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ABSTRACT

The work carried out in this study, constitutes an
investigation of the miscibility behaviour of a number of acrylic-
based polymers with the high performance, fluoropolymer surface
coating material Lumiflon LF200, The aim was to find ways of
improving the miscibility of LF200 with lower cost acrylic type
surface coating materials. 1In order to more fully understand the
mixing behaviour of LF200, blends were prepared with acrylic
copolymers and a number of other polymeric materials. LFZOO was
found to be immiscible with a copolymer based on styrene (ST) and
methacrylic acid (MAA), irrespective of the ST:MAA ratio. Miscible
blends of LF200 were however, prepared with n-butyl acrylate (PBA)
and polyethylene glycol (PEG) homopolymers, among others. Based on
these findings, ternary blends were produced consisting of the
fluoropolymer and acrylic surface coating polymers, along with low
molecular weight PBA or polypropylene glycol (PPG).  Both low
molecular weight materials appeared to act as compatibilising agents
and single Tg transitions were observed for many of the ternary
blends using dynamic mechanical thermal analysis (DMIA).

Fourier transform infrared spectroscopy (FTIR) was employed to
detect any specific interactions present between the blend
components. Hydrogen bonding interactions were observed between the
carbonyl group of. methacrylic acid containing polymers and the ether
oxygen of polypropylene glycol, in blends containing these
constituents. LF200 did not appear to be involved in hydrogen
bonding in any of the blends studied.

The use of scanning electron microscopy (SEM) to study the
phase behaviour of binary and ternary blends was investigated with
only limited success, due to problems associated with specimen

preparation. The technique did however, confirm the single phase




nature of a small number of blends shown to have single glass

transitions.
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1.0 Introduction

1.1 Polymer Blerds

A polymer blend is simply a mixture of two or more polymers not
chemically bonded together. There has been considerable interest in
this area of polymer science and technology in recent years,1'5
because of the inherent advantages in producing polymer mixtures,
Polymer blends can offer either superior or intermediate physical and
mechanical properties relative to the blend components and can offer
significant commercial benefits. Polymer mixtures are usually less
expensive to develop than new polymers or copolymers and the blending
process can be done economically on a large industrial scale at
various stages of the manufacture. Cost savings can also be achieved
if an expensive polymer is mixed with a cheaper one, perhaps coupled
with a compromise in the properties of the blend compared to it's
components.  There are now a large number of well established
commercial blends available. One example is the blend of poly(methyl
methacrylate) (PMMA) and poly(vinylidene fluoride) (P\J’Fz),6 vhich has
a better chemical and U.V. resistance than PMMA, whilst having a
better optical clarity than PVF5. Another example is the blend of
poly(carbonate) and poly(ethylene t:erephthalate),7 vhich has a better
chemical resistance and processability than poly(carbonate), at a

_lower cost.

1.2 Polymer Blend Miscibility

The mixing of polymeric materials is not as straightforward or
predictable as the mixing of low molecular weight liquids. The vast
majority of polymer pairs when blended do not mix but form separate
phases or domains within the mixture. Such blends are termed
immiscible. It is important to wunderstand what is meant by
miscibility., The most widely used definition of a miscible polymer

-1 -




blend is one which exhibits a single glass transition. Miscibility
therefore implies, by this definition, a level of homogeneity within
the mixture, such that any separate domains present are smaller than
the segmental size responsible for the glass transition. In other
words, miscibility in this sense, does not imply ideal molecular
mixing, but suggests a level of mixing adequate to yield the
macroscopic properties expected of a single phase material. It is
clear therefore, that a technique used for studying miscibility on
the basis of the glass transition, may lead to the conclusion of a
single phase, whilst a more sensitive technique may be capable of
differentiating between smaller separate domaing, leading to a
conclusion of immiscibility. It has been suggested that the
segmental size associated with the glass transition is of the order
of 15mm.8

In practice, many polymer blends are neither completely
miscible or completely immiscible, but exhibit a degree of partial
miscibility. In this situation, two glass transitions may occur at
temperatures intermediate between those at which the transitions
would occur in an immiscible blend of the two polymers. This
suggests, in effect, that there is a limited solubility of the two
polymers in each other, but not to a sufficient extent to yield a
single glass transition. A partially miscible system may however,
show a single very broad glass transition, which might span over the
range between the transitions of the blend components.

