcleler(clelclelcleler(clolclolclololololelcleloleloy(clolclelclelclelclelclolclelclelale)
OXOOOOXOXOXO0OOOOOVOXOOOVOXOXOO®©VO©OOXOO®OOVO©O©OOOO®X®
olclelclelclelclolodledlcleler(clelclolelolclolclelclolclolslolclelclelclelclolclolclolclolclelele e
00000BOVBXOVOOOOOOEVOOVEOXOVEVBXOV®VOVOVBOOXOVOEO®OOO
©000B0OVOOBOBOOOOOBVOXOVOVEVOVOXOXOVO®VOOOOBO®OOXOXEO
©000B00O0BO0BVBOOOO0OVOVEVOVEVOXOVO®VO®VOVOXOXOVOB®O®OOXOO
©0000000CV0OVBOOXOXOXOVO®VOVOO®OEXOVOVOVBOXOV®OO®VB®OOO®O
OXXOOOOOOXOOOOOXOVOOOOOOOVOVOOVOVOVOVOOOXOVOXOVOOO®X®
oloyLclojclelclolclelcloladlcerclelclelclolch(clolclolor(cleclelclelclolclelcleolclololelcleolclele)
000B0BOXOOBOVBOOXOVOOVOOOOEVOOOVOOOBOEOXOVBVOOX®OB®OO®OB®OOO
clejclelclelclelclelclelclolad(clelclelelclelcleolsloclelclelololclelclelclolclelcleolclolcle I 0D (E) ¢
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OXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXXOXOXXOXOXOXXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOX0
XOXXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXXOXOXOXOXXXOXOX
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XOXXOXOXOXOXOXOXOXOXOXOXXOXOXOXXOXOXOXOXOXOXXOXOXOXXOXOXOXO
XOXOXXOXOXOXXOXOXOXOXOXXXOXOXOXOXOXXOXXOXOXOXOXOXXXOXXOXOXO
XOXOXXXXOXOXXXXOXXOXXXOXOXXXXOXXOXOXOXOXOXOXOXOXOXXXOXOXOXO
XOXXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX XXX
XXXXXXXXX XX XXX XXX XX XX XXXXXXXXXXXXXXX XX XXX
XXXXXXX
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The simulated terpolymer contains 800 NVP units, 700 NVI units and 500 SPE

units.

Table 6.36 : Sequence lengths seen in the simulated sequence

distribution of figure 6.36

Sequence Distributions:

Length NVP NVI SPE
1 800 401 486
2 0 53 7
3 0 14 0
4 0 6 0
127 0 1 0

Figure 6.37 : Computer simulated sequence distribution of a NVP :
NVI : SPE :: 40 : 40 : 20 terpolymer.

40 Mole % of Monomer A, NVP

40 Mole % of Monomer B, NVI

20 Mole % of Monomer C, SPE

r(AB) = 0.174 r(AC) = 0.0001 r(BA) = 2.368

r(BC) = 0.013 r(CA) =0.052 r(CB) = 0.214

Polymerized to 100% Conversion

In the simulated terpolymer NVP is represented by O, NVI is represented by X
and SPE is represented by © :

slelejclejcleclelcjecleloleledclelclelcleolelelcloler(vr(clelelelclolclolclolclelclolclolclolclole
000B00BOOOXOVOOOVOOOVOOOOOXOVOVOVOVOVOBOXOXOVOVVOXOOO®O®
000OO0BOOBOOVOVOOBOBVOXOVOXOVOXOXOXOVOO®X®VOOEOEOOO®O®
000000VOOXEOVOVOOBOOVOVOXOVOVOXOVOVBVEV®OB®OOXO®OOVOOOX
O©X©O0O0O0OOOOOOOVOVOXOXOXOOOV®VB®VOXOVOVOVB®OEEOEVOOXOO®
OOXOXOOOOOOOOOXOVEVOVOXEOVOOO®XOVOVOV®VOXOVOXOVOXO©O®O

©00000OXOVOXOVEOOOOOEVOXOVOVOXOXOVOOVO®VOVOO®VOOVOVO®XOVO®O®
XOXOO0O0OO0O0O0OOO0OXOVOOOOO®OO0OVOVOOV®OOV®VOVO®OO®OOOOX
©0OXO0OOOVOOOOEXOOOXOVOVOXOXOXOXOOO®OOV®VOOEOXOOOOO®O®

OOXOOOOOOOOBXOXOOXOOO®OOXOOO®OO®O®OEXOOEO®OO®VOXE®OO®V®O®X
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OXOOOXOOOXOOOEOOXOOEO®OOXOVOOOVO©VE®VEOEVOEVEVOXOXOO OO
OOXOOB®OBOOOXOOVOXOXOOOXOVOOOXOO®©OOV®OOXOXOXOOO©O®XXOO©O®
OOXOOOOOXXOOOO®O®OOO®OOO®OOOOVOO©VOCVOXEOVE®OO®VOVOXOO®OO©X
©0O0O0OOOOEXOOOOOOEOOVOVOVOVOOOEVEXEVOVEVOVOV®VEVEOO0
©000BOOOXOOOXOVOOB®OOXOVOVOXOVO®OOOOVOOOXXOVOXXOOOXOOO©O®
OOXOOOXOOOOOOOO®OOOXOXOXOXOXOXOXOXOXOXOXXOXOXOXXOXXOXXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXXOXOX
OXXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXXOXXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXXOXOXOXOXOXXOXXOXOXOXOXOXOX
XOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXXOXXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXXOXXOXXOXOXOXOXOXOXOX0OXO
XOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXXO
XOXOXOXOXXOXOXXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXXOXOXXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XXOXOXXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOX
OXXOXOXOXOXOXXOXOXOXOXOXXOXOXOOXOXOXOXOXOXOXXOXOXOXOXXOXOXO
XXXOXXOXOXOXOXXOXOXXOXXXOXOXOXOXOXOXOXOXXOXOXOXXOXOXOXOXOXO
XOXOXOXXOXOXOXOXOXOXXXOXXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXXOX
OXOXOXOXOXOXOXOXOXOXXXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
XOXOXOXOXOXXOXOXXOXOXXOXOXOXXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXXOXOXOXOXOXOXOXOXOXOXOXXOX
OXOXXOXOXOXOXOXOXOXOXOXOXXOXOXXOXOXOXXXOXXXOXOXOXOXOOXOXOXX
OXOXXOXOXXOXOXOXOXOXXXOXOXXOXXXXXOXXXXOXOXOXXOXXOXOXOXOXOXO
XOXXOXOXXOXOXXOXOXOXOXOXXXOXOXXXXXXOXOXXOXXOXOXXOXOXXXOXXXXX
1 9,0,0,0,0,0,0,0,0,0,0,0,0,0,0.9,0.0.0,0,:0.0.0.0.0,0.0.0.0.0.0.0.00.0.00.00000000000000000000 000004
XXXXXXXXXXXXX XXX X

The simulated terpolymer contains 800 NVP units, 800 NVI units and 400 SPE

units.

Table 6.37 : Sequence lengths seen in the simulated sequence

distribution of figure 6.37.

Sequence Distributions:

Lengths NVP NVI SPE
1 796 494 388

2 2 78 6

3 0 10 0

4 0 1 0

5 0 1 0

6 0 1 0

105 0 1 0
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Figure 6.38 : Computer simulated sequence distribution of a

copolymer of NVP : NVI :: 50 : 50.
50 Mole % of Monomer A, NVP

50 Mole % of Monomer B, NVI
r(AB) = 0.174
r(BA) = 2.368

Polymerized to 100% Conversion
In the simulated copolymer NVP is represented by O and NVI is represented by
X:
 XXX XXOOOXXXX
OXOXXOOOXXOOOXXXXOOXXXOXOXXOOOXXOXXXXOOXXOOOXXOXXOOOOXOXXXO
XXXOXOOXOXOXXXXXXOXXXXOXOOXOXXXOXXXOXXOXOXXOOXOXOXXOXXXOXXXX
XOXXXXXOXXXXXOXXXXXXOXXXOXXXXXOXXXXXXOXOXOXOXOXOXXXOXOOXOX00
XOOXXXOXOOXXOOOOXXOXXOXOXOXXXXXOOXOXXOXXOXOOXOXXXXXXOXOXX00
OXOXOXXXXXOXXOXOXOXXOXOXOXOOXOOXOXXXXXOXXXXXOXOXXOOXXOXXXOX
OXXXOXXXXXOXOXXXXXXXXXOXOXOXOXXXXXOXXXOOOOXXOOXXOXOOXOXXXXXX
XXXOOXXXOXOXXOXXOOXOOXOOXXXOOXXOXOXXOXOXXXOOXXXXXOXXOOXXOOX
XXOOXXXOXOOXOOXXXXOXOOOOXXOXXXXXXXOOOXOXXOXXXXOXXXXXXOXO00X
OXXOXOXOXXOXOOXXOOOXOXXXXXOXOXOXXXOOOXOOXOXXOXOXXXXXXXOOXOX
OXXXXXXOXOOXOXXOXOXXOOXOXOOOXOXOXOXOXOOXOOXOXOOOXOXOX0OX00
XOOOOOOXOXOXXOXOXOXXOXXXOOOOXXOXOXXOOOXXXOOXOXXXOXOXO000OX
XOXOXOXXOXOXOOOXOOXXOOOXOXOXXOOOOOXOXXXOOXXOOOOXXOO0OOXOOXX
OOXOOOXOXXOXXOXOOXXXOOOOXOOXXOXXXXOXXXXOOOOXOOOOXOXO0OXO0X
XXOXOXOXOOOXXOOO0OXOXXOXOXOXOOXOXOOOOXXOXOOXOXXOOOOXOXXXXOX
XXXOO0OXOXOOOXOXOOXOOXO0OOOOOOOXOXOOOXO00OXOOXOXOXOOX00X0O
XOXOOOOOXOXOOXOOOO00OXXOXXOOXOXOOOXOOOOXOOXOXOXXO0OXO0000
OOXOXOOO0OOXXOOXOOOOXOOOXOOOOXOOOOOXOOOOOOXOOOOOOXXOOXO00
0000)(e/el0 000 elo/0)(e/e/ele0ele/006006)0(00]6/6/0/060/0)1(0 000000600000 ece
OOOOXOOOOOOOOOOXOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
OOO00OOOOOOOOOOOOOOO00OOOOOO00OO0OOOO0000000000000000000
00O0OCOOOOOOO0OOOOOOOOOOOOOOOOOOOOOOOO0O00OO0O00OOC00000
000000000 0OO0OOOOOOOOOOOOOO0OO0OO000O0000O00000O0000000
00O00OO0OOO0OOOOOO0OOOOOOOOOOOOOOOOOOOVOO0OOO000000000000
0000000000000
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The simulated copolymer contains 1000 NVP units and 1000 NVI units.

Table 6.38 : Sequence lengths seen in the simulated sequence

distribution of figure 6.38.

Sequence Distributions:

Length NVP NVI
1 302 211
2 72 95
3 26 54
4 18 27
5 6 20
6 3 8
7 3 13
8 0 2
9 3 3

10 1 2
12 0 1
13 2 0
15 0 1
272 1 0

The figures above show that all the membranes have some residual monomer
coming in at the end of the reaction, as a block. We also observe that as the
EWC rises the amount of cell adhesion also rises. In these membranes we see
that the amount of cell adhesion that occurs on the surface of these materials is
predominantly determined by the quantity of the positively charged monomer,
NVI. Ignoring the large residual block at the end of the simulated sequence
distributions, we note that the average sequence lengths are quite short, but the
presence of the positively charged NVI significantly increases the degree of
interaction of these surfaces with the serum proteins, which will subsequently

lead to greater cell adhesion.
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6.17 (HEMA/HEA&/EOEMA)&(NNDMA&/NVP) Membranes

Considering the simulated sequence distributions shown in chapter 3, we
observe that most contact lens compositions are based predominantly, about
60% on a hydroxyalkyl methacrylate and 40% on a nitrogenous monomer such
as NVP or NNDMA, or vice versa. The resulting sequence distributions seen
were all very poor because of the large difference between the reactivity ratios
of the monomers concerned. In this and the following section we will be
concerned with trying to substitute or replace part of the composition of one
type of monomer with others containing similar types of chemical groups, e.g.,
HEMA may be replaced by 2-hydroxyethyl acrylate (HEA) and NVP may be fully
or partly replaced by NNDMA. This would be done utilising the approaches
suggested in chapter 5 thereby creating the possibility of producing membranes
with relatively good sequence distributions and hopefully low cell adhesion
characteristics. Figure 6.39, below, shows the % cell adhesion and % EWC for
membranes of (HEMA/HEA&EOEMA)&(NNDMA&/NVP) with the

compositions as shown in table 6.39.
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Figure 6.39 : (HEMA/HEA& EOEMA)&(NNDMA&/NVP) Membranes

B Water Content

F¥ Cell Adhesion

Percentage

+
s :
28 29 30
Membrane
Table 6.39 : Data for Figure 6.39
No. Composition % Water Content ;| % Cell Adhesion
26 | HEMA:NNDMA:NVP 60.8 3.3
62:27:11
27 HEA:NNDMA:NVP 75.8 54
62:27:11
28 { HEA:EOEMA:NNDMA 73.1 6.1
50:12:38
29 HEA:EOEMA:NVP 67.4 12.3
50:12:38
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From figure 6.39 we see that there is little correlation between EWC and % cell
adhesion. From figures 6.40 to 6.43 and tables 6.40 to 6.43 we again see no real
correlation between sequence distribution and % cell adhesion. Generally
though, the membranes all have relatively good sequence distributions except
membrane No. 26 which has a slightly extended sequence distribution, and
they all have relatively high EWC’s. Thus as shown in figure 6.39 they are all

relatively non-adhesive to cells.

Figure 6.40 : Computer simulated sequence distribution of a HEMA :
NNDMA : NVP :: 62 : 27 : 11 terpolymer.

62 Mole % of Monomer A, HEMA

27 Mole % of Monomer B, NNDMA

11 Mole % of Monomer C, NVP

r(AB) =4.124 r(AC) =4.841 r(BA) = 0.238

r(BC) = 6.635 r(CA) = 0.001 r(CB) = 0.023

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NNDMA is

represented by X and NVP is represented by © :
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The simulated terpolymer contains 1240 HEMA units, 540 NNDMA units and
220 NVP units.

Table 6.40 : Sequence lengths seen in the simulated sequence

distribution of figure 6.40.

Sequence Distributions:

Length HEMA NNDMA NVP
1 87 172 130
2 59 47 0
3 26 18 0
4 32 5 0
5 20 1 0
6 12 3 0
7 10 4 0
8 6 2 0
9 13 1 0
10 5 6 0
11 5 1 0
12 2 1 0
13 3 0 0
15 3 1 0
16 2 0 0
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17 3 0 0
18 1 0 0
19 1 0 0
20 2 0 0
24 1 0 0
25 1 0 0
26 0 1 0
90 0 0 1

Figure 6.41 : Computer simulated sequence distribution of a HEA :
NNDMA : NVP :: 62 : 27 : 11 terpolymer.

62 Mole % of Monomer A, HEA

27 Mole % of Monomer B, NNDMA

11 Mole % of Monomer C, NVP

r(AB) = 0.316 r(AC) = 0.363 r(BA) = 0.598

r(BC) = 6.635 r(CA) =0.002 r(CB) = 0.023

Polymerized to 100% Conversion

In the simulated terpolymer HEA is represented by O, NNDMA is represented
by X and NVP is represented by © :
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The simulated terpolymer contains 1240 HEA units, 540 NNDMA units and
220 NVP units.

Table 6.41 Sequence lengths seen in the simulated sequence

distribution of figure 6.41.