Clearly, when studying the miscibility of a blend using the
single glass transition criterion, problems will arise if the two
polymers have transitions at similar temperatures. In this situation
it is very difficult to determine whether one or twe transitions are
present, making conclusions about miscibility almost impossible. In
such cases it is necessary to employ another technique, such as

-2 -




microscopy, in order to clarify the phase behaviour of the blend.
One simple way of confirming miscibility is optical clarity. It has
been suggested that domains having a size of less than 100mm or
t:here.abouts,‘9 will not have the effect of scattering light, and such
blends will therefore, appear transparent. Likewise immiscible or
partially miscible blends having domains larger that this will appear
translucent or opaque, except in the case where the refractive
indices of the blend components are very similar. This will lead to
a transparent appearance, and the erroneous conclusion of
miscibility. Caution must therefore, be applied when using optical
clarity as a test for miscibility.

In order to more fully understand the phenomena associated with
the mixing of polymers, a number of thermodynamic theories have been
developed, which attempt to explain and often, predict, the
miscibility of a given blend system. Such theories are discussed in
more detail in section 2.1, but the basic criterion for the
miscibility of two polymers is that the Gibbs free energy of mixing
Gy, is negative, as determined by the following equation

AGp = AHp- TAS, (1.1)

Since the entropy change ( AS_ ) on mixing two polymers is
small or negligible, miscibility is usually only achieved if the
enthalpy of mixing (AH,) is negative. This is often the case if
specific intermolecular interactions, such as hydrogen bonding, are
present between the blend components. Choosing polymers which have
functional groups likely to be susceptible to such interactions, is

one way of promoting blend miscibility.




1.3. Miscibility Enhancement

A large number of binary polymer blends are miscible in some,
if not all, proportions. However, the vast majority of blend pairs
are immiscible and whilst this does not necessarily forego their
commercial utility, it is often desirable to improve the miscibility
of such blends. There are a number of approaches when it comes to
achieving or improving the miscibility of polymer mixtures.
Recently, much work has concentrated on the careful selection of
blend components, such that specific interactions between them are
favoured. The polymers are chosen so that the functional groups on
each are likely to participate in intermolecular interaction, usually
hydrogen bonding. It has been found in many cases that the presence
of such interactions is an important factor in producing miscibility.
An example of such a system, is the miscible blend of poly( € -
caprolactone) (PCL) and the poly(hydroxy ether of bisphenol a).10
Fourier transform infrared spectros¢opy23’24 confirms the presence of
a hydrogen bonding interaction between the carbonyl group of the PCL
and the hydroxyl group of the phenoxy polymer.

Hydrogen bonding is not the only type of interaction that can
lead to blend miscibility. It has been found that ion-dipole
interactions can improve the miscibility in a number of binary blend

11-13

systems. Polystyrene for example, is not miscible with

poly(ethylene oxide) or poly(propylene oxide), whilst an ionomeric
styrene copolymer has a very high miscibility with these materialsil,

_Another approach to improving the miscibility of two polymers
is to employ a so-called compatibilising agent. A recent review by
Xanthosl# discussed the use of such interfacial agents for enhancing
the miscibility of immiscible blends. The most widely used type of
_compatibiliser discussed by Xanthos are block copolymers (A—B)n,]'s"16
usually made up of units of the two immiscible polymers in question,
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A and B. It is not difficult to understand the principle behind this
approach, since it is likely that polymers A and B will mix with the
blocks in the copolymer having the same units.

Another way in which it is possible to improve the mixing
behaviour of two polymers is to form an interpenetrating polymer
network (IPN).1/ This is done by crosslinking polymer 1, which is

then swelled by incorporating into the network the monomer of polymer
2. The monomer is then polymerised and crosslinked is situ to form a
second network, which is interwoven with the first. This procedure
does not necessarily yield a single phase material and indeed two
phases may be present, however, the extent of phase separation is
limited due to the irreversible interpenetration of the two polymers.

The phase separation of two immiscible polymers can also be
discouraged by promoting grafting reactions between the chains;
usually achieved by the incorporation of a suitable reactive small
molecule into the system,u' which causes linkages to be formed at
melt temperatures. The resulting material is no longer technically a
mixture, since chemical bonds have been formed between the polymers.

Recently, a number of ternary polymer blends have been prepared
and studied,18'20’51 but often the- third component is a block
copolymer of the other two, although this is not always true. A
comprehensive and up to date listing of miscible binary and termary
blends has been compiled by Krause.?1)22

1.4 Sumary of Work Carried Out in This Study

Before describing the work undertaken, it is first appropriate
to discuss a little of the background to the work and to explain the

reason for the approach that was taken. Lumiflon is a novel

fluoroploymer designed for 1long life, high performance surface

coatings (see section 3.1.3), The polymer comprises four monomer
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units, three of them containing hydroxyl and/or ether functional
groups. Because of the material's high performance characteristics,
Lumiflon is therefore, relatively expensive. Clearly, there is a
potential for blending Lumiflon with other polymers in order to
produce a material of intermediate performance, but of lower cost.
Acrylic polymers are widely used inthe surface coatings industry, but
although less expensive, they camnot match the high performance of
Lumiflon. The aim of this work, therefore, was to blend Lumiflon
with various acrylic-based polymers in order to produce a miscible
system. The functional groups on the fluoroploymer and groups on the
acrylic polymers have, in theory, the potential for specific
interactions, and it was hoped that the miscibility of such systems
might be enhanced by promoting these interactionms.

A copolymer of styrene and methacrylic acid was chosen to be a
model for the two acrylic based surface coating systems studied (each
having methacrylic acid, 2-hydroxyethyl acrylate and n-butyl acrylate
components in the proportions indicated in section 3.1.3). It was
hoped that it might be possible to obtain specific interactions
between the methacrylic acid portion of the copolymer and the hydroxy
or ether groups of LF200, These could then be observed by Fourier
transform infrared spectroscopy (FTIR).23:24  The copolymer also had
the advantage that its glass transition was well separated from that
of 1F200, therefore facilitating the study of miscibility by dynamic
mechanical thermal analysis (oMTA).23 It soon became clear however,
that 1F200 was completely immiscible with the copolymer and so it was
decided to investigate the miscibility with a range of homopolymers
and copolymers, in order to discover the type of polymer with which
LF200 may be miscible. These experiments identified a number of
interesting blends in which miscibility was produced. Several

polymers were chosen based on these results, as potential




compatibilising agents., Binary blends of LF200 with the acrylic
surface coating polymers were studied in some detail, along with the
corresponding three component blends incorporating the potential
compatibilisers. Miscibility was studied mainly by DMIA and the

existence or otherwise of hydrogen bonding interactions was monitored

by FTIR spectroscopy.




2.0 Thermodynamic Theories of Polymer-Polymer Mixtures

2.1 Introduction

The purpose of thermodynamic theories as applied to polymer-
polymer systems is to explain the nature and extent of mixing and any
phase separation behaviour that is observeds  Another desirable
feature of such a theory would be the ability to predict the
miscibility of a given polymer pair, from a knowledge of readily
obtainable physical parameters relating to each of the components.

From basic thermodynamics, we have the criterion that any
system in stable equilibrium will have a minimum value of the free
energy of mixing (/AAGn), and this also applies to polymer-polymer
blends. The equilibrium state of mixing of a polymer blend at
constant pressure and temperature T, is determined by the value of
QG , which is made up of the following components:-

DGy =AHy- TASy (2.1)
AHm =enthalpy of mixing
NSy =entropy of mixing.

A plot of AGpagainst blend composition ((),, volume fraction
of component 2) as in figure 2.1, shows three possible types of
mixing behaviour for a binary system. The three curves represent the
miscible (A), partially miscible (B) and completely immiscible (C)
situations,

The necessary conditions for a binary system to be miscible at

a particular composition are:-

NGLL 0 (2.2)
and 2
2 /1p

Clearly, to determine the nature of the miscibility of a given
binary system, information quantifying AH,and/ASn are required in
-8 -




Figure 2.1
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order to know the sign and magnitude of AGm at a given composition.
The various thermodynamic theories, therefore, attempt to relate AHn
and ASn to physical parameters of the two components of the blend
which can be easily obtained, experimentally or otherwise.