Sequence Distributions:

Length HEA NNDMA NVP
1 380 381 220
2 160 56 0
3 61 11 0
4 28 1 0
5 17 2 0
6 6 0 0
7 1 0 0
8 2 0 0
9 3 0 0

74 1 0 0

Figure 6.42 : Computer simulated sequence distribution of a HEA

EOEMA : NNDMA :: 50 : 12 : 38 terpolymer.
50 Mole % of Monomer A, HEA

12 Mole % of Monomer B, EOEMA
38 Mole % of Monomer C, NNDMA
r(AB) = 0.478 r(AC) =0.316
r(BC) = 0.988 r(CA) = 0.598

r(BA) = 1.596
r(CB) = 0.559
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Polymerized to 100% Conversion
In the simulated terpolymer HEA is represented by O, EOEMA is represented by
X and NNDMA is represented by © :
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The simulated terpolymer contains 1000 HEA units, 240 EOEMA units and 760
NNDMA units.
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Table 6.42 : Sequence lengths seen in the simulated sequence

distribution of figure 6.42.

Sequence Distributions:

Length HEA EOEMA NNDMA

1 388 183 494

2 154 25 95

3 42 1 17

4 17 1 5

5 6 0 1

6 3 0 0

7 1 0 0

9 1 0 0
46 1 0 0

Figure 6.43 : Computer simulated sequence distribution of a HEA :
EOEMA : NVP :: 50 : 12 : 38 terpolymer.

50 Mole % of Monomer A, HEA

12 Mole % of Monomer B, EOEMA

38 Mole % of Monomer C, NVP

r(AB) = 0.478 r(AC) = 0.363 r(BA) = 1.596

r(BC) =2.300 r(CA) =0.002 r(CB) = 0.004

Polymerized to 100% Conversion

In the simulated terpolymer HEA is represented by O, EOEMA is represented by
X and NVP is represented by © :
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The simulated terpolymer contains 1000 HEA units, 240 EOEMA units and 760
NVP units.

Table 6.43 : Sequence lengths seen in the simulated sequence

distribution of figure 6.43.

Sequence Distributions:

Length HEA EOEMA NVP
1 550 151 697
2 144 36 1
3 32 3 0
4 10 2 0
5 4 0 0
6 1 0 0
61 0 0 1
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The figures above show that all the membranes have a slight residual block of
monomer units at the end of the reaction. In spite of this, these membranes
tend to generally produce relatively non-adhesive surfaces to cells. The average
sequence lengths, excluding the residual block, vary quite a bit. And there
seems to be little correlation between the average sequence lengths and

percentage cell adhesion.

6.18 HEA:EOEMA:PEG:NNDMA:NVP/NVI:SPE/ITA Membranes

As shown in the previous section we have managed to synthesize membranes
which contain a high EWC whilst having relatively good sequence
distributions which has together resulted in them being relatively non-
adhesive to cells. In this section we will take this a little bit further by trying to
produce membranes whose structures are more biomimetic, by including the
relevant functional-group containing monomers, e.g., by including PEG, which
contains pendant ethylene oxide chains, we may try to mimic the pendant
carbohydrate chains found on the surface of living membranes. Many
biological surfaces/molecules also contain some degree of charge, we may try to
mimic this behaviour by including monomers that either contain a permanent
charge such as Itaconic acid (ITA) or the zwitterionic monomer SPE, or we may
include monomers which in an aqueous environment become charged such as
NVI. Figure 6.44, below, shows the % cell adhesion and % EWC for membranes
of HEA:EOEMA:PEG:INNDMA:NVP/NVI:SPE/ITA with the compositions as

shown in table 6.44.
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Figure 6.44:
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Table 6.44 : Data for Figure 6.44

HEA:EOEMA:PEG:NNDMA:NVP/NVI:SPE/ITA Membranes

B Water Content

E3d Cell Adhesion

No. Composition % Water Content{ % Cell Adhesion

31 | HEA:EOEMA:PEG:NNDMA:NVP:SPE 81.4 1.7
25:12:25:27:9:2

32 | HEA:EOEMA:PEG:NNDMA:NVI:SPE 82.7 2.2
25:12:25:27:9:2

33 | HEA:EOEMA:PEG:NNDMA:NVP:ITA 76.2 3.6
25:12:25:27:9:2

34 | HEA:EOEMA:PEG:NNDMA:NVP:ITA 69.4 7.5
25:12:22:27:9:5
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From figure 6.44 above we see that there is no real correlation between
equilibrium water content and % cell adhesion. Since the computer simulation
program can only simulate the sequence distribution of three components at
any one time, then no single computer simulated sequence distribution can
adequately describe the sequence distribution of individual monomer units
that would be seen upon the polymerisation of the above membranes. Figures
6.45 to 6.48 may be used as a reasonable guide to the expected sequence
distribution, in conjunction with figures 6.49 to 6.55, which illustrate the inter-
relationship between the various components of the above membranes, shown
here as copolymer simulations. What may be deduced from figure 6.44 and
figures 6.45 to 6.55, is that all the above synthesized membranes, containing
biomimetic monomer units, produce highly hydrophilic membranes which
display relatively good sequence distributions of individual monomer units,

are quite good in terms of preventing cell adhesion.

Figure 6.45 : Computer simulated sequence distribution of a HEA :
EOEMA : NNDMA :: 61 : 12 : 27 terpolymer.

61 Mole % of Monomer A, HEA

12 Mole % of Monomer B, EOEMA

27 Mole % of Monomer C, NNDMA

r(AB) = 0.478 r(AC) =0.316 r(BA) = 1.596

r(BC) = 0.988 r(CA) =0.598 r(CB) = 0.559

Polymerized to 100% Conversion
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In the simulated terpolymer HEA is represented by O, EOEMA is represented by
X and NNDMA is represented by © :
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The simulated terpolymer contains 1220 HEA units, 240 EOEMA units and 540
NNDMA units.
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Table 6.45 : Sequence lengths seen in the simulated sequence

distribution of figure 6.45.

Sequence Distributions:

Length HEA EOEMA NNDMA
1 229 179 402
2 119 23 56
3 48 5 6
4 34 0 2
5 15 0 0
6 4 0 0
7 7 0 0
8 5 0 0
9 3 0 0

10 3 0 0
15 1 0 0
18 1 0 0
22 1 0 0
103 1 0 0

Figure 6.46 : Computer simulated sequence distribution of a PEG :
EOEMA : NNDMA :: 61 : 12 : 27 terpolymer.

61 Mole % of Monomer A, PEG

12 Mole % of Monomer B, EOEMA

27 Mole % of Monomer C, NNDMA

r(AB) = 0.213 r(AC) =0.118 r(BA) = 2.665

r(BC) = 0.988 r(CA) =0.836 r(CB) = 0.559

Polymerized to 100% Conversion

In the simulated terpolymer PEG is represented by O, EOEMA is represented by
X and NNDMA is represented by © :
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The simulated terpolymer contains 1220 PEG units, 240 EOEMA units and 540
NNDMA units.

Table 6.46 Sequence lengths seen in the simulated sequence

distribution of figure 6.46.

Sequence Distributions:

Length PEG EOEMA NNDMA
1 347 176 390
2 88 24 49
3 48 4 16
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4 16 1 1
5 4 0 0
6 2 0 0
7 1 0 0
11 1 0 0
12 1 0 0
14 1 0 0
17 2 0 0
20 1 0 0
359 1 0 0

Figure 6.47 : Computer simulated sequence distribution of a HEA
EOEMA : NNDMA :: 59 : 14 : 27 terpolymer.

59 Mole % of Monomer A, HEA

14 Mole % of Monomer B, EOEMA

27 Mole % of Monomer C, NNDMA

r(AB) = 0.478 r(AC) =0.316 r(BA) = 1.596

r(BC) = 0.988 r(CA) = 0.598 r(CB) = 0.559
Polymerized to 100% Conversion

In the simulated terpolymer HEA is represented by O, EOEMA is represented by
X and NNDMA is represented by © :
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The simulated terpolymer contains 1180 HEA units, 280 EOEMA units and 540
NNDMA units.

Table 6.47 : Sequence lengths seen in the simulated sequence
distribution of figure 6.47.

Sequence Distributions:

Length HEA EOEMA NNDMA
1 288 203 393
2 136 28 55
3 71 7 11
4 27 0 1
5 14 0 0
6 7 0 0
7 6 0 0
8 3 0 0
12 1 0 0

109 1 0 0

Figure 6.48 : Computer simulated sequence distribution of a PEG
EOEMA : NNDMA :: 59 : 14 : 27 terpolymer.

59 Mole % of Monomer A, PEG

14 Mole % of Monomer B, EOEMA

27 Mole % of Monomer C, NNDMA
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r(AB) = 0.213 r(AC) =0.118 r(BA) = 2.665
r(BC) = 0.988 r(CA) = 0.836 r(CB) = 0.559
Polymerized to 100% Conversion

In the simulated terpolymer PEG is represented by O, EOEMA is represented by
X and NNDMA is represented by © :
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The simulated terpolymer contains 1180 PEG units, 280 EOEMA units and 540
NNDMA units.
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Table 6.48 : Sequence lengths seen in the simulated sequence

distribution of figure 6.48

Sequence Distributions:

Length PEG EOEMA | NNDMA
1 361 196 378
2 97 34 55
3 28 4 12
4 10 1 4
5 3 0 0
7 3 0 0
10 2 0 0
11 1 0 0
16 1 0 0
17 1 0 0
18 1 0 0
383 1 0 0

Figure 6.49 : Computer simulated sequence distribution of a

copolymer of HEA : PEG :: 50 : 50.
50 Mole % of Monomer A, HEA

50 Mole % of Monomer B, PEG

r(AB) = 1.881

r(BA) = 0.504

Polymerized to 100% Conversion

In the simulated copolymer HEA is represented by O and PEG is represented by
X
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The simulated copolymer contains 1000 HEA units and 1000 PEG units.

Table 6.49 : Sequence lengths seen in the simulated sequence

distribution of figure 6.49

Sequence Distributions:

Length HEA PEG
1 235 255
2 106 102
3 53 57
4 33 24
5 12 12
6 14 3
7 3 3
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8 6 2
9 3 2
10 1 2
11 0 1
12 1 0
15 0 1
19 0 2
26 0 1
31 0 1
Figure 6.50 : Computer simulated sequence distribution of a

copolymer of NNDMA : PEG :: 50 : 50.
50 Mole % of Monomer A, NNDMA

50 Mole % of Monomer B, PEG

r(AB) = 0.810

r(BA) = 0.192

Polymerized to 100% Conversion

In the simulated copolymer NNDMA is represented by O and PEG is

represented by X:
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282




OXXOXOOXOXOXOOXOXOXOXOOXOXOOXOXOXOOXOXOXOXOXOXOXO000000OXX
OOXOXXOOXXOOXOXOXXOOXOOXOXOXOOXOXOOOXOXXOXOXOOXOOXOXOOXX00
XOXOOXOXOOXOXOXOXOXXOXOXOXOXXXOOXOXOOOXOOXOXOXOOXXOXOXOXX0
XOOOOOXOXXOXOXOXOOXXOXOXOOXOOXXOXOOOXOOXOXOXOXOOXOOXOXOX00
OXXOOXOOXOXOXOOXOXXOOXOOXXXOXOXXXXXOXXXOOXOXOXOOXOXXOXOXOX0
XOOOXOXOXOXXOXOOOXOOXOOXOXOXOXXOXOXOXOXOXOOXOXOXXOOXOXOX00
XOXOOXOOXXOOXOXXOOXOXXOXOXOXOXOXOOXOOXOOXOOXOXOXOXOOXOOX0X
OXOXOXOOOXOXOOXOOXXOXOXOXOXOXXOXOOXOXOXXXOXOXXOXOOXOOXOXXX
OXOXXXXXXXOXOXOXXOOO00O0OOXOXOOO0OXOXOXOOOXOXOXOXOOOOXXOXO0X
OXXOXOOXOXXOXOOXXOXXOOXOXXXOXXOXOXOXXOXXOXOXXOXXOXOXOOXOXXX
OXOXXXOXOXXXOOXOOXXXOOOXOXOXOOXOXXOXOXXOXXOXXOXOXOXOXXXOX00
XOXOXOXOXXOXOXOXOXXOXOOXOXXXXOXOXXOXXOXOXXXOXOXOXXXOXXXOX0OX
OXOXXOXOXXOXXOXOXOXOXOXOXXXOXOXXXXXOOXXXXOXOXXXOXXXXXOXXXXXX
OXXXXXXXXXXXXOOXXXXXXEXXXXOXXXXXXXXXXXXXXX X
XXXXXXXXXXXXXXXXXXXXXXXXEXXXXXXXXXXXXOXXXXXXXXXXXX XX XX
,9,9,0,¢,0,0,0,0,¢,9,0,0,9,0,0.0,0,0,0.0,:9,0,0.:0,0.9,0.0.:9,0.0.:9.0.9.0.0.9.00.0.0.00.00.00.00900000006090 004
XXXXXXXXXXXXXX

The simulated copolymer contains 1000 NNDMA units and 1000 PEG units.

Table 6.50 : Sequence lengths seen in the simulated sequence

distribution of figure 6.50.

Sequence Distributions:

Length NNDMA PEG
1 402 510
2 158 91
3 40 22
4 13 2
5 6 4
6 7 1
7 2 1
8 3 0
201 0 1
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Figure 6.51 : Computer simulated sequence distribution of a
copolymer of EOEMA : PEG :: 50 : 50.

50 Mole % of Monomer A, EOEMA

50 Mole % of Monomer B, PEG

r(AB) = 2.665

r(BA) = 0.213

Polymerized to 100% Conversion

In the simulated copolymer EOEMA is represented by O and PEG is represented
by X:

OOOOOXOOXXOOOOOXOOOOOOOXOXOXXXOOOOOXOXOOOXXOOOXOOOOOXXOXO
OOXOOXOXOOOOXOXXOOOOOOOOOOOOOOXXOXOOOOOOOXOOOOOOOOOXOOXO
XOXOOXXOOOOOOOOOXOOOOOOXOOXXOOOOOOOOOOOOOXXOOOXOOOOOOOOX
OXOOOOOXOOXOXOXXOXOXXOOOXOXOOOOXOOOXOOOXXOOOOOXXOOOOOXOXO
OXOOXOXO0OXO00X XOOOOOOXOOOOXOOOOOOOXOOOOOOOXOOXOOOOOXXOX
OOOOOXOOOOXOXOXOXXOOOXOOOOOOOXOOOOOXOOOXXOOOXOOOXOXOOOOOX
XOXOXOOXOOXOXOXXOXXOOOOOXOOOXOOOOOOOOXOOOOXOOOXOXXOOOOOOO
OXXOOOOOOOOOOXXOXOOOOXOOXXOOOXOOOOXOOXOOOOOOOXOXOXOOXOOXO
OOOOXOXOXXXXOOOOXOOOXOOOOXXOOOOOXOOOOOOOOOOOOXOOOXXOXOXOO
OOOOOXOOXOOXOXOOOOXXXOOOOOXOOOOXXOOOOXOOOXOOOOOOXOOOOXOO
OXOOOOOOOXXXXXXOOXOOXOXOOOOXXXOOOOOOOOXOOOOOOOOOOXOOOXOXX
0000 XOXOOOOOOOOOOXXOXOOXOXXOOOXOOOOXOOOOOOOOOXOOXOXOOOOX
OOOXOXOXXOOOXOOXXOXOXOOXOXXXXXXOOOXXXOOOXXXOOOXOOOOOOXOOOO
OXOOXOOOOXOXOXOOOXXOXOOOXXOOXOOOOOXOOOOOOOXOOOOOOOXXXOOOO
OXXOOOOXOXOXXOOOOOOXOXOOOOOOOOOOOOXOXOOXXXOOOOOOOOXOOOOXO
OOXOXOXOXOOXOOOXXXOXXOOOOOXOXOOOOOXOOOOOXOXOOOOXOOOOOOXOX
XOOOXOOOXOOXOXOXOOOXOXOOXOXXXOXOXOOOXXOOXOOOXXOOXOOOXOOOO
XXOXXOOOXXXXOXXXXXOOOOXXOXOXOOXOOOXOOXXXXOOOXOOXOOOOXXXOOO
XXOXXOXXXOOOXOOXXXXXOOOOOXOOXOXOXXOOOOXOOXOOXOXOOOOXOXOOXO
OOOXXOXOOOXOOXOXOXOXXOOXOXOOOXOOXXOOXOXXOOXOXOOOOOOXOXXXXO
XOXOOOOOXOOXXXOXOXXXOOXXXOXOXOOOOOXXOXXOXXOXOOXXOXXOXXOOXX
OOOXOOOOOXXXOXXXXOXXXOXOOXOOOXOXOOOXOXOOXOOXXOXXXXOXOOXXOX
OXOOOXXOOXOOXXOXOOXOOXOOOXOXOOOXOXOOXXXOXOOXXXXXOXOXXOOOOX
XXOXXXOXOXXOXXXOXXOOXOXOOOXOOXXXXOOXXXOOOXOXOXXOXXXOXOXOXOO
XOOXXXXOXOXOXOXXOOXOXXOOXXOOXOOXOXXOXOXXXXXOOXOXOOXXXXOXXOX
XOXOOXOXXOXOXXXOXOOXOXXXXXXXXXXOXXOOOXXOOXXOXXOOXXOXXXXOOOX
OOOXXOXXOOXXOXOOXXOXXXXOXOXXXOXXXXXXXXOOXXOXOXOXXXXXOXXOXOXX
XOXXXXXXXXOOOXXXXOOXXXXOXXOXOXXXXOXOXXOXXXXXXXXXXXXXXXXXXXXXX
XOXXXXXXOXOXXXOXXOXXOXXXOXXXXXOXOXXXXOXOXXOXXXXOXXXOXOXXXXXX
XXXOXXXXXXXXOXOXXXOXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX X XXX XXX
XXXXXXXXXXXXXXX

The simulated copolymer contains 1000 EOEMA units and 1000 PEG units.