The most widely known theories will be discussed, mentioning
the basis of the treatments, any assumptions made and shortcomings
apparent. Some more recent theoretical treatments will be mentioned,
especially those attempting to account for specific interactions, a
consideration largely ignored in the earlier fundamental theories.
No a‘ttempt will be made to reproduce the detailed derivation of
thermodynamic equations, since many are complex and lengthy and are
covered adequately elsewhere. Firstly however, it is appropriate to
discuss the phase equilibria and separation of polymer blends, since
many of the theoretical treatments attempt to explain such behaviour,
their ability to do so, an indication of the suitability of the

approach.

2.2 Phase Equilibria in Binary Polymer Blends

It is rare that enough information is available from either
experiment or theory to be able to predict the miscibility of a given
systems It is more common to first observe the phase behaviour and
then to explain it wusing a combination of theoretical and
experimental knowledge.

The phase diagrams for a typical binary polymer mixture are
shown in figure 2.2, illustrating upper and lower critical solution
temperature behaviour’ (UCST and 1CST). It is assumed that the
polymers are in their liquid state and the presence of the glass
transition is neglected. It has been well established that lower
critical solution temperature (LCST) behaviour is the predominant
mode of phase separation in polymer-polymer mixtures and has been

-9 -




observed for many blend systerns.26!27’28'12!72 It can be seen from
figure 2.1 that the shape of the free energy of mixing AGqp -
composition (@2) curve can indicate the state of miscibility of a
binary system. Since the entropy change (ASm) on mixing two polymers
is very small (unlike small molecules), from equation 2.1 it can be
seen that a small positive Aanan lead to a positiveAGm, and hence,
phase separation. At constant temperature and pressuré, for a binary
mixture to be homogeneous at all compositions, the equilibrium
condition of minimum free energy requires a free energy-composition
curve that is curved upwards over the whole composition range from
it's minimum point. Figure 2.3 shows free energy-composition curves
for a completely miscible system (a) and a partially miscible system
(b), which is characterised by a curve having a portion showing
negative curvature. In this two phase system, a double tangent can
be drawn which touches the curve at two points, representing the
compositions of two coexisting phases QDZ' and ¢2 The double tangent
intercepts the free energy axes at points representing the chemical
potential of the two components. The chemical potential or partial
molar free energy of a species i in solution(//) relative to it's
chemical potential in the pure state ([ff) is defined as the first
derivative of NG with respect to the concentration (m, ) of i

I -4 =D (6 Aﬁm) (2.4)
6 M /ipm

The two inflexion points on this curve separate the positively
and negatively curved parts of AGm . Any system within this region is
unstable and will phase separate, because the slightest change in
concentration will lead to a decrease in the free energy of the
.system and cause further séparation, until the stable situation of

minimun free energy for the two phase system has been reached (i.e.,

a point on the double tangent). This process is known as spinodal
‘ -10-




Figure 2.3
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phase separat:ion.-r’2

At the inflexion points:-

62AGm - 0
6y Jen

AGm = free energy of mixing per unit volume.

(2.5)

The range of concentrations between the point of inflexion and
tangent point are called metastable, since the system can resist
small concentration fluctuations on accomnt of the positive
curvature.

Increasing the temperature in a two phase system, serves to
bring together the two sets of tangent and inflexion points until

they form the critical point (see figure 2.3(c)), at which:-

GB_A(_E_m_ = 0 (2.6)
8 Q’); T.P

Plotting the concentration of tangent and inflexion points as a
function of temperature yields the phase diagram -showing the
coexistence curve (binodal) and locus of inflection points (spinodal)
(figure 2.4), These two curves have a common horizontal tangent at
the c¢ritical point, parallel to the lines which commect the
compositions of the coexisting phases.

It is likely that figure 2.4 represents only the simplest case
and many polymer systems will be characterised by curves having more
complicated shapes. It should also be noted that the critical point
may be effected by polydispersity, chain length, temperature and

composition.