Table 6.51 : Sequence lengths seen in the simulated sequence

distribution of figure 6.51.

Sequence Distributions:

Length EOEMA PEG
1 181 251
2 77 87
3 56 29
4 28 16
5 25 6
6 7 3
7 10 0
8 5 3
9 3 1
10 3 1
12 2 0
13 1 0
14 1 0
23 0 1
310 0 1

Figure 6.52 : Computer simulated sequence distribution of a

copolymer of NVP : PEG :: 50 : 50.
50 Mole % of Monomer A, NVP

50 Mole % of Monomer B, PEG

r(AB) = 0.002

r(BA) = 0.099

Polymerized to 100% Conversion
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In the simulated copolymer NVP is represented by O and PEG is represented by
X

XOXXOXOXOXOXOXOXOXOXOXOXOXOXXOXXXOXOXOXOXOXOXOXOXXOXOXOXOX0O
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOX
OXOXOXXOXXOXXOXOXOXOXOXOXOXOXXOXXXOXOXOXOXOXOXOXOXOXXOXOXOX
OXOXOXXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXXOXOXXXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXXOXO
XOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOX
OXOXOXXOXOXOXOXOXOXXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXX
OXOXOXXOXXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXO
XOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOX
OXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXX
OXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXXOXXOXOXOXOXO
XOXOXOXOXXOXOXOXOXOXXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOX
OXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOX
OXXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOOXOXXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXO
XOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOX
OXOXOXOXOXOXOXXOXOXOXXOXOXXOXXOXOXOXOXOXXOXXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOOXOXOXOXXOXOXXOXOXOXOXOXOXOX
OXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXXOXOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXXOX
OXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXO
XOXOXOXOXOXOXOXOXOXXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXXOXOXOXOXOXOXOXOXXOXOXXOXOXOXOXXOXOXOXOXOXOXOXOXXOX
OXOXOXOXOXOXOXXOXOXOXOXOXOXOXXOXXOXOXOXOXOXOXOXOXXOXOXOXOX0O
XOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXXO
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXOX
OXOXOXOXXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOX
OXXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXXOXOXOX
OOXOXOXOXXOXOXOXOXOXOXOXOXOXOXOXO00O000000000000000000000
0O000O0OO00OOOOCOOOOO0OOOOOOOOOOOOOOOOOO0O00O0000000000000
0000000000

The simulated copolymer contains 1000 NVP units and 1000 PEG units.
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Table 6.52: Sequence lengths seen in the simulated sequence

distribution of figure 6.52.

Sequence Distributions:

Length NVP PEG
1 902 817
2 4 87
3 0 3
90 1 0
Figure 6.53 : Computer simulated sequence distribution of a

copolymer of NVI : PEG :: 50 : 50.
50 Mole % of Monomer A, NVI

50 Mole % of Monomer B, PEG

r(AB) = 0.089

r(BA) = 0.26

Polymerized to 100% Conversion

In the simulated copolymer NVI is represented by O and PEG is represented by
X

XOXOXOXOXOXOXOXOXOOXOXOXOXOXOOXXXOXXXOXOXOXOXOOXOXOXOXXOXXO
XOXXOXOXOXOXOXOXOOOXOXOXOXXOXOXXOXOXOXOXOXOXOOXOXOXOXXOXOXX
OXXOXOXOXOXOXOXOXOXOXOXXOXOXXXOXOXOXXOXXOXOXXOXOXOXXOXXXOXO
OXOXOXOXOXOOXOXOXOXOXOXOXOXXOXOXXOXOXXOXOXOXOOXOXOXOXOXOXO

XOXOXOXXXXOXOXOXOOXOXOXOXOXOXXOXOXXOOXXOXOOXOXXOXXOXOXOXOXO
XXOXOXOXOXOOXOXOXXOXOXOXOXOXOXOXOXOXXOXOXOOXOXOXOOXOXOXOXO

XOXOXXOXOXOXOXOXOOXOXOXXOXOXOXXOXOXXXXXOXOXOXOXXOXXOXOXOXOX
OXOXOXXOXOOXOXXXOXXOOXOXOXOXOXOXXOXOXOXXOXOXOXOXOXOXOXOXOOX
OXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXXXOXOXOXXOXXXOXOXXOXO
XOXOXOOXXXOXXOXXOOXOXOXXXXOXOXOOXOXOOXOXXXOXOXOXOXOXOXOXOXO
XOXOXOOOXOXOXOXOXOXXOXOXOXOXXOXOXOXOXXOXOXOXOXXOXOXXOXXXOXO
XOXXOXOXOOOXOXOXXOOXOXOXXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOX

XOXOXOXOXXOXXXOXOXOXOXXXOXOXXOXOXOXXOXOXXXXOXXOXOXOXOXXOXOX

XOXOXXOXOXXOXOOXOXOXXOXOOOXOXOXOOXOOXOXXOXOXOXXOXOOXOXOXOX

OXOXOXOXOXOXXOXOXOXOXXOOXOXOXOXOXXXOOXXXOXOXOXOXOXOXOXOXXOX
OXOXOXOXOXOXOXOXOOXOXOXOXOXOXOXOXOXOXOXOXOXXXXXOXOXOXOXXXOX
OXXOXOXOXOXOXOXOXXXXXOXXOXOXXXXOOXOXOXOXXOXOXOXOXOXOXOXOXOX
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OXOXOXOXXOXOXOXOXOXOOXOXXOXOXOXOXXOOXOOXOXOXOXOXOXOXOXOXOX
OXOXXOXOXOXXOXOXOXOXOXOXOXXXOXOXOXOOOXXOXOXOXOXOXOXOXOXOXXO
XXOXOXXXOXOXOXOOOXOXOOXOXXOXOXOOXOXOXXXOXOXXOXXOXXOXOXOXOXX
XOXOXOXOXOXXOOXOXOXOXOOXOXXOXOXXOXXOXOXOXOXXOXOXOXOXXOXOOXO
XOXOXOXOXOXOXOXOXOXOXOXOOXOXOXOXXXOXOXOXOOXXOXXXOXOXO00X00
OXOXOXOXOXOXOXXOXOXOXOOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXXOXXOX
OXXOXOOXXOXXOXOXOXOXOXXOXOXOXOXOXOXOXOXOOXOOXOOXXOXOXOOOXO
XOXOXXXOXOXOXOXXXOXXOXOXOXOXXOXOXXOXOXOXOXOXOOXOXOXOXOOXOXO
XOOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOXOX0OOX0
XOXOXOXOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXXOXOXXOXOXOXOX0O
XOOXOXOOXOXOXOXOOXXOOXOXOXOXOOXOXOXOXOXOXOXOXOXOXXOXOXOXOX
OXOXOOXXOXOXOOXXOXOOXXOXOXOXOXXOXOXOXOXOOXOOOXOXOXOXOXOXOX
OXOXOOXOXXOXOXXOXOXO0O0XXOXOXOXO0O0OXOXOXOXOOXOXOXOXOXOXOXO00
XOXOXOXOXOXOXOXOXXOXOXOXOXOXOOXOXOXOXOXOXOOXOXOXOOXOOXOXOX
OOXOXOOXOXOXOXOXOXOXOXOXOXOXXOXOXOXOXOXOXOXXOOXOXOXOXOXOOX
OXXOXOXOXOXOOOXOXOOXOXOXOOXOXOXOOOXOXOXOOXOXOXO0000000000
000000000 OOOOOOOCOOOOOOOOOO00O00O000OOOOOO0O0OO000O0000
0000000000000

The simulated copolymer contains 1000 NVI units and 1000 PEG units.

Table 6.53 : Sequence lengths seen in the simulated sequence

distribution of figure 6.53.

Sequence Distributions:

Length NVI PEG
1 732 680
2 72 110
3 15 23
4 0 4
5 0 3
79 1 0
|
Figure 6.54 : Computer simulated sequence distribution of a

copolymer of SPE : PEG :: 50 : 50.
50 Mole % of Monomer A, SPE

50 Mole % of Monomer B, PEG

r(AB) = 2.09

r(BA) = 0.379
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Polymerized to 100% Conversion

In the simulated copolymer SPE is represented by O and PEG is represented by
X:

OO00O0O0OXOOOXXXOOXOOOXXOOXXOXXOOOOOOOOOOOXXOXXOXOXOOOOXX000
OOOOOOXXOXOXOOXOOOXOOXOXXOOOOOOOXXXOOOOOOOXOOOXXOXXOOOOXO
OXXOOOOOXXOXOOOOXXXXXOXOXOOOOOOXXXOXOOOXXXOOOXOXOOXOXOO0O0X
OO0OOXOXOOOOXOOXXOOOOOOOOOXOOXOOOXOXOXOXOXOOXXOXOOOOOX000
OXOOOOOOOOOOXOOOOXOXXOOXOOXOXOXOXXXOOXXOXXOOOOOOOOOXXXO00
OOOXXXOO0O0OXOOXXOXOXOXOOOOOOOOXXOOXOOXXOOXXOOXXOXOOO0O0OX
OOXOOOOOXOXXOXOOXOXOOO0OXOOOOOXOOOOOOOXOXXOOXOXXOOOOXXXO0
OXXOOXOOXOOO0OOO0O0OOO0OOOOOOXOOXOOXOXOXOXOXOOOOOOOOOXOXXX0O0
OOOXXXXOOOOXXOXXOOOXOXOXOOOOXOOXOXOXOOXOOOXOOXOOOXOOOOXOX

OXOXOXXOOOOOOOOXOOXXXOXOOXXOOXOOOOXOXOOOOOOOOXOXOOXOO0O0O00
OO000O0OO0OOOXOOXOXOXXOXOXOOOXXXOOOOOXOOOXOOOOOOXOOXXOXX0O00
XXOXXOOOOXXOOOXXOOO0OXOOXOOXOOXOOXOXXOOOOOOOXXOOOXOOOXO0OXX

XXOXXOOXOOOOXXOOOXXOXOOXOOOOOOOOOXOXXXOXXOXOOXXXO00000000

XXOXOOOXXXXOOXOOXXOOXOXOOXOXOOXXXOXOXXOOOXOOXOOOXXOOO0OXXX
OOXOOOXXOXOOOXOOXOXOOXOOOOOOXOOXXXOXOOOOOOOXXOXOXXOOXOOX0

OXOOOXOOOOOOOOXOXXOOXOOOOOOXOOOOXOXXOOOXOXOOOXOXOXOOOXOXX
OO000OXOXOXOOOOXXXOOXOXOOOOOXXOOOXXXOXOOXOOXXOOXXOXOO000OX

XOOXXXOOO00OXOXOXOXOOOOXXOOOOOOXXXXOOXXOXOXOXOOOOOXXXXXXO0
XXXXXOO0OO0OOXXOXOXXXXOXOXOOXXXOOOXXOXOXOXOOOOOOXXXXXOXX0O00

OOXOOOOXOXOXOXOOXXOXOXOOXOXOXXXXXOXXXXXXXOXXXXXXOXXO00000O0X
OXOXOXXXOOOOXXOXOXOOOOOOOXXXXXOXXOXXOOXXXXOXXXOOOOXXOXXXOXX
XOXOOXXOXXXOOXOXXXOXXOOXOOXOXXXXOXOXXXXXXOOOXXOXOOXOXXOOXXO
XOOXXOOOOXXOXXXOXXOOXOXOOXXOXOXXOXOXXOOXXXOOXOXOOOXOOXOX00

OXOXOOXXOXOXXOXOXXXOXXOOOXXXXXXXXOXXOOXXOOXOXXOOOOOOXXXXOXX
OXXXOXOXOOXOOOXOXOXOOXOOOXOXOXOOXXXXXOXOXXXOXXOXOXXOXX0O0OXX0
XXXXOOXXOOOOOXXXXXXXOXXXOXOXOXXXOOXXOOOXXXXXXOOXOXOXXO00O0X0
XOOOXXOXXXXXXXXXXOXXXXOOOOXXXOOXXXXOXOXXXOOXXXOXOXXOXXOXOXXO
XXXOXXOOXOOXOOXOXOOOXXXOXXOXXXOXXOOOOOOXXXXOOOOXXOXXXXXOXOX
XXOXXOXOXXXXXXXOOXXXXOOXXXOXXXXXXOXXXXXOXOOXOXXXXXXXOXXOXXXX

XXOXXXXOOOXOXXXOOOXOXXXXXXXOOOXX XXX XXX XXX XXX XXX XOXXXXXXXXXXXX
XXXXXOXXXXXOXOXOXXXXXOXXOXXXXXXXXOXXXXXOXOXOXXOXXOOXXXOXXXXO

OOXXXXOXXXXXXXXXXOXXOXXOXXOXXOXXXXXXXXXXXXOXXXXXXOXXOOXOXXOXX
XXXXOXOXXXXOXXOXXXOXXXXXXOXXXXXXXOXXXXXXXXXX XXX XXX XX XXX XXXXXXX

XXXXXXXXXXXXXXXX XXX XXXXXXXXXXXXXXXXXXXX XXX XXXXX XX XXX XXXXX
XXXXXXX XX XXX XXX

The simulated copolymer contains 1000 SPE units and 1000 PEG units.
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Table 6.54 : Sequence lengths seen in the simulated sequence

distribution of figure 6.54.