-11 -




Figure 24
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2.3 The Flory-Huggins Lattice Theory of Polymer-Polymer

Thermodynamics

The theory developed to describe the thermodynamics of polymer
mixture is an extension of the theory relating to polymer-solvent

9 and Huggins.30 Each

systems, proposed simultaneously by Flory2
suggested a lattice model in order to derive expressions for the
enthalpy and entropy of mixing, enabling the evaluation of the free
energy of mixing from equation 2.1.

When a polymer chain is placed in an imaginary two-dimensional
lattice, each polymer segment occupies a site in the lattice in an
overall random way, as permitted by chain restrictions. A second
polymer can then be placed randomly in the remaining lattice sites.
Two important assumptions should be noted at this point. Firstly, it
is assumed that the same lattice may be used to describe the
configurations of both components, and secondly, that the geometry of
the two species a‘%e identical. In other words, the size of the
polymer segments of each polymer and their allowable conformations
are assumed to be equal. It should also be noted that the model
makes no allowances for specific inter-molecular interactions. The

derivations of expressions for the entropy and enthalpy of mixing
will now be discussed.

2.3.1 Entropy of Mixing

The blend is considered to consist of two polymers 1 and 2,
each one having a chain made up of a number of segments Xy and X7,
respectively. Since the segment sizes for each polymer are
considered to be equal, they can be defined as a ratio of the molar
volumes of the two polymers. An expression is then derived to
calculate the pumber of ways in which the polymer chains can be

arranged in a lattice, consisting of a given number of sites or

-12 -




cells, the volume of each cell being equal to that of a polymer
segment. It is assumed that each segment in a chain is placed
randomly in the lattice, adjacent segments of the chain going into
adjacent cells, allowing for cells that have already been occupied.
If the combination entropy of mixing polymers 1 and 2 is

defined as
ASrn = [Sc- (51 + SZ):] (2.7)

and the volume fraction of polymers 1 and 2 are defined as

P
and ®;

Ny X No
n2X1/n°

Where N, is the number of ways in which identical polymer

(2.8)

segments can be arranged in a lattice of ng, cells, then the

combinatorial entropy of mixing AASylc) can be written

-8k = (mIn@, *+ myIng,) (2.9)

Where Kk is the Boltzmann constant and Mm; is the number of moles of
species | . This expression is similar to that applied to polymer-

solvent systems, derived by Flory.

2.3.2 Enthalpy of Mixing
The enthalpy of mixing (AH,) is derived by considering the

energy change(AQz) involved in replacing like segments, in adjacent

sites to a reference segment, by unlike segments.

A€, = €y (€ e €z:e) / 2 (2.10)
-13 -




Where € y is the interaction energy of segments 1 and 2.

The enthalpy of mixing QDH,, is the difference between the total
enthalpy of the mixture and the combined enthalpy of the two unmixed
components.

Equation (2.10) can also be written
ARy = A€, pyy (2.11)

Where p,y, is the average number of contacts between unlike
Segments at a particular composition, and is given by
(2.12)
P2 ~ Zxyny Cb2
Z is the lattice coordination number and is the number of cells
immediately adjacent to a given cell. ZX;ny , therefore, represents

the total number of contacts of segments of polymer 1.
= 2,13
hence, AHm =7 n1x1 @2 A€12 ( )

but ny, =N, m,

| Where n4is the number of chains having X; segments
Na is Avogadro's number
Mm; is the number of moles of polymer 1.

So equation (2.13) can be written

AH,, = ZNym %, D, A€y, (2.14)

Equation (2.14) is one form of the Van Laar equation for the
heat of mixing in any two component system. It is usually written in
the form of the interaction parameter X , defined as the

interaction energy between two unlike segments, divided by kT,

-14 -
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! So AHm = NAkTX X4 ¢2 (2.15)
| Or AHm = RTX X1¢2 (2’16)
Where X = ZA€12/kT (2.17)

2.3.3 Free Enerpy of Mixing

The Gibbs free energy of mixing AGm is then given by
AGp =AHp- TAS, (2.1)
substituting equation (2.9) and (2.15) gives

AG, = RT (X m1x1¢2 + m1ln§I>1 +m, lnqbz) (2.18)
For polydisperse polymers this can be generalised to

AGy = RT [Z B,y %y 0y, + Ly %y 0, LB, L3, x] (2.19)

These expressions can also be written in terms of chemical

potential (partial molar free energy).

2.3.4 Assumptions and Simplifications in the Lattice Theory

As mentioned earlier, one major assumption is that the same
lattice is applicable for describing the configurations of both
components, and this cannot be justified if the two polymer chains
have different spatial requirements. This may well lead to a
difference between the observed behaviour and that predicted by the
theory.

It is widely believed that the entropy contribution to the free
energy of mixing, is in reality made up of both a combinatorial
entropy term (AS,(c))and an excess entropy term (ASp(e)). Thus,
equation (2.1) becomes

AGL=AHy-T (ASm(C) + ASm(E)) (2.20)
The Flory-Huggins lattice theory takes into account only the
-15 -




combinatorial entropy. However, if specific interactions occur
between chain segments, then there will be a deviation from random
mixing and this may result in a volume change on mixing. Attractive
interactions between chains might be expected to lead to a reduction
in volume compared to that predicted. The combinatorial entropy term
alone takes no account of such volume changes, but so-called equation
of state theories attempt to allow for this. The lattice theory is
also not applicable to dilute sclutions of one polymer in another, as
this tends to lead to small clusters of the minor component separated
by large regions of the major component. This defies the condition
that segments of the two polymers should be distributed randomly.

As mentioned earlier, the success of a given theoretical
treatment to describe polymer-polymer mixtures, can be judged to some
extent by it's ability to explain phase separation behaviour, in
particular lower critical solution behaviour, since this has been
observed for many miscible blend systems, The Flory-Huggins theory is
unable to predict LCST behaviour, but to understand why, it is
necessary to consider the spinodal and critical conditions as applied
to the interaction parameter X.If equation (2.18) is differentiated
with respect to M, we get

AUy - inQ, * (1+x1/x2)(2§2+)(, x,q)§ (2.21)
RT

Where [{y , is the chemical potential of polymer 1.
If the spinodal condition

(azaem 0 - (aauz) i (6Au,) (2.22)
6¢§ RT 6¢2 PY 6(ﬁ‘l PT

is applied to equations (2.21) the following expression is

obtained
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Likewise, if the critical condition,

8 AG
LV OUm = 0
( 69, )m (220

is applied to equation (2.21), an expression for Xcr can be

obtained

X = 1 - x1/x /2x,(1 Cbz e ) (2.25)
Y 17
were (Do = (%)% (x7 + x2) (2.26)

1
e s 3040 (0A8)] G

X, is the number of segments in a chain of polymer I

From equations (2.23) and (2.27) it is clear that X can never
be negative despite approaching zero at high chain lengths. This
means that the free energy of mixing AGm(see equation (2.18)) camnot
be negative, and hence, the theory camnot predict LCST behaviour.
One reason for this inability to describe experimental observations,
could be due to the definition of the interaction parameter as
deperding on temperature alone. However, it has been shown from
recent small angle neutron scattering experiments that X is a
complicated function of temperature, density, concentration,
intermolecular structure and flexibility.31932,33,3%4  qoppe3d
suggested an expression for X of the form X = X, + X2¢2 + X3¢§
in which the temperature dependence of X can be restricted to the
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first term. Koni.ngsveld36 proposed a similar expression using an
interaction parameter term,  which could be written as a function
of temperature. The @ parameter could in some cases be measured in
terms of physical quantities, but no acceptable molecular
interpretation for Q was proposed. Schweizer and Curro3l have
derived a general formula for the X parameter measured in
small angle neutron scattering (SANS) experiments. The use of SANS
and inverse gas chromatography (IGC) to determine the X parameter
will be discussed later (sections 2.6.2 and 2.6.3).

The inability of the lattice theory to predict LCST behaviour,
led to the development of equation of state theories to

explain or predict the miscibility of polymers.

2.4 Equation of State Theories

Molecular theories which take into account the compressible
nature of the pure components as well as that of the mixture and
which relate the pressure, volume and temperature of a system at
equilibrium, are known as equation of state theories., Early theories
were first developed from Van der Waals theory in order to describe
mixtures of small molecules, The two most widely known theories
applicable to polymer mixtures are those proposed by Flory et
a1,37'38’39 and the 1lattice fluid theory of Sanchez and
Lacombe.?0541442,43 e post widely applied theory of the two is
that of Flory, the outline of which is discussed below.