Sequence Distributions:

Length SPE PEG
1 227 234
2 98 113
3 42 44
4 25 17
5 15 11
6 12 9
7 9 6
8 4 2
9 6 0
10 1 2
11 1 0
12 0 1
17 2 1
18 0 1
106 0 1
Figure 6.55 : Computer simulated sequence distribution of a

copolymer of ITA : PEG :: 50 : 50.
50 Mole % of Monomer A, ITA

50 Mole % of Monomer B, PEG

r(AB) = 2.896

r(BA) = 0.333

Polymerized to 100% Conversion

In the simulated copolymer ITA is represented by O and PEG is represented by
X:

XOOOOXOOO0OOXXOOOOOOOOOOOXOOOOOOOOXOOXOOOXOXOXOOOOOOOXOX0O

OOOXOOOXOXXOOOOOOXOOOOOOXOOOOOOOOOOOXOOOOOXXOOOOOOO0OX00
OOOXOOXOXXOOOOXXOOOOOOOOXOXXOOOXOOOXXOOXOOOOOXOOOOXOOOX0OX
OOXOOOOXXOOOXOOXOOOOOXOOOOOOXOOOXXOXXOXOOXXOXOOXOOOOOOXXO
OOOXOXOOOOXXOOOXOOOOXOOXOOXOOXOOOOOXXXOODOXXXOOXXOO00OXO0
OOOOXOOOXXXOXOOXXOOOXXOOXOOOXOXXOOOXOOOOOOOOXXXOOXOXXOXXO

OOXOOXOOOOOOXOXOOOXOOXXOOOOOXOOOXXOOXXOOOOOOOXOOOOO0OX00

OOXXOXOOOXOOOXOOXOXOOOXXOOXXXOOO0OOOOXOOOOOOXOOOOOOO0OXOXO0
OO0OOOXOXOOOXXOOOOOXOOOXOOXXOXOOXOOXXOOOOOOXOOXXOOXOOOOOXX
OXOOXOOOXXOOOOOOOOOXXOOOXOOOXXOOOOVOOXOOOOXXOOOOOXOXXOXXO
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XOOOOXXOOOXOOVOOXXOOOO0OXOOXOOOOXOOOXOOOOXXXXOXXXOXOX0OOX00
OOOXOXOOOOOOOVOXOOXOOOOXXOXOXOOXXXOOOXOOOOOOXOOXOOOXOOXOXO
OXOOOOOOOXOOXOXXXOOOXXXXOOOOOXOXOOXXOXOXOOOXOXXOXXO0000X0O
OOXXOOOOOXXXOOOXXOOXOOXXXOXOOOXXOOOOOOXXXOOOXOOOOXXXXXOXOX
OO0OOOXOOOOOOOXOOOXOOOXOOOXXXOOOXOOXXXOOXOXOOOXXXOOOXXO00
XOOOOXXOXXXXXOXOOOXOOXOOOOXOXOXXOOXOOOOOXXXOOOOOOOOX00000
OXXOXXOOOOOOOXXOOOXXXXXOOXOOOXOOOXXOXOO0OXOOXOOOOXXOXXO00X
OOXOOOOOXOOXOOOOXOOOOXXOXOOOOXXOOOXXOXXOOXXOXOXOOXXOXXXOXX
OOOXXOOOXXOOXOXOOOXXXOXXOOOOOOXOOOOXOOXXOXXXOXOXXXOOOXXOXX
OOOXXXOXXXOOXOXOXXXXOOOXXOXOXXXXOOO0OXOXOXOOOXOXOOOO0OXO0000
XOXOOXXXOXXOXOOXXXXXOOXOXXXOXXOXOOOXOOOXXXXOXOXXXOOOXXOXXXO
OXOOOXOXXOXOXXXOXXXOXOOXXOXOOXOOXXOXOXXOXXXXXOOXOXOOXXXXXOX
OOO0OXOOOOVOXXOXOXXXOOOXOOOOXXXOOOOOOOXXOOXOOOOOXXXXXOXXOXOX
XXOOOXXXXOOXOXXXXOOXXXXXXOXOOXOOXOOOXXXOXOXOOOXXOOXOXOOXXXX
XOOXXOOXOXOXXOOXOOXOXXOXOOXXXOOXXXOXXOXOOOXXOOOXXOOXXXOX00
OXOOOXOXXXOXXOXXXXXXXOXXXOXXXXXXOXOXXXOOOOOOOOXXXOOXOXXOOXX
OOXXOXOXXXXXOXOOXXXXOXXOOOXXXXOOXXOXXXXXXOXXXXOOOXXOOXXXXXOX
XOOOXXXOXOXXXXXXOXXOXOXXOOOXXOXOXXXOOXOOOXXXXXXXXXXXXOXXXOXO
OXXOOXOXXOXXXXXXXXXXXOOXOOXOXOXXXXXOOOXOXXXXOXXXXXXXXOOXXXXX
OOXOXXXXXXXXXXXXXOXXOOXXXOXXXXXXXXOXXOXXXXXXXXXXXXXXOXXXXXXXX
XOXXXXOXOXXXXXXXXXXOXXXXXXXXXXOXXXXXOXXXXXXX XXX XX XXX XXX XX XX XXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXOXXXXXXXXXXX XX XXX XXX XXX XXX X
XXXXXXXXXXXXXXXXEX XXX XXX XXX X XXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXOXXXXX XX XXX XXX XXX XXXX
XXXXXXXXXXXXXX

The simulated copolymer contains 1000 ITA units and 1000 PEG units.

Table 6.55 : Sequence lengths seen in the simulated sequence
distribution of figure 6.55.

Sequence Distributions:

Length ITA PEG
1 148 209
2 86 99
3 71 4?2
4 27 12
5 23 13
6 13 4
7 10 1
8 7 2
9 2 1

10 0 2
11 2 1
12 0 1
13 0 1
14 0 1
228 0 1
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From the terpolymer simulations (shown in figures 6.45 to 6.48) and the
copolymer simulations (shown in figures 6.49 to 6.55), we may deduce that the
average sequence lengths of these highly hydrophilic membranes, would be
quite short. This, as the results illustrate, would prevent significant interactions
from occurring, between the serum proteins and the surfaces of these
membranes. This will subsequently result in lowering the amount of cell
adhesion that occurs at these surfaces. The fact that these membranes also
contain biomimetic monomers will serve to enhance the biotolerance of these
materials, as noted by the much reduced amount of cell adhesion that occurs at

the surface of these materials.

6.2 Cell Adhesion Analysis on Spin-coated polymers at various
Conversions

In this section we will consider more directly how the sequence distribution
observed at various stages of conversion of linear polymers synthesized by
solution polymerisation, by the method described in chapter 2, affect the % cell

adhesion on spin-coated films of these polymers.

6.21 HEMA/NVP Polymers

Figure 6.56, below, shows the % cell adhesion and % EWC for polymers of
HEMA/NVP with the compositions as shown in table 6.56.
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: HEMA/NVP polymers

Figure 6.56
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Table 6.56 : Data for Figure 6.56

H % Conversion

¥ % Cell Adhesion

No.{ Polymer/ | Mole % in Polymer Percent % Cell-
Copolymer (Mole % in Feed) } Conversion Adhesion
1 PolyNVP 100 100 87.4
29 { PolyHEMA 100 100 1.3
3 { HEMA:NVP 64.42:35.58 27 0
(20:80)
4 { HEMA:NVP 86.16:13.84 15 0.25
(60:40)
5 { HEMA:NVP 78.21.52 61 0
(60:40)
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From figure 6.56 we see that as the % conversion rises the % cell adhesion
decreases. From the simulated sequence distributions shown in figures 4.22 and
4.23 and the analysis of number-average sequence lengths presented in section
4.2 chapter 4, we observe that increasing conversion, for these systems, results
in an overall decrease in the individual number-average sequence lengths
which results in an improvement in the sequence distribution seen at higher
conversions in comparison to that seen at lower conversions. This change
observed in the sequence distribution with increasing conversion is
characteristic of a copolymerisation where the two monomers have quite
different reactivity ratios. Thus, here it appears that as the sequence distribution

improves the amount of cell adhesion decreases.
6.22 MMA/NVP Polymers

Figure 6.57, below, shows the % cell adhesion and % EWC for polymers of
MMA/NVP with the compositions as shown in table 6.57.
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Figure 6.57 : MMA/NVP polymers
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Table 6.57 : Data for Figure 6.57

No.| Polymer/ | Mole % in Polymer Percent % Cell-
Copolymer (Mole % in Feed) { Conversion Adhesion

6 MMA:NVP 86.21:13.79 6 23.4
(60:40)

7 { MMA:NVP 82.44:17.56 24 37.9
(60:40)

8 MMA:NVP 77.31:22.69 50 0
(60:40)

From figure 6.57 we see that as the % conversion rises the % cell adhesion
decreases. Except for polymers 6 and 7, but here if we consider the %

compositions shown in table 6.57, and the simulated sequence distribution
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shown in figures 4.22 (chapter 4) we see that there is very little real difference
between the sequence distributions seen for these two samples at the two
conversions mentioned above. Where as with a significant increase in the
conversion (and subsequent increase of NVP in the copolymer), we see a much
improved sequence distribution, as shown in figure 4.22 and the accompanying
analysis of number-average sequence lengths presented in section 4.2 chapter 4,
we again observe that increasing conversion, for these systems, results in an
overall decrease in the individual number-average sequence lengths which is
reflected in an improvement in the observed sequence distribution at higher
conversions in comparison to that at lower conversions. This change observed
in the sequence distribution with increasing conversion is characteristic of a
copolymerisation where the two monomers have quite different reactivity
ratios. Thus, here it appears that as the sequence distribution improves the

amount of cell adhesion decreases.

6.23 HEMA/MMA Polymers
Figure 6.58, below, shows the % cell adhesion and % EWC for polymers of
HEMA/MMA with the compositions as shown in table 6.58.
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Figure 6.58 : HEMA/MMA polymers
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Table 6.58 : Data for Figure 6.58

B % Conversion

[ % Cell Adhesion

No.| Polymer/ Mole % in Feed Percent % Cell-
Copolymer Conversion Adhesion

10 {HEMA:MMA 50:50 38 14.7

11 { HEMA:MMA 50:50 72 21.7

12 { HEMA:MMA 50:50 76 14.7
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From figure 6.58 we see that there is no real correlation between % conversion
and % cell adhesion. This probably reflects the fact that monomers with similar
reactivity ratios do not show a significant change in the sequence distribution
seen with increasing conversion. This is illustrated, below, in figure 6.59 and
table 6.59, which show the simulated sequence distribution of individual
monomer units that would be seen upon copolymerisation. From the previous
two examples we see that an increase in the conversion results in a decrease in
the % cell adhesion, simply because an increase in the conversion of those two
systems results in an improved sequence distribution courtesy of a reduction in
the individual number-average sequence lengths of the two monomers
concerned. This does not occur in this system and we would not therefore
expect to see a subsequent reduction in % cell adhesion with increasing

conversion, this is observed clearly in figure 6.23.

Figure 6.59 : Computer simulated sequence distribution of a
copolymer of HEMA : MMA :: 50 : 50.

50 Mole % of Monomer A, HEMA

50 Mole % of Monomer B, MMA

r(AB) = 0.810

r(BA) = 0.192

Polymerized to 100% Conversion

In the simulated copolymer HEMA is represented by O and MMA is
represented by X:
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XOXXOXOOXOO00OXOXOOOXOXOXXOXXXOXOXOXOXOOXOOXOXOXXOXOXO00OXO
OOXOOXOXXXOOOXOOOXXOOXOXOOOXOOXXOOXOOOXOOXOXOOXOXOXOXOXOXO
OXOXOOOXOXOXOOXOXOXOXOXXOXOOOOOOXOXOOOXOXOXOXOXOOOOOXOXOX

OOOOXXOOOXOOXOXXOXOXOOXOOXOOXXOXOOOXXOXOXOOOXXOXXOXOOXOXOX
OOXOXOOXOOOOXOXOXXXXOXOXOXOOOXOXOXOXXXXOXOOXO0OXOXOOO0OXO0OX0
XOOXOOXOOXOOXOOXOOXXOOXOOXXXOXOXOOOOOXOXOXOXOOXXOXO0OX00X0
XOOXOXOOOOXOXXOXOXOXOXOXOXOXXOOOXOXXOOOXOXOOXOXOOX0OXOX000
OXXOXOOXOOXXOOXOOOXXOXOXOXOXOXOXOOXXOOXOOXOOXOOXOOOXXO000X
OOXOXOXOOXOOXOOXOOXOOOXOXXOXOXOXXOXOXXOXOOOXOXOXXOXOXX00X0
OXOOOOXOOXOXOXOXOXOXOOXOOXOOOXOXOXOOXOOOXOXOXOXOOXXXOX000

OOXOXXXOXOOOXOXOOXOOOXOOOXO0OXOOOOXOOXOXXXOXXOOXXXOOXOX000
OXXOXOOXOXOXOXOXXOO0OXOXOXOXOOXOXOXOXXOOOOOXOXOXOXXXXO0000X
OXOXOOOXOOOOXOXOXOOOXOXOOXOOOXOXXOOOXOXOXOOOXXOO0OXOXO0OX

OXOXOXOOXXOOXOOXOXOOXOXXOXXXOXOOXOOXOXOOOXOOXOXXOXXOOXO000
XXOXOOXOXOXOXOXOXXOXOOXOOXXOOOOOXOXOXXOXOXOXXOXOXO0000X0OX0
OXOXOOXOOXOOXOOOXOOOXOXOXOXOXOXOXOXOXXOXOXOOXOXOXXOXOOXXOX
OOOOXOOOXOOXOOXOXOXOXXOOXOXOOXOOXXOOXOXXOXOXOXOXOXXOXOOXOX
OXXXOXOXOXOOXOXOXOXXO00OXOXOXOXOOXOXOOXXOOXOOXOXOXOXOOOXOX
XOXOXOXOOXOXOXOOXOOXOOXXOXOXOOXOXOXOXOXOXOXOXXOXOXOXOXOOOX
OOXOXOXOXOXXOXXOXOXOOXOXOOOXOXOXXOXOXOXOOXOOXOXOOOOXOXX0OO0X
OXOOOOOOXOXOXOXOOXXXOOXOXXOXOXXXXOOXOXOXOXOOXOXOXOXOXOXOX0O
XOXOOXXOXXOXOXOXXXOXOOXXOXXOOXOXOXXOOXOOXOXOOXOOOXOXOXOXOX

XOXOXXOXOXOOXXXXOXOXOXOOXOXXOOOOOXOOOXOXXOXXXOXOXOXXOOX0OXO

XOXOXXOXOXOXOXXXXOXOOXXOXOOXOOXOOOOXOOXOXOXXOXXOXOXOOOXOXX

OXOXXOOXXXXOOXOXOOXOOOXXXOXOXOXOOOXOXXXOXOXOOXOXO00OXOXOX0OX
XOXOXOOXOXOXXOXXOXXOXOXOXOXOXXOXOOXOXOXOXOXOOOOXOXXOXXOXXX0
OXOXOXOXOXXXOXOOXOOXOXOXXXOXXXOXOXOXOXXXOOXOXOXXXOXXOXXO0X0
OXXOXOOXOXOOXXOOXOXOXXOXXXOXXXXXXXOXXXXOXOXOXXXOOOXOXXXOOOX
XXOXOXOXOOXXXXXOOXXXOXOXOXXOXOXOXOXXOXXXXOXXOOXXXXXOXXXXXXXO
OXOXXOXOXXOXXOXXXOXXXOOXXXOXXXOXOXXXOXXXXXX XXX XX XXX XXX XXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXKXXXEXXXXXX XXX XXX XX XX
XXXXXXXXXXXXXXXXXXXXEXXXXXXOOOOOOXXXXX XX XX
XXXXXXXXXXXXXXX

The simulated copolymer contains 1000 HEMA units and 1000 MMA units.

Table 6.59 : Sequence lengths seen in the simulated sequence

distribution of figure 6.24

Sequence Distributions:

Length HEMA MMA
1 402 495
2 146 95
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3 53 30
4 21 9
5 9 2
6 3 0
7 0 2
165 0 1

6.3 Summary

It is apparent in this chapter that the sequence distribution of the individual
monomer units within the synthesized polymer does have some affect upon
the subsequent cell adhesion characteristics of the material. This affect seems
more pronounced at moderate equilibrium water contents (EWC), although at
higher EWC’s the reduction in % cell adhesion is reflected in an underlying
trend of improving sequence distributions of the individual monomer units
within the polymer. Also it is observed, in section 6.15, that the sequence
distribution provides an ideal method of understanding how the
improvement seen in the macro property, e.g., the EWC and the subsequent
improvement in resistance to cell adhesion, with the introduction of different
monomer units is reflected in the change of the basic sequence distribution of
the individual monomer units. It is also observed that the sequence
distribution alone is not sufficient to predict the cell adhesion characteristics of
the synthesized materials. Noticeably, monomers with strong individual
chemical functionalities such as being permanently charged may produce
effects which over-ride those predicted from the micro-structure analysis of the

synthesized material.

Thus in general a relatively good sequence distribution tends to offer better

resistance to cell adhesion. This is simply because, by having a relatively good
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sequence distribution, we avoid the formation of large hydrophobic blocks,
thus we will reduce the amount of protein adsorption. This is important as it
will consequently reduce the amount of cell adhesion that occurs, at the surface
of these materials, since cell adhesion depends upon the primary adsorption of

cell adhesion proteins, such as vitronectin and fibronectin.
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CHAPTER SEVEN
CONCLUDING DISCUSSION
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7.0 Concluding Discussion

In recent years biomaterial scientists have discovered to their detriment that
the large selection of materials currently being used in biological
environments, most of which were designed for commodity or engineering
applications, have many shortcomings. Some of the most basic problems arise
from the fact that these materials have tended to be relatively hydrophobic. In
contrast biological environments, for example the human body, tend to be
based on aqueous systems. Additionally, currently used materials have
generally been chosen because of ease of fabrication, rather than because they
may duplicate the behaviour of a particular natural tissue in its normal
environment. Thus, usually these materials are structurally fairly simple and
functionally inert, compared to the living structurally complex and highly
responsive natural material they will be replacing. This tends to result in
biocompatibility problems which are initiated by the dynamic interface
conversion processes. This marks the onset of the spoilation processes and may

result in the synthetic tissue being ultimately rejected.

Many factors are known to affect this biocompatibility or biotolerance of the
synthetic material. One aspect which has been the basis of the study presented
in this thesis is the sequence distribution of the individual monomer units in
relation to the non-specific adsorption of proteins with the subsequent
adhesion of cells at the surface of these materials. By studying naturally
occurring polymers, for example proteins, we may observe that the molecular
architecture of these materials is composed of hydrophilic, hydrophobic and
charged units arranged in short, regular sequences. Existing biomaterials, even

when hydrophilic, such as hydrogels, do not attempt to make use of these
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principles. At Aston it has been noted that polymers with short, regular
sequences of individual monomer units tend to be less susceptible to non-
specific protein adhesion in contrast to polymers with long, extended sequences

of individual monomer units.

Since it is known that, generally, cells will only adhere to surfaces that deposit
proteins. We may utilise this information by using cell adhesion studies as a
biological probe, to ascertain the susceptibility of the surface, of a prospective
biomaterial, to non-specific protein adhesion. And, thus we may gain an
indication to the biocompatibility or biotolerance of this material. This is a very
important consideration since many hydrophilic materials are used in diverse
biological applications, for example in liver support systems, synthetic cartilage,
soft tissue prostheses, etc. This has been the ultimate aim of this study to
synthesize biologically responsive materials which are based upon a relatively
good sequence distribution of the individual monomer units. Whilst also
having low cell adhesion characteristics. Thus in effect trying to mimic

naturally occurring materials.

The ability to model the sequence distribution of free-radical polymers and
therefore to design and synthesize polymers which mimic the behaviour of
function of biological systems is of great importance. The examples given by the
computer simulated sequence distributions of the various generic contact lens
materials e.g., Etafilcon-A, Surfilcon-A, etc., clearly demonstrate the power of
this technique in giving us a visual representation of the individual monomer
units within the sequence distribution. Contact lens materials were chosen to

demonstrate this computer simulation technique because, of biomaterials, their
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compositions are amongst the most systematically regulated, they are

hydrophilic and also they provide a wide range of compositions for analysis.

It is well known that the quantity and distribution of a cross-linker in
polymeric materials has profound affects upon the subsequent properties of
these materials. Comparing relatively simple copolymeric materials such as
Etafilcon-A and Surfilcon-A, we observe how different cross-linkers, even
when present at only 1% concentration, can be significantly differently
distributed throughout the simulated sequence distributions of these materials.
This will in due course affect the macro-properties (e.g., EWC, tensile strength
etc.,) of these materials. We may illustrate this situation by perusing the data
shown in section 6.15 of chapter 6. Here a set of HEMA/NVP membranes were
synthesized with different cross-linkers. Each membrane contained only one
type of cross-linker present at one mole percent. The difference in the EWC’s
and percentage cell adhesion properties is reflected in the differing sequence

distributions observed for these membranes with the various cross-linkers.

Now reverting back to our original situation, where we were considering the
different simulated sequence distributions seen for the contact lens materials
Etafilcon-A and Surfilcon-A, with different cross-linkers. The question that
arises is why the different cross-linkers may produce such different affects in
these contact lens materials. The answer lies in the reactivity ratios of the pairs
of monomers that constitute these copolymeric materials. Considering
Etafilcon-A, we see that the two monomers of this copolymeric material have
relatively similar reactivity ratios. Therefore, as shown by the simulated
sequence distribution, we have one monomer relatively well dispersed in the

other, to produce a relatively consistent sequence distribution from the start of

305




the reaction to 100% conversion. Although, the vastly different concentrations
of the two monomers precludes the possibility of producing a relatively good
sequence distribution (short, regular sequences of individual monomer units).
Thus, here, we may note that the distribution of different cross-linkers at 1%
concentration, in such a sequence distribution of monomer units, is likely to be
fairly uniform throughout the copolymer. For example EGDMA which, of the
cross-linkers used, has the most similar reactivity ratios to the main
constituent monomers is found to be fairly uniformly distributed throughout

the simulated sequence distribution of this material (see figures 3.21 & 3.22).

In contrast, if we consider Surfilcon-A, we see that the two monomers of this
copolymeric material have vastly different reactivity ratios. This is reflected in
the simulated sequence distributions seen in figures 3.27-3.32, in chapter 3. Here
we see that in the initial part of the polymerisation the more reactive
monomer Is consumed in preference to the lesser reactive monomer. This is
reflected in the simulated sequence distribution, where we see large blocks of
the more reactive monomer interspersed with isolated units of the lesser
reactive monomer. As the reaction continues we gradually exhaust our supply
of the more reactive monomer, and at approximately 60% conversion we
produce a large residual block of the lesser reactive monomer. Not only is this a
relatively poor sequence distribution (long, extended sequences of individual
monomer units), but the changes in the sequence distribution from the start of
the polymerisation to 100% conversion are quite distinct. Thus, here, we may
note that the distribution of different cross-linkers, even at 1% concentration,
in such a sequence distribution of monomer units, is likely to be quite diverse
for each type of cross-linker. Thus for example EGDMA, which is more reactive

than NVP, is found to be predominantly consumed by 50% conversion. In
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contrast both DATDAM and TAC display a similar reactivity towards NVP, and
both of these cross-linkers are similar or slightly more reactive towards MMA
than NVP. This results in these latter two cross-linkers being more uniformly
distributed throughout the simulated sequence distribution seen for Surfilcon-
A, In contrast to EGDMA (see figures 3.27-3.32). Consequently we would expect
to see some variation in the macro-properties of this material with different
cross-linkers. This type of material is exemplified in the aforementioned
membranes analysed in section 6.15 of chapter 6, which do show noticeable
differences in the macro-properties with different cross-linkers. These
differences in the macro-properties, are reflected in the simulated sequence
distributions of these membranes with the different cross-linkers. This effect is
more pronounced in HEMA/NVP copolymers, since HEMA = MMA, but
HEMA does not contribute to the rigidity of the backbone. Therefore the
modulus is for NVP/HEMA than NVP/MMA copolymeric materials, and thus
is even more dependent upon a really good network of cross-links for good

mechanical properties.

The preceding discourse serves to emphasize the importance of reactivity ratios
in determining the simulated sequence distribution that would be seen upon
the polymerisation of a set of monomer units. The basic reactivity ratio data
has become increasingly available since copolymerisation theory was first
developed, but the difficulty in visualising and thus interpreting the data, in
terms of its affect upon the subsequent reaction between the monomer units
concerned, has resulted in its lack of accessibility. Also we note that historically
polymerisation studies have been concerned with purists aspects, that is studies
based on low conversion and low concentration polymers. In stark contrast,

biomaterials tend to consist of materials at high conversion and high

307




concentration, and there has been little drive for the analysis of such materials
from polymer science. A few key trends in the reactivity ratios have been
noted, as mentioned in chapter 3,. With the development of this simulation
technique, we may justifiably say that, not only have we put flesh onto the

proverbial bones but we have provided a complete functional attire.

This work is also seen as a tool for new monomer synthesis because, from the
Q-e scheme we have an ability to predict the reactivity of target monomers and
to select appropriate polymerisable stems for functional groups of interest. We
may illustrate this principle by considering NVP, which is very hydrophilic but
unfortunately it has a quite low reactivity. Looking for similar monomers we
find Acrylamide (AM) which has almost the same type of functional groups as
NVP, it is very hydrophilic and more reactive than NVP, but it is readily
hydrolysed, thus here we have a problem with stability. Attachment of methyl
groups to the amide nitrogen of AM produces N,N-dimethyl acrylamide
(NNDMA), this is much less prone to hydrolysis than AM. This is also fairly
hydrophilic and still is more reactive than NVP. Unfortunately the problem
with NNDMA is that the methyl groups on the nitrogen are susceptible to
chain transfer reactions, during polymerisation. Thus it is suggestive that we
would like to have the AM type stem for the new monomer, but to improve
the stability we probably need to have the nitrogen of the amide group as part
of a ring, possibly even a heterocyclic ring containing another electro-negative
atom such as oxygen. This may lead to a further improvement in the
hydrophilicity of this new monomer. This process of logical reasoning led to
the synthesis, by colleagues in this research groupl04, of a potentially valuable

monomer N-acryloyl morpholine (NACM), whose structure is shown below:
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Figure 7.1: Structure of N-Acryloyl morpholine
H

H,C=——=C
N-Acryloyl morpholine

9

This monomer has only recently become available on a large scale at a price

comparable to other hydrophilic monomers through a Japanese chemical
company. Its Q-e data is as follows, Q = 0.39, and e = 0.08. A sample of reactivity
ratios, calculated using the Q-e scheme, with some common hydrophilic

monomers are given in table 7.1 below:

7.1 Table of Reactivity Ratios with N-acryloyl morpholine

Monomer 1 r1 Monomer 2 rp

HEMA 3.799 NACM 0.211

MMA 1.759 NACM 0.512

NNDMA 0.798 NACM 0.407

NVP 0.014 NACM 3.868
NVI 0.168 NACM 3.336
SPE 0.226 NACM 0.280

The increased reactivity of NACM compared to NVP can be illustrated by

running a computer simulation of the sequence distribution of the contact lens
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material Tetrafilcon-A. We already have the simulated sequence distribution
for this material, in figure 3.41, by replacing NVP in this formulation with
NACM, we may see if there is any improvement upon the simulated sequence

distribution, shown in figure 3.41.

Figure 7.2 : Computer simulated sequence distribution of pseudo
Tetrafilcon-A contact lens formulation, containing NACM in place of

NVP.

80 Mole % of Monomer A, HEMA

10 Mole % of Monomer B, NACM

10 Mole % of Monomer C, MMA

r(AB) = 3.799 r(AC) = 0.810 r(BA) = 0.211

r(BC) = 0.512 r(CA) =0.192 r(CB) = 1.759

Polymerized to 100% Conversion

In the simulated terpolymer HEMA is represented by O, NACM is represented
by X and MMA is represented by © :
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The simulated terpolymer contains 1600 HEMA units, 200 NACM units and
200 MMA units.

Table 7.2 : Sequence lengths seen in the simulated sequence

distribution of figure 7.2.

Sequence Distributions:

Length HEMA | NACM MMA
1 59 107 188
) 51 7 6
3 46 0 0
i 18 ) 0
5 26 1 0
6 i3 i 0
7 6 0 0
8 18 i 0
9 14 0 0
10 5 0 0
i§i 6 0 0
iV 10 0 0
i3 10 0 0
14 3 0 0
i5 ) 0 0
16 3 0 0
19 ) 0 0

21 i 0 0
p¥) i 0 0
74 i 0 0
76 i 0 0
39 i 0 0
53 0 i 0
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Looking at figure 7.2 and table 7.2 we do see some improvement upon the
sequence distribution shown in figure 3.41, there is a reduction in the total
number of sequence lengths seen and we have a much smaller block of

residual monomer at the end of the reaction.

Extensive use of these computer simulation programs can only be made once
their validity has been determined. Two main parameters were assessed here,
the composition and the number average-sequence lengths of the individual
monomer units. This was carried out through the analysis of linear polymers
synthesized by free-radical solution polymerisation. The composition data
gained from elemental analysis and 13C NMR was compared with that given
by the computer simulated sequence distribution. Number-average sequence
lengths for individual monomer units were determined by 13C NMR analysis
and compared with those calculated from the computer simulated sequence
distribution. As shown in chapter four of this thesis, both parameters from the
computer simulated sequence distribution compared quite closely with those
determined experimentally. Although the analysis has been carried out on
linear polymers at high conversions, we must remember that the computer
simulation programs produce a sequence distribution of monomer units from
0% to 100% conversion. But the good correlation between the predicted and
observed results, at these relatively high conversions, suggests that we may
confidently base the future synthesis of polymeric membrane materials,
synthesized to 100% conversion, on the predictions of the sequence distribution
that would be seen when a set of monomers were to be polymerised, produced

by the computer simulation programs.
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In chapter five we presented an approach which allows one to manipulate the
use of monomers, with their reactivity ratios, in such a manner to enable us to
design polymers with controlled sequence distributions. This is particularly
useful where the monomers in a certain formulation, have very different
reactivity ratios. One must not under-estimate the value of such approaches,
since the ability to simulate the sequence distribution of monomers upon
polymerisation, is in itself not conduce to producing polymers with relatively
short, regular sequences of individual monomer units, which would mimic
the molecular architecture of naturally occurring materials. Thus we realise the
importance of such procedures in aiding the development of materials more

akin to naturally tissues.