The Flory treatment involves considering the ways in which
segments of volume v* can £fill a lattice having cells of volume V.
v is the volume taken up by the "hard-core” of a segment and this is
less than the actual molecular volume of the segment v. The
difference v~v" is the free volume of the system and accounts for the
expanded configurations of the chain segments. One of the most

-18 -



important assumptions of the theory, originally proposed by
Prigogine,l’l‘ is that a molecule in a liquid has both external and
internal degrees of freedom, The extermal degrees of freedom in a
polymer chain depend on intermolecular forces and are related to
translational motions. The external degrees of freedom are usually
expressed as JC per chain segment. Where C is a number less than
one. The internal degrees of freedom depend on intramolecular forces
and relate to vibrations and rotations. The partition function (Z)

is given by

L= zint . Zext (2.28)

Znt makes no contributes to the equation of state, since it is
assumed to be independent of density and is not influenced by
neighbouring segments. The external partition function which is
determined effectively by the translational™~degrees of freedom, can
be calculated using the classical integral for a translational
partition function and results in

3n,x,¢,/2
Zow= Q(27mkT/B2) (2.29)

Where N is the nmumber of chains having X; segments of mass m,
h is Planck's constant

and Q is the configuration integral and is given by

3n;x,cC,
0= o) 4T /30l 1T el 4)] 20

Where ¥ is a geometric factor. E, 1is the lattice energy and is
inversely proportional to the cell volume to the power 3 (where 3 is
number between 1 and 1.5).

The pressure P, of the system can be defined as
-19 -




- kT {61InZ,
i nh (GVI )T.n. (2.51)

where I, is the segment ratio defined as v/ v’
The equation of state for an unmixed polymer component can be
found by differentiating equation (2.29):

o o~ ~y
Pvi _ _V ’ o (2.32)
T EN I

where the reduced temperature, volume and pressure are

defined as

P-p/F
T=1/T (2.33)

~ #*
V= \5/9
The characteristic parameters in the equations of state can be

obtained by measuring the thermal expansion coefficient () and the

thermal pressure coefficient (¥)

6 - -
q-= ”\1_- (—6;_)p n, (2.34)
6P
Y= ST)V,,,I (2.35)

By extrapolating these quantities to zero pressure, the reduced

parameters become

P YT (2.36)

i-[60) /i) @
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3
Vi s ’:(Q,T/Baap 3) +£| (2.38)

By using a number of mixing rules, as discussed by Olabisi et
":11,2 these relationships can be related to binary polymer systems and
equations for the characteristic temperature and pressure of a
multicomponent mixture can be obtained :

n

p* =anlp: _Z . wlejxu (2.39)
121

J=2

n nj-1
1T _ _k > CW_E ) c /| (2.40)
T’F - P‘V* 1=1 e =2 =1 ik

The term in brackets in equation (2.40) gives the total number

of external degrees of freedom per segment. Cj; is a correction
factor to account for deviations from additivity. 'Wl is the segment
fraction, equivalent to the volume fraction based on the "hard-core"
volume of v* X;J arises from the difference in interaction energies
for unlike segments.e represents the total surface area of segments
occupied by type j molecules.

The chemical [;otential for each component in a system is given

by

. [BARY 6AE,
Bilt= (G“k )T,v,n, (6? )T

2k

Where OF, = -kTln (Z/l'l“ Z,) (2.42)
1=
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The second term was found by MMaster®® to be necessary in
order for accurate predictions of the effect of pressure, even though
it only makes a small contribution at low pressures. If a full
expression for AFm is incorporated into the above equation (2.41),
followed by differentiation, the chemical potential J; of a.
component (k) in the mixture can be found from the very lengthy

equations which result.

2.4.1, Applicability of the Flory Equation of State Theory

MMaster®® carried out a detailed examination of the Flory
theory for polymer blends by simulating a series of binodal and
spinodal curves for hypothetical polymer mixtures, The effect of
varying interaction parameters X12 is discussed as follows (see

figure 2.5), along with other factors influencing miscibility.