Chapter six describes how cell adhesion studies have been used as a biological
probe in investigating the surface biocompatibility or biotolerance of polymeric
membranes containing controlled sequence distributions of individual
monomer units. Before we look at the conclusions that can be drawn from the
results of chapter six, a brief but critical review of the mechanism of deposition
of proteins would be highly beneficial. Studies with fibrinogen have shown
that cell adhesion will only occur on surfaces which will first deposit
fibrinogen, and only when the conformation of fibrinogen is altered in some
way. Fibrinogen deposited on a surface which has previously been coated with
denatured albumin does not promote cell adhesion. Comparing the
conformations of fibrinogen on this surface and on surfaces where fibrinogen
is adsorbed directly onto the native polymer, we find that the conformations
are vastly different. On this latter surface it was found that the o-helical
structure of fibrinogen, which controls the way that the protein coils up into its

globular form, was totally destroyed and what was seen, was a sheet like
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structure of fibrinogen over the polymer surface, i.e., adsorption of fibrinogen
onto this polymer surface has resulted in the denaturation of the protein. In
contrast the polymer surface which was previously coated with denatured
albumin, produced little change in the subsequently adsorbed fibrinogen,
which was found to exist almost exclusively in its a-helical globular form. This
surface did not promote cell adhesion. Work with albumin, has also shown
that the protein undergoes various degrees of conformational change when
adsorbed on different surfaces!”. The greatest conformational change appears to
occur on hydrophobic surfaces, but hydrophilic surfaces do cause some
conformational changes and this is affected by the time of adsorption onto the
surface. The greater time the protein spends on the surface the greater the
conformational change produced in it. It seems that interactions between
hydrophobic surfaces and the protein are much stronger than interactions
between hydrophilic surfaces and the protein. Consequently greater
conformational change is produced when proteins are adsorbed onto
hydrophobic surfaces, than hydrophilic surfaces. This greater conformational
change is more likely to cause the protein to be denatured. The interaction with
hydrophilic surfaces is such that it is likely the protein could adsorb reversibly
and since it spends a small amount of time on the surface, it is less likely to be
significantly altered conformationally. It must be noted that here, as mentioned
earlier, surfaces that undergo primary albumin adsorption tend not to promote
cell adhesion. Similar experiments carried out using fibrinogen, produced
closely related results. It was observed that the greatest conformational change
in fibrinogen was produced when adsorbed onto hydrophobic surfaces
compared to hydrophilic surfaces. Research on the size of islands or surface
domains on the polymer surface, has shown that the total amount of cell

adhesion that occurs on these polymer surfaces is directly proportional to the
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size of these surface domains!®. The size of surface domains necessary to illicit
a cell adhesion response varies with the shape of the domains. Since protein
adhesion must occur before cell adhesion can occur on these surfaces, it
suggests that there are two possible reasons for this relationship of cell
adhesion being proportional to the size of surface domains. Firstly, if the
surface domains are so small then insufficient interaction may occur between
the surface and any adsorbed proteins, this will result in very little change in
the conformation of the adsorbed proteins, such that any binding sites for cell
adhesion may not be exposed; secondly, if the surface domains are widely
spaced, then even if we have protein adsorbed in the right conformation for a
cell to form an attachment to it, the distance between these cell attachments,
related to the distance between the surface domains, will be such that stable
binding focal points cannot be formed between the cell and the polymer
surface. Poly(HEMA) is known to be resistant to non-specific protein
adsorption, it seems to be a logical place to start with when developing new
biomaterials. Various biomaterials are required to cope with the different
properties needed for different biological environments. Thus to improve the
properties of poly(HEMA) it is necessary to copolymerize HEMA with other
monomers. Studies have shown that the alteration of the poly(HEMA) surface
through the introduction of another monomer by 1 ppm, removes its
immunity to fibronectin adsorption(another serum protein)12. Thus it appears
that once we start to add or combine different monomers to polyHEMA, we
need to consider the sequence distributions that would be seen upon
polymerization of the monomers. Since it is evident that the smaller the
sequence lengths of the individual monomer units, the less chance the
adsorbed protein has to interact with these surface domains, therefore it is less

likely to undergo great conformational changes, which might result in it not
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exposing the necessary binding sequences that a cell requires for it to form an
attachment to the surface. Therefore controlled sequence distributions of
individual monomer units appear to be important in preventing non-specific
protein adsorption and consequently reducing the number of cells that will
adhere to the surface. The results of chapter six confirm this, and suggest that
the sequence distribution of individual monomer units does have some affect
upon the subsequent cell adhesive properties of these materials. This is a very
important result since any future development of prospective biomaterials,
must be accomplished with this result borne in mind. When considering other
substances that may be deposited on these polymer surfaces a similarly
systematic approach to that applied to protein deposition may be used. For
example another large group of substances often found deposited on polymer
surfaces are the lipids. Lipids occur in nature in a wide variety of forms, they
may be saturated, unsaturated, may contain numerous functional etc., but their
over-riding characteristic is that they tend to be hydrophobic. It is this
characteristic which will determine their interaction with polymer surfaces.
Polymer surfaces containing hydrophobic groups or regions will illicit the
strongest interactions with lipids, whilst regions containing hydrophilic groups
will illicit much weaker interactions with lipids. Here again a controlled
sequence distribution of monomer units in the polymer, will ensure that any
regions of hydrophobocity are relatively diverse, thereby reducing the total
interactions with lipids and thus minimising the amount of lipids that will be

deposited on the polymer surface.
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7.1 Recommendations for Further Work

(1)

(2)

(3)

To modify the computer simulation program such that the output is
more readily interpretable, that is instead of having basic symbols
representing the monomer units we may have, say, the abbreviated
forms of their names. This would allow a much easier interpretation of

the simulated sequence distribution.

To incorporate a data base into the computer program, perhaps in the
form of a two or three dimensional array. This would hold a store of
reactivity ratios for a variety of monomers, which the program can be

asked to access to run simulated sequence distributions.

To investigate thoroughly the affect of a single type of functional group
of varying sequence lengths, amongst a background of polyHEMA or
polySTY, both of which are known to be relatively non-adhesive to cells

as homopolymers.
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MATERIALS SYNTHESIZED

Solution polymerized linear polymers :

Monomers Feed Ratio (mol %)
HEMA : MMA 50:50
HEMA : NVP 20: 80
HEMA : NVP 60 : 40
MMA : NVP 60 : 40

HEMA 100
MMA 100
NVP 100

Cross-linked membranes :

All membranes contain 1% EGDMA cross-linker, except where another is

mentioned.
Hydrogel MONOMERS (mol %)
No. HEMA | MMA | EMA T [7STY T Rive ™ Ky
1 100 - - - - -
2 33 33 34 - - -
3 40 30 30 - - -
4 30 40 30 - - -
5 33 34 - 33 - -
6 50 25 - 25 - -
7 60 10 - 30 - -
8 60 30 - 10 - -
9 - 33 - - 33 34
10 - 40 - - 30 30
11 - 35 - - 20 45
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Hydrogel MONOMERS (mol %)
No. HEMA NVP EGDMA DATDAM TAC
12 60 40 - -
13 55 45 - -
14 50 50 - -
15 59 40 - -
16 59 40 1 -
17 59 40 - 1
Hydr- MONOMERS (mol %)
gel | HEMA NVP NVI SPE ~ NNDMA HEA  EOEMA™PEG ITA
18 - 40 35 25 - - - - -
19 - 40 40 20 - - - - -
20 - 50 50 - - - - - -
21 62 11 - - 27 - - - -
22 - 11 - - 27 62 - - -
23 - - - - 38 50 12 - -
24 - 38 - - - 50 12 - -
25 - 9 3 2 27 25 12 25 -
26 - - 9 2 27 25 12 25 -
27 - 9 - - 27 25 12 25 2
28 - 9 i - 27 25 12 22 5
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Copol 1

10 REM COROLYMER-by the Monte Carlo method

20 REM S.J.MOSS modified by P.H.Corkhill

30 REM Chemical Engineering and Applied Chemistry

40 REM Aston University, Birmingham, B4 7ET, ENGLAND

100 REM *** MATN PROGRAM ***

110 @G0SsUB 500

120 GOsUB 1000

130 @Q0sUB 1500

140 GOSUR 1800

150 GOSUB 2000

160 GOSUB 3000

170  GOTO 4000

200 SIOP

500 REM *** TINITIALISE ***

510 INCA=0:INCB=0

530 TA=0:TB=0:SUM=0

540  Na=0:NB=0

550 SA=0:SR=0:AMAX=0:BMAX=0

560 CLS:PRINT"PLEASE WATT INITTALTSING ARRAYS"

570  FOR I=1 TO 200

580 NA(I)=0:NB(I)=0:NEXT T

590 PRON=0: COMP=0

600 RETURN

1000 REM *** ENTER DATA ***

1010 CLS:PRINT :PRINT"Input name of monomer 1°;

1020 INPUT M1S

1030 PRINT :PRINT"Input name of monomer 2";

1040 INPUT M2S

1050 PRINT :PRINT"Enter the reactivity ratios"

1060 PRINT :PRINT"rl";

1070 INPUT R1S:R1=VAL(R1S)

1080 PRINT :PRINT"r2";

1090 INPUT R2S:R2=VAL(R2S)

1100 PRINT :PRINT"Enter theoretical mole percentage of";M1S; "
in the polymer";

1110 INPUT PAS:PA=VAL (PAS)

1120 TF PA>=0 AND PA<=100 THEN 1141

1130 1100 PRINT :PRINT"MOLE PERCENTAGE MUST BE BEIWEEN 0 AND
100: PLEASE RE-ENTER ";

1140 G010 1110

1141 COMP=0:PRINT :PRINT "Polymerise to 100% conversion 2"

1142 AS=TNKEYS
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1143
1144
1146
1150

1160

1162
1165
1170
1180
1190
1195
1200

1210
1500
1510
1515
1530
1540
1560
1570
1800
1810
1820
1830
1840
1850
1860

1870

1872
1875
1880
200

2020
2030

2040

IF AS= "N" OR AS= "n" THEN 1150

IF AS= "Y" OR AS= "y" THEN 1146

QOVP=1

CLS:PRINT :PRINT M1S: PRINT "REACTIVITY ratio =";R1:PRINT
PA; "Mole %"

PRINT :PRINT M2S: PRINT "REACTIVITY ratio =";R2:PRINT
(100-PA) ; "Mole %"

IF COvP=0 THEN 1170

PRINT :PRINT"Polymerise to 100% conversion"

PRINT :PRINT "Is this correct ?"

AS=INKEYS: IF AS="Y" OR AS="y" THEN 1210

IF AS="N" OR AS="n" THEN 1200

QCTO 1180

PRINT :PRINT "PLEASE RE-ENTER DATA":FOR I = 1 TO 500:
NEXT I: GOTO 1000

RETURN

REM *** CAICULATE FEED RATIO ***
INCA=INT (20*PA) : INCB=2000-INCA

IF INCA=0 OR INCB=0 THEN RETURN

COUNT=0

MR= INCA/INCB

Pl= R1*MR : P2=R2/MR

RETURN

REM ***x QUTPUT DATA TO PRINTER ? ***

CLS:PRINT :PRINT "Would you like a hard copy 2"
AS=INKEYS: IF AS="Y" OR AS="y" THEN 1850

IF AS="N" OR AS="n" THEN RETURN

QCTO 1820

PRON=1

LPRINT :PRINT M1S:LPRINT "Reactivity ratio =" ;RILPRINT
PA; "Mole %"

LPRINT :PRINT M2S:LPRINT "Reactivity ratio =" ;R2LPRINT
(100-PA) ; "Mole %"

IF COMP=0 THEN 1880

LPRINT :LPRINT "POLYMERISED TO 100% CONVERSICON"

LPRINT: RETURN

REM *** CALCULATICON AND PRINIOUT ***

IF PRON <> 1 THEN 2040

LPRINT:LPRINT "In the simulated copolymer ";M1S;" 1is
represented by and . ";M2S;" 1s represented by X" :LPRINT
:PRINT':GOTO 2050

CLS:PRINT:PRINT "In the simulated copolymer *;M1S;" is
represented Iy and . ";M2S;" is represented ky X" :PRINT
: PRINT
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2050
2060
2070
2110
2120
2130
2135
2140
2150
2160
2170
2180
2190
2200
2210
2215
2220

2230
2240
2250
2260
2270
2275
2280
2290
2295
2300
2310
2320
2330

2340
2350
2360
2370
2380
2390
2400

2410

WSUM = 1 + MR: WL = MR/WSUM :W2 = 1/WSUM

X = WSM * RND (7)

RADS = "X" THEN 2280

IF INCA<=0 AND COQVP=1 THEN 2220

REM *** REACTIONS OF MONOMER 1 ***

Xl= (1+P1) * RN\D (TIMER)

IF INCB<=0 AND COMP=1 THEN 2150

IF X1<1 THEN 2220

NA=NA+1 : SA=SA+]1 : INCA=TNCA-1 : COUNT=COUNT + 1

IF PRON<>1 THEN 2180

LPRINT"."; :GOTO 2190

PRINI' ".";

IF COUNT = 100 AND COMP=1 THEN GOSUB 1515

NEXT T

GOTO 2340

REM *** CHANGE MONOMER 1 TO MONOMER 2 ***

RADS="X" :NB=NB+1:SB=SB+1: NA (SA)=NA(SA)+1:SA=0: INCB=INCB-
1 : COUNT=COUNTH+1

IF PRON<>1 THEN 2250

LPRINT "X"; :G0T0 2260

PRINT "X*"

IF COUNT = 100 AND COVMP=1 THEN GOSUB 1515

QOTO 2200

REM *** REACTTIONS OR MONCMER 2 ***

TF INCB<=0 AND COMP=1 THEN 2320

X2=(1+P2) * RND(TIMER)

IF INCA<=0 AND COMP = 1 THEN 2310

IF X2<1 THEN 2320

NB=NB+1 : SB=SB+1 : INCB=INCB-1 : COUNT=COUNT+1 : GOTO 2230
REM *** CHANGE FROM MONOMER 2 TO MONOMER 1 ***

RADS="." :NA=NA+1: SA=SA+1 :NB(SB) =NRB (SB) +1 : SB=0 : INCA=TNCA-
1 : COUNT=COUNT+1 : GOTO 2160

REM *** COUNT LAST SEOUENCE ***

IF SA=0 THEN 2370

NA (SA) =NA (SA) +1:GOTO 2380

NB (SB) =NB (SB) +1

TA=TA+HNA : TBZTB+NB: SUM=TA+TR

IF PRON=1 THEN 2410

PRINT :PRINT"The simulated copolymer contains';TA;M1S;"
units and";TB;M2$; " units® :PRINT INT( (TA/2000)*1000) /10; "
Mole %$";MLS :QOTO 2420

LPRINT :LPRINT"The simulated copolymer contains";TA;M1S;"
units and";TB;M2S; " units" :LPRINT

INT( (TA/2000) *1000) /10; " Mole %";MLS :CGOTO 2420
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2420 RETURN

3000 REM *** SEOQUENCE ANALYSIS ***

3010 PRINT :PRINT "PRESS ANY KEY FOR SEQUENCE ANALYSIS™
3020 AS=INKEYS: IF AS="" THEN 3020

3030 CLS:PRINT :PRINT "ANALYSING THE SEQUENCES™"
3040 FOR I=1 TO 2000

3050 IF NA(I)>0 THEN AMAX=T

3060 IF NB(I)>0 THEN RVAX=T

3070 NEXT I

3080 LI=RVAX:IF AMAX>RMAX THEN LI=AMAX

3090 IF PRON«>1 THEN 3150

3100 LPRINT :LPRINT "Sequence Distribtuions®

3110 LPRINT :FOR J=1 TO 79:LPRINT "-"; :NEXT J
3120 LPRINT :LPRINT' "Length", MLS$, ,M2S
3130 LPRINT :FOR J=1 TO 79:LPRINT "-"; :NEXT J

3140 LPRINT: GOTO 3200

3150 CLS:PRINT :PRINT "Sequence Distributions®
3160 PRINT :FOR J=1 TO 79:PRINT "-":: NEXT J
3170 PRINT :PRINT "Length", ,MLS,,M2S

3180 PRINT :FOR J=1 TO 79:PRINT "-"; :NEXT J
3190 PRINT

3200 FOR I=1 TO LI

3210 IF NA(I)=0 AND NB(I)=0 THEN 3250

3220 IF PRON<>1 THEN 3240

3230 LPRINT I,,NA(I),,NB(I): GOIO 3250

3240 PRINT I,,NA(I),,NB(I)

3250 NEXT I

3260 RETURN

4000 PRINT :PRINT' "ANOTHER RUN ?*

4010 AS=INKEYS:IF AS="" THEN 4010

4020 IF AS="Y" OR AS="y" THEN RUN

4030 IF AS="N" OR AS="n" THEN END

4040 GOTO 4010
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APPENDIX THREE
POLSIM PROGRAM LISTING
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DECLARE
DECTARE
DECTLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECTLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE

POLSIM

SUB Polpri ()
SUB Fdent
SUB Hcopy
SUB PrinC
SUB PrinA
SUB PrinB ()
SUB Errorhand ()
SUB Cfeed ()
SUB Cpolinfo ()
SUB Ccalc ()
SUB Anseq ()
SUB Calc ()
SUB Cdenter ()
SUB Copol ()
SUB Polinfo ()
SUB Feed ()
SUB Denter (
SUB Kedinput
SUB Rdisk ()
(
)
(

()
()
()
()

)
()

SUB Rpdisk
SUB Wdisk (
SUB Wodisk ()
SUB Terpol ()
SUB Initialize ()

)

hkhkkkkhkkhkhkhkhkhkkhkhkhkkhkhkhkhkkkhhkhkkhhhkhhhkhkhhkkhhhkkhhhkkhkhkhkkkhkkhkkkkkkhkkkxk

DECLARE AND INITTALIZE VARTABLES

3 e o 3k e e e ok e e K ok ke ok ok ok ke ok ok ok ok ok ok ko ok ke ok ko ok ke ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok Kk ok

COMMON SHARED INCA, INCB, INCC, MR1, MR2, TA, TB, TC,

NA, NB, NC, SA

COMMON SHARED SB, SC, AMAX, BMAX, (MAX, WSUM, PRON, COMP,
RD, CITROL, I

COMMON SHARED P1, P2, P3, P4, PS5, P6, PA, PB, PC, RADS,
COUNT, RAB, RRA

COMMON SHARED FileNameS, KodS, MAS, MBS, MCS,

DIM SHARED NA (2000), NB(2000), NC(2000), RS(6), R(6)

DIM SHARED Pol AS STRING

Pol = STRINGS (2000, **")

S,

SCREEN 0

COLOR 15, O

R$(1) = "r(AB)": R$(2) = "r(AC)": R$(3) = "r(BA)"
R$(4) = "r(BC)": R$(5) = "r(CA)": R$(6) = "r(CB)"
FORI =1 T0 6

337




R(I) =1

NEXT I

MR1 = 1: MR2 = 1: RAB =1: RBRA =1

ON ERROR QOTO Ehand

khkhkkhkhkhkkhhdkhkhhkhkhkhkhkhhkhkhkhkhhhhhhhkhkhhhhhhhhhhhhhhhhhhhkhhkkx

MATN MENU

R R R RS R S R b S R R R R R R b e e

o

disk"

LOOP

S

PRINT :

PRINT " (3)

PRINT " (4) Save simulated polymer to disk"

PRINT, "MATN MENU": PRINT

PRINT " (1) Run copolymer simulation®

PRINT " (2) Run terpolymer simulation"

Save monomer and reactivity ratio data to

PRINT " (5) Load monamer and reactivity ratio data fram

disk"

PRINT " (6) Load simulated polymer from disk"

PRINT :
PRINT' :

PRINT " (7) QuIT"

KdS = INPUTS (1)
SELFECT CASE Kbd$

CASE "1"

CALL Copol
CASE "2"

CALL Terpol
CASE "3"

CALL Wdisk
CASE "4"

CALL Wodisk
CASE "5"

CALL Rdisk
CASE "6"

CALL Rpdisk
CASE "7"

EXTT O
CASE ELSE

BEEP

END SELECT

Ehard:
SELFCT CASE ERR

CASE 25

PRINT “Input your selection"
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PRINT : PRINT "TURN PRINTER ON THEN PRESS ANY

KEY TO CONTINUE"
PauseS = INPUTS (1)
RESUME
CASE 25
PRINT : PRINT "PRINIER IS OUT OF PAPER: INSERT
PAPER THEN PRESS ANY KEY TO CONITNUE"!
PauseS = INPUTS (1)
RESUME
CASE 53
PRINT : PRINT FileName$S; "CANNOT BE FOUND:
PLFASE RE-INPUT FILENAME"
PauseS = INPUTS (1)
CALL Fdent
RESUME
CASE 68
PRINT : PRINT "TURN PRINTER ON THEN PRESS ANY
KEY TO CONTINUE"
PauseS = INPUTS (1)
RESUME
CASE ELSE
ON ERROR GOTIO 0
END SELECT
SUB Anseq
COLCR 15, O
IF SA <> O THEN
NA(SA) = NA(SA) + 1
FISE IF SB <> 0 THEN NB(SB) = NB(SB) + 1
ELSE NC(SC) = NC(sC) + 1
END IF
TA = TA = NA: TB = TB + NB: TC = TC +NC: SUM = TA + TB +
T
IF PRON = 0 THEN GOIO Sp
IF PRON = 1 THEN OPEN "LPT1:" FOR OUTPUT AS £2
PRINT £2, : PRINT £2, : PRINT £2, "The simulated
copolymer contains"; TA; MAS; " units";
IF CTPOL = 1 THEN PRINT £2, TB; MBS " units and" ; TC;
MCS; " units”

oe

TF CTPOL = 0 THEN PRINT £2, "and"; TB; MBS; " units"

PRINT £2, INT((TA/2000) * 1000 + .1)/10; " Mole % "; MAS
PRINT £2, TAB(20); INT((TB/2000) * 1000 + .1)/10; " Mole
", MBS;
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IF CTRPOL = 1 THEN PRINT £2, TAB(40); INT((TC/2000) * 1000
.1)/10; " Mole & "; MCS

CIOSE

IO Es

PRINT : PRINT : PRINT “The simulated copolymer contains”;
TA; MAS; “ units”;

IF CTPOL = 1 THEN PRINT TB; MBS; “ units and”; TC; MCS; “
units”

IF CTROL = 0 THEN PRINT “ and”; TB; MBS; “units”

PRINI'" INT'( (TA/2000) * 1000 + 0.5)/10; “ Mole % “; MAS:
PRINT' TAB(20); INT((TB/2000) * 1000 + 0.1)/10; * Mole 5"
MES;

IF CTROL = 1 THEN PRINT TAB(40); INT'((TC/2000) * 1000 +
0.1)/10; “Mole %"; MCS

PRINT' : PRINT “Press arny key for sequence analysis”
KidsS = INPUTS (1)

CLS : LOCATE 13, 19

PRINT' “ANALYSING SEQUENCES”

FOR I = 1 TO 2000

IF NA(I) > O THEN AMAX = T
IF NB(I) > O THEN BRVAX = T
IF NC(I) > O THEN OMAX = T
NEXT T
LI = BVAX

IF AMAX > RVAX THEN LI = AMAX

IF C(MAX > LT THEN LI = CMAX

IF" PRON = 0 THEN GOIO Scp

IF PRON = 1 THEN OPEN “LPT1” FOR OUIPUT AS £2

PRINT £2, : PRINT £2, “Sequence Distributions” : PRINT

FOR J = 1 TO 79
PRINT £2, “-";
NEXT J
PRINT £2,
IF CTPOL = 1 THEN PRINT £2, “Length”, , MAS, MBS, MCS
IF CTPOL = O THEN PRINT £2, “Length”, , MAS, ,MBS
FOR J = 1 TO 79
PRINT £2, “-";
NEXT J
PRINT £2
FOR J =1 TO LT
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IF NA(J) = 0 AND NB(J) = 0 AND NC(J) = 0 THEN COTO

Ne
IF CTROL = 1 THEN PRINT £2, J, , NA(J), NB(J), NC(J)
IF CTROL = 1 THEN PRINT £2, J, , NA(J), , NB(J)
Ne:
NEXT J
CLOSE
Scp:
CLS : SCREEN 0
PRINT' : PRINT :Sequence Distributions”: PRINT
FOR J = 1 TO 79
PRINT* “-";
NEXT J
IF CTPOL = 1 THEN PRINT “LENGTH”, , MAS, MBS, MCS
IF CITPOL = 0 THEN PRINT' “LENGIH”, , MAS, |, MBS
FOR J = 1 TO 79
PRINT “-";
NEXT' J
PRINT
FOR J = 1 TO LI
IF NA(J) = 0 AND NB(J) = 0 AND NC(J) = 0 THEN COTO
Nex
IF CIPOL = 1 THEN PRINT J, , NA(J), NB(J), NC(J)
IF CTROL = 0 THEN PRINT J, , NA(J), , NB(J)
Nex:
NEXT J
PRINT : PRINT “Press arny key to continue”
Kod$s = INPUTS (1)
END SUB
SUB Calc
RANDOMIZE (TIMER)
IF PRON = 1 THEN GOTO Ppri
PRINT : PRINT “In the similated copolymer”; MAS: “is
represented by”;
COLOR 9, 0: PRINT “0”;
COLCR 15, 0: PRINT MBS; “ Is represented by”;
COLOR 4, 0O: PRINT “X”:
QOLOR 15, 0: PRINT “and”; MCS; “Is represented by *”
PRINT
GOTO Xsum
Pori:
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PRINT £2,: PRINT £2, “In the simulated copolymer”; MAS;
“Is represented by 0”; MBS; “is represented by X and”; MCS:
“Is represented by *”

PRINT £2,

WSUM = 1 + MR1L + MR2: W1 = 1/WSUM: W2 = (1 + MR1)/WSUM
X = WSUM * RND(2)

RAD$ — HOH

IF X >= Wl THEN RADS = “X“

IF X > W2 THEN RADS = “*”

K kK ok Kk ok ok %k sk sk 9k ok sk ok ok ok ok 9k ok ok ok ok % ok ok ok ok kK S ok ko ok ok ok ok kK ok k% k% ok ok ok ke ke

PROPAGATION STEPS
K ok 3k e K ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ko ok ok K ok ok ok 5 ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
SCREEN 0O
FOR T = 1 TO 2000
IF RADS = “X” THEN GOTO Bron
IF RADS = “*” THEN GOTO Cron
IF INCA <= 0 AND COMP = 1 THEN GOTO AtoB

K %k ok ok ok ok ok ok ok sk sk ok kK sk sk ke ok ok ok ok ke e sk ek ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk S % ok ok S o ok ok ok

REACTTONS OF MONOMER A

e ok e 3k 3k Sk K o Kk K ok K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok o
Xl = (1 +P1L + P2) * RND(3)
IF INCB <= 0 AND <= 0 AND COMP = 1 THEN GOTO PrA
IF X1 < (P1 + P2) THEN GOTO AtoB

CALL PrinA
NexT :
IF COONT = 100 AND COMP = 1 THEN CALL Feed
NEXT T
GOI0 Esub
AtOR:

Kk ok ok ke kS ok %k ok Sk ke ok sk ok ok sk ok ok ok ok ok ok kK ke ok ok Rk ok ok ok ok % ok S %k S ok ke ok ok ok ok ok ok ok %k ok %k

CHANGE FROM MONOMER A TO MONOMER B

F ek Sk ok dk ok ok ok sk ok ok K ok ok Sk ok kK sk ok sk ok ok K sk ok ok ke % ok ok ok ok 9k Kk ok ok %k k% ok %k ok k% Kk K
IF X1 > Pl THEN GOTO AtcC
IF INCB <= 0 AND COMP = 1 THEN GOTO Ac:

Ab:
RADS = “X": NA(SA) = NA(SA) + 1: SA =0
PrB:
CALL PrinB
GJTO NexI
AtoC:

% ok e e e J ok ok ok 3k ok ok K sk ok ok 9k ke ok ok ok ok sk ok ok ok k ok ok ok ok K ok ok o sk ok K ok o % %k kK %k k%

CHANGE FROM MONCMER A TO MONOMER C
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Fe ok ek ek ke ek ok ok sk ok sk ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok vk ok o ok % ok ek ke %k vk ek ke

IF INCC <= 0 AND COMP = 1 THEN GOTO Ab

AC:
RADS = “*”: NA(SA) = NA(SA) + 1: SA = 0
PrC:
CALL PrinC
GOTO NexI
Rron:

Fo ke ok ke vk ke ok ok ok ok Sk ok ok ke sk ok ok ok ok ok ok ke ok ke ke ok ok ok ok ok ok ok e % ok % %k %k % % K ok % s ok

REACTTONS OF MONOMER B
*******************************************************
IF INCB <= 0 AND COMP = 1 THEN COTO BtcA
X = (1 + P3 + P4) * RND(5)
IF INCA <= 0 AND INCC <= 0 AND COMP = 1 GOTIO PrB
IF X2 < (P3 + P4) THEN COTO BtcA
GOIO PrB
BtoA:

ok K ek ke ok sk ok sk ok ok ok ok ok ke ok ok ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok o ok Kk % sk ok ok ok ok % ok %k

CHANGE FROM MONOMER B TO MONOMER A

%3k e ek ek ok ok sk sk ke ok ok ok ok ok vk ok ok o ok sk ok ok ok kS ok ke ok K o ok ok ok ko ke ke %k % ok e ke ok
IF X2 > P3 THEN GOTO BtoC:
TF INCA <= 0 AND COMP = 1 THEN GOTO Be

RADS = “0”: NB(SB) = NB(SB) + 1: SB = 0
G010 PrA
BtoC:

% ke ok ok ok ok ke sk ke sk ok ko ok ok ke ok ok ok ok ok ok ok ok ko ok ke ok ok o ok ok o ok ok ok %k % ok ok sk ok ke

CHANGE FROM MONOMER B TO MONOMER C
*******************************************************
IF INCC <= 0 AND COMP = 1 THEN COTO Ra:
Be:
RADS = “*”: NB(SB) = NB(SB) + 1: SB = 0
1O PrC
Crmon:

Fe ek ek ke ke ok Tk ok sk k Sk sk ke ok sk K ok ok ok ok sk ok s ok ok ke ok ok ok K ok ok ok ok e sk Sk sk ok % o sk K Kk

REACTIONS OF MONCMER C
*******************************************************

IF INCC <= 0 AND COMP = 1 THEN GOTO CtoA

X3 = (1 +P5+ P6) * RND(7)

IF INCA <= 0 AND INCB <= 0 AND COMP = 1 THEN GOTO
PrC

IF X3 < (PS5 + P6) THEN GOTO CtoA

Q010 PrC
CLQA:
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CHANGE FROM MONCMER C TO MONOMER A

% % kT K T T T kK ok k% Sk ok 9k ok %k ok % ok ks Sk Sk ke ke ok ok ok vk ok ke ke ok ok ke o ok ok ko ke ke ok
IF INCA <= 0 AND COMP = 1 THEN GOTO Cb
TF X3 > P5 THEN GOTO CtoB

Ca:
RADS = “0”: NC(SC) = NC(8C) + 1: SC =0
GOIO PrA

Kk k kA kA Ak Ak k Ak khkrkkkkhkkkkhhkkhhkkkhhkhhkhkkddhxdhhhhxrk

CHANGE FROM MONCMER C TO MONOMER B
*******************************************************
CtoB:

IF INCB <= 0 AND COMP = 1 THEN GOTO Ca
o:

RADS = “X”: NC(SC) = NC(SC) + 1:8C =0

Q010 PrB
Esub:

TF PRON = 1 THEN CLOSE

END SUB

SUB Ccalc
RANDOMIZE (TIMER)
IF PRON = 1 THEN GOTO CPpri
PRINT : PRINT “In the simulated copolymer”; MAS; “1s
represented by”;
COLOR 9, 0: PRINT “0”;
COLOR 15, O: PRINT “and”; MBS; “is represented ly”;
COLOR 4, 0: PRINT “X”
PRINT
QOTO Cxsum
CPori:
PRINT £2, : PRINT £2, “In the simulated copolymer”; MAS;
“ig represented by 0 and”; MBS; “is represented by X”
PRINT S2,
Cxsum:
WSUM = 1 + MR1: WL = MRL/WSUM: W2 = 1/WSUM
X = WSUM * RND(2)
RADS = “0”
IF X >= MR1 THEN RADS = “X”

kA hkhkkh Ak hkkrkkhkhkhkrhkrhhkhk bk hkhkkhkhhkhkhkkhkkhhkkkkhhkkhkhhkkkkk

PROPAGATTON STEPS

% % K K K Kk T Tk Kk Tk ok ok Sk gk ok ok ok %k %k K ok Sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ko ok ko ok
SCREEN 0
FOR T = 1 TO 2000




IF RADS = “X” THEN GOTIO CRron
IF INCA <= 0 AND COMP = 1 THEN GOTO CAtoB

*******************************************************

REACTTIONS OF MONOMER A
*******************************************************
XL = (1 + P1) * RND(3)
IF INCB <= 0 AND COMP = 1 THEN COTO CPrA
IF X1 < 1 THEN GOTIO CAtoB
CPrA:
CALL, PrinA
(NexT :
IF COUNT = 100 AND COMP = 1 THEN CALL, Cfeed
NEXT T
GOTO CEsub
CALOBR:

*******************************************************

CHANGE FROM MONOMER A TO MONOMER B
*******************************************************
RADS = “X": NA(SA) = NA(SA) + 1: SA = 0
CPrB:
CALL PrinB
GCTO (NexT
CRmon:

*******************************************************

REACTTONS OF MONOMER B
*******************************************************
IF INCB <= 0 AND COMP = 1 THEN GOIO CBtoA
X2 = (1 + P2) * RND(5)
IF INCA <= 0 AND COMP = 1 THEN GOIO CPrR
IF X2 < 1 THEN GOTO CBtoA
GOTO CPrB
CBtQA:

*******************************************************

CHANGE FROM MONOMER B TO MONOMER A

*******************************************************

RADS = “0”: NB(SB) = NB(SB) + 1: SB = 0

GCTO CPrA
CEsub:
IF PRON = 1 THEN CLOSE
END SUB
SUB Cdenter
IF RD = 1 THEN GOIO Cprn
Starta:
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CLS : PRINT “Input the name of monamer A”;
INFUT MAS

PRINT : PRINT “Input the name of monomer B”;
INPUT MBS

PRINT : PRINT “Enter the reactivity ratios”
PRINT : PRINT “r(AB)”;

TNPUT RABRS

RAB = VAL (RABS)

PRINT : PRINT “r(RA)”;

INPUT RRAS

RBA = VAL (RBAS)

CLS : PRINT : PRINT “Monamer A is”; MAS
PRINT : PRINT' “Moncmer B is”; MBS
PRINT : PRINT “r(AB) ="; RAB, “r(Ra) ="; RRA
PRINT : PRINT “Is this correct (Y/N)”
CALL Kodinput
IF KdoS = “N” THEN GOIO Starta
Sec2:
CLS : PRINT “Enter the theoretical mole percentage of”;
MAS; “in the polymer”;
Trag:
INPUT PAS: PA = VAL(PAS)
IF PA >= 0 AND PA <= 0 100 THEN GOTO Sec2A
BEEP
PRINT : PRINT “MOLE PERCENTAGE MUST BE BEIWEEN O AND 100:
PLEASE RE-ENTER”;
GCOIO Ipag
Sec2A:
PB = 100 - PA
CLS : PRINT MAS; PA; “Mole %”
PRINT : PRINT MBS; PB; “Mole %"
PRINT : PRINT “Is this correct (Y/N)”
CALL Kodinput
IF Kods = “N” THEN GOTIO Sec2
INCA = INT(20 * PA): INCB = 2000 - INCA
PRINT : PRINT “Polymerize to 100% conversion (Y/N)”
CALL Kodinput
IF KodS = "Y” THEN COMP = 1
CALL Hcopy
END SUB

SUB Cfeed
COONT = 0O
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IF INCA > 0 AND INCB > 0 THEN MR1 = INCA/INCB
Pl = MRl * RAB
P2 = RBA/MR1

END SUB

SUB Copol
CALL Initialize
IF RD = 1 AND CTPOL = 1 THEN RD = 0
CIROL = 0
CALL Cdenter
CALL Cfeed
CALL Polinfo
CALL Ccalc
CALL Anseq
RD =1
CLOSE
END SUB

SUB Denter
IF RD = 1 THEN GOTO Ctp

Start:
CLS : PRINT “Input the name of monomer A”;
INPUT MAS
PRINT : PRINT' “Input the name of moncmer B”:
INPUT MBS
PRINT' : PRINT “Input the name of monomer C”;
INPUT MCS
PRINT' : PRINT “Enter the reactivity ratios”
FOR I =1 T0 6

PRINT : PRINT RS(I)

INPUT RRS
R(I) = VAL(RRS)
NEXT T
Ctp:
CLS : PRINT : PRINT “Moncmer A 1s”; MAS
PRINT : PRINT “Moncmer B i1s”; MBS
PRINT : PRINT “Moncmer C is”; MCS
PRINT : PRINT
FOR I =1 TO 6
PRINT RS(I); “="; R(I)
NEXT T
PRINT' : PRINT “Is this correct (Y/N)”
CALL Kodinput

TF Kod$ = “N” THEN GOTO Start
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Sect2:
CLS : PRINT “Enter the theoretical nole percentage of”;
MAS; “in the polymer”:

Ipa:
INPUT PAS: PA = VAL(PAS)
IF PA >= 0 AND PA <= 100 THEN COTIO Sect2A
BEEP
PRINT : PRINT “MOLE PERCENTAGE MUST RE BETWEEN 0 AND 100:
PLEASE RE-ENTER” :
GOT0 Ipa
Sect2A:
PRINT : PRINT “Enter the theoretical mole percentage of”;
MBS; “in the polymer”;
Io:

INPUT PBS: PB = VAL (PRS)
IF PB >= 0 AND PB <= 100 - PA THEN COTO Sect2B
BEEP
PRINT : PRINT “MOLE PERCENTAGE MUST BE BETWEEN 0 AND”;
100 - PA ”: PLEASE RE-ENTER” ;
GOTO Ipxb
SectZB:
KC =100 - PA - PB
CLS : PRINT MAS; PA; “Mole %”
PRINT : PRINT MBS; PB: “Mole %~
PRINT' : PRINT MCS; EC ; “Mole %”
PRINT : PRINT “Is this correct (Y/N)”
CALL Kodinput
IF KodS = “N” THEN GOTO Sect2
INCA = INT(20 * PA): INCB = INT(20 * PB): INCC = 2000 -
INCA - INCB
PRINT' : PRINT “Polymerize to 100% conversion (Y/N)”
CALL Kodinput
IF Kod$ = “Y” THEN COMP = 1
CALL Hcopy
RD =1
END SUB

SUB Fdent
CLS : PRINT “Input name of datafile”:
EFnam:
INPUT FileNames$
IF LEN(FileName$) <= 11 THEN COTO Cdat
PRINT : PRINT "“FILENAME MUST BE LESS THAN 11 CHARACTERS:
PLEASE RE-ENTER”;
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QOTO Fnam

Cdat:
IF RIGHTS (FileName$, 4) = “_.DaT” THEN GOTO Eofsub
PRINT : PRINT “FILENAME MUST WITH .DAT: PLFASE RE-
ENTER” ;
GOTO Fnam
Eofsub:
SUB
SUB Feed
COUNT = 0
IFE\K?A>OAI\D]1\KEB>OT?ENMR1:H\KE/H\KZA
IFII\KIA>OAI\H]II\K?C>OTHENMR2:H\K3C/INC‘A
Pl = MR1/R(1)
P2 = MR2/R(2)
P3 =1/(MR1l * R(3))
P4 = MR2/ (MRl * R(4))
P5 = 1/(MR2 * R(5))
P6 = MR1/ (MR2 * R(6))
END SUB
SUB Hcopy
PRINT : PRINT “Would you like a hard copy (Y/N)”
CALL Kodinput
SELECT CASE Kbds
CASE “y”
OPEN “LPT1:” FOR OUTPUL AS £2
PRON = 1
CASE “N”
LS
OPEN “SCRN:” FOR OUTPUT AS £2
END SELECT
END SUB
SUB Initialize
s
[OCATE 13, 19

PRINT “PLEASE WATT-INITIALIZING ARRAYS”
FOR I = 1 TO 2000
NA(I) = 0: NB(I) = 0: NC(I) = 0

NEXT T

RANDOMIZE (TTMER)

INCA = 0: INCB = 0: INCC = 0: TA = Q- =0: TC =0
SA = 0: SB=0: SC=0: AMAX = 0: BMAX = 0: CMAX = 0
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SIM = 0: NA =0: NB=0: NC=0: PRON = 0: COMP = 0

END SUB
SUB Kodinput
Begin:
BEEP
KodS = INPUTS (1)
IF Kod$ = “v” OR Kbd$ = “y” THEN
Kods = “y”
ELSETF Kbd$ = “N” OR Kod$ = “n” THEN
Kods = “N”
ELSE GOIO Begin
END TF
END SUR
SUB Polinfo

Cpol:

Canv:

PRINT £2, PA; :Mole % of monomer A,”; MAS

PRINT' £2, : PRINT £2, PB; “Mole % of monaomer B,”; MBS

IF CTPCL = 0 THEN GOTO Cpol

PRINT £2, : PRINT £2, PC; “Mole % of monomer c,”; MCS
PRINT £2,

PRINT £2, RS(1); “="; R(1), R$(2); “="; R(2), R$(3); “=":
R(3)

PRINT £2, RS(4); “="; R(4), R$(5); “="; R(5), R$(6); “=":
R(6)

PRINT £2

GOTO Conv

PRINT' £2, : PRINT £2, “r(AB) ="; RAB, “r(BA) =": RRA
PRINT £2,

IF COMP = 1 THEN PRINT £2, “POLYMERIZED TO 100%

CONVERSTCON"

PRINT £2,

END SUB

SUB Polpri

IF PRON = 1 THEN GOTO XPpri

PRINT : PRINT “In the simuilated copolymer”; MAS: “is
represented y”;

COLOR 9, 0: PRINT “0”;

COLOR 15, O

IF CTROL = 0 THEN PRINT “and”;

PRINT MBS; “is represented by”;
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COLOR 4, 0: PRINT “X”:

QOLOR 15, 0

IF CTROL = O THEN PRINT “and”; MCS; “1s represented by *”
IF CTROL = 0 THEN PRINT

PRINT

Q01O Crad

XPopri:

by

Crad:

PRINT £2, : PRINT £2, “In the simulated copolymer”; MAS;
“1s represented by 0”;

IF CTROL = O THEN PRINT £2, “and”:

PRINT £2, MBS; “is represented by X”;

IF CTPOL = 1 THEN PRINT £2, “and”; MCS; “is represented
rr

IF CTPOL = 0 THEN PRINT £2,

PRINT£Z,

%k ke ke ke ke ke ke %k ok ok ok e ok ok ok ok vk ok ok v ok ok %k ok ok Sk ok vk ok vk ke ok ok ok ok ok ke ok ko ok kR ke k ke ke ok

PROPAGATTON STEPS

% 9k %k Tk ke sk ok ke vk %k ok ke Tk %k ok ke sk ke ok ok ok ok ok ok vk ok ok ok sk 9k ke ok ok ok ok ok %k ok ok ok ke ok e ok ke ke ke ke ke ke ke ke ok

SCREEN O
FOR I =1 TO 2000
F=I+1
XS = MIDS(Pol, I, 1)
YS = MIDS(Pol, F, 1)
IF XS = “X” THEN GOIO XBmon
IF XS = “*” THEN QOTO XCmon

Sk ek Kk ke ke e ke ke sk ek ok ke vk ke ok ok ok ke sk ke ok ok ok ok sk ok ke sk ke ke ok ok ok ok ok sk ok ok sk ok ke kb ko ke ke ke ke

REACTIONS OF MONOMER A

e ek ke ke ke ke Tk ok ok Tk ok sk ke ok ke ok ke ke ok ok ke ok ok ok vk ke ke ke ke ke ke ke ke ko ke ke ko ke ke ke ok ke ok ke ke

CALL PrinA
IF YS$S = “X” THEN GOTO XAtoB
IF Y$S = “*” THEN GUIO XAtoC

NextI:

NEXT T
QOIO Endsub

XALOB:

hhkkhkhkhkhkhkkhkhkhhhkhkkhhhkhkkhkkhkhhhkhkkhkhkhkhhhkhkhhkhkhkhkhkhkhkkhkhhkkhhhhhkhhhkdxxk

CHANGE FROM MONCMER A TO MONOMER B

hhkhkhkhkhkhkkhkhhhkhkhhkhhhkhkhhkhhhhkhhkhhkhkhhhhkhkhkkhkkhhkkhhhhkkhkkhhkhhkhkkkxx

NA(SA) = NA(SA) + 1: SA =0
GOTO NextI

XALoC:

Kk kK ok kK ok ke ke ke ke ke ke ke ke ke ok ok ke ke ok ok ok ok vk ke ok ok ok ok ok R ok ok ok ok ke ko ke ke ke kb ko ok ke

CHANGE FROM MONCMER A TO MONCMER C
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*******************************************************

NA(SA) = NA(SA) + 1: SA = 0
QOT0 NextI
XBmon::

*******************************************************

REACTIONS OF MONOMER B
*******************************************************
CALL PrinB
IF YS = “0” THEN GOTO XBtcA
IF YS = “*” THEN GOTO XBtoC
GOTO NextT
XBLQOA:

*******************************************************

CHANGE FROM MONOMER B TO MONOMER A
*******************************************************
NB(SB) = NB(SB) + 1: SB = 0
QOTO NextT
XBtoC:

*******************************************************

CHANGE FROM MONOMER B TO MONOMER C
*******************************************************
NB(SB) = NB(SB) + 1: SB = 0
QOTO NextI
XCron:

*******************************************************

REACTIONS OF MONOMER C
Kok ok ok ke ek ko ok ok ok ok ok ke ok Kk ok ok ok ke ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 5 ok K o
CALL PrinC
IF YS “0" THEN GOTO XCtoA
IF Y$ = “X” THEN GOTO XCtoB
QCTO NextI

{1

XCtoA:

*******************************************************

CHANGE FROM MONOMER C TO MONOMER A
*******************************************************
NC(SC) = NC(SC) + 1: SC + 0
QIO NextT
XCtoB:

*******************************************************

CHANGEFR@/IWC’IOP@\UMERB
*******************************************************
NC(SC) = NC(SC) + 1: SC =0
QOT0O NextI
Endsub:
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IF PRON = 1 THEN CLOSE

END SUB

SUB PrinA
NA =NA + 1: SA =SA +1: INCA = INCA - 1
IVI[D$(POl, I) = “Q"

COUNT = COUNT + 1
IF PRON = 1 THEN PRINT £2, “0”;
IF PRON = 1 THEN GOIO E

COOR 9, O
PRINT “0”;

E:

END SUB

SUB PrinB
NB=NB+1: SB=SB+ 1
INCB = INCB - 1
COUNT = COUNT + 1
MIDS (Pol, I) = “X”:
IF PRON = 1 THEN PRINT £2, “X”
IF PRON = 1 THEN GOTO Ens
o4, 0
PRINT “X":

Fns:

END SUB

SUB PrinC
NC =NC + 1: SC=8C + 1
INCC = INCC - 1
COUNT = COUNT + 1
MIDS (Pol, I) = “*»
IF PRON = 1 THEN PRINT £2, “*”-:
IF PRON = 1 THEN GOTIO Ensu
QOLCOR 15, O
PRINT “*",

Ensu:

END SUB

SUB Rdisk
CALL Fdent

OPEN FileNarme$ FOR INPUT AS £1
FOR I =1 TO 6
INFUT £1, R(I)
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NEXT T
INPUT £1, MAS, MBS, MCS, RAB, RRA, CTPOL
CIOSE £1
RD =1
END SUB

SUB Rodisk
CALL Imitialize
CALL Fdent
OPEN FileNameS FOR INPUT AS £1
FORI =1T0 6
INFUT £1, R(I)
NEXT T
INPUT £1, Pol
INPUT £1, MAS, MBS, MCS, RAB, RBA, CTPOL, PA, PB,
RC, VP
CILOSE £1
RD =1
CALL Hcopy
IF PRON <> 1 THEN GOIO Scrp
PRINT £2, “DATA FROM”; FileName$: Print £2,
QOTO Pinf

s
PRINT “DATA FROM”; FileNameS
PRINT
Pinf:
CALL Polinfo
CALL PolPri
CALL Anseq
CLOSE
END SUB

SUB Terpol
CALL Imtialize
IF RD =1 AND CTPOL = O THEN RD = 0
CIPOL = 1
CALL Denter
CALL Feed
CALL Polinfo
CALL Calc
CALL Anseg
CLOSE
END SUB
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SUR Wdisk
CALL, Fdent
OPEN FileName$ FOR OUTPUT AS £1
FOR I =1 TO 6
WRITE £1, R(I)
NEXT T
WRITE £1, MAS, MBS, MCS, RAB, RRA, CTPOL
CIOSE £1
RD =1
END SUB

SUB Wodisk
CALL, Fdent
OPEN FileName$S FOR OUTPUT AS f£1
FOR I = 1 T0 6
WRTTE £1, R(I)
NEXT T
WRTTE £1, Pol
WRITE £1, MAS, MBS, MCS, RAB, RRA, CTPOL, PA, PB,
&, QOMP
CLOSE

END SUB
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