(1) Negative or very small positive values of the interaction
parameter X.,z favour miscibility. Small positive values lead to
phase diagrams similar to figure (2.5)(iii); larger positive values
have phase diagrams represented by (ii). Negative values of X, show

behaviour as shown in (i).

(2) Miscibility is favoured by either one or both components having

low molecular weight.

(3) - Miscibility is favoured if the two components have similar
thermal expansion coefficients, the implication being that similar

»
characteristic temperatures T are required for miscibility.

+
(@) 1 qQ{aq; orif T: > T, , then miscibility is favoured if

Ho¥Y, o PP
-22 -




(i)

Figure 25
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X12 is usually negative when specific interactions are present
and this is a driving force for miscibility. However, miscible
blends have been observed in which no specific interactions are
involved. A number of such systems involve random copolymers, where
the relationship between intermolecular and intramolecular forces are

more '.Lrnpori:am:.26’[‘7 393,73

2.5 Thermodynamic Theories of the Miscibility of Blends Involving

Random Copolymers

A mean field theory based on the simple Flory-Huggins lattice
theory, has been used to describe the miscibility behaviour of binary
systems containing at least one <:op-oloymttn:.l‘6’£’7’53 Like the basic
lattice theory, the treatment does not allow for the presence of
specific interactions.

Consider a copolymer/homopolymer system involving copolymer A,
having units 1 and 2, and homopolymer B having a structural unit 3.

The volume fractions of the various components are

CDA , Q)B - the volume fractions of A and B, @A* ng = 1

@; ’ Qbé ~ the volume fractions of comonomer units in copolymer
A.
@1 ,@2 &d)a - the overall volume fractions of monomer units 1,2 and

3 vhere D+ D+ Dy = 1

and ¢1 ¢1' ¢A
@2 = P2
P; = Pg

The Flory-huggins relationship for the free energy of mixing

can then be written:
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%gm = @y/x)n Bt (Byfr)tnPs
BB 1%y By BB Xy

given that the effective interaction parameter for mixing A and

(2.43)

B is represented by

Kt = Py Xy3 + C'D:?X23+ ¢;¢§X12 (2.44)

Equation (2.43) is then identical to equation (2.18), thé Flory
lattice theory equation derived earlier,

Xy3 and X23 are interaction parameters relating the interactions
between units 1 and 2 of the copolymer and unit 3 of the
homopolymer. Xu is the interaction parameter describing interactions
between the two comonomer units or segments in the copolymer.

The necessary condition for mixing is that the free energy of
mixing should be negative. The first two terms in equation (2.43),
due to the combinatorial entropy, are always negative and so for
miscibility, should be sufficiently small and positive in order
for AGnto be negative. Figure (2.6) illustrates the ways in which
the effective interaction parameter may vary with copolymer
composition. The dashed lines show the additive case resulting
when Xip= 0. The implication of each possibility is discussed below.

(a) shows the effect of having a negative or positive Xn, resulting
in an upward or downward curve of Xeff respectively. The X,j
parameters indicate the attraction (negative X,j ) or repulsion

(positive X,j) between the components | and J within the system.

(b) In this case, X12 ’ X13 and X23 are all positive, that is, the

monomer units 1 and 2 of the copolymer (A) repel each other, as well

as each repelling the unit 3 of the homopolymer (b). Miscibility is
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Figure 26
Variation of the Effective Interaction Parameter
with Copolymer Composition in a Binary
Homopolymer-Copolymer Mixture

(3)

(c)




possible for certain compositions, however, if X12 is sufficiently

large as to cause Xeff to become negative. In other words,
miscibility is favoured when there are strong repulsions between the
two units 1 and 2 of the copolymer, provided 1 and 2 attract or only

slightly repel the unit 3 of the homopolymer.

(c) Since X23 is negative, copolymers containing a high enough
proportion of unit 2 will be miscible when X12 is either negative or
positive. Clearly, if units 1 and 2 attract one another, miscibility
will result at compositions richer in unit 2 (X), than if 1 and 2
repelled each other (y).

(d) If Xjp, X33 and X3 are all negative, miscibility occurs at all
compositions, providing the attraction between the copolymer units 1
and 2 is not too great (i.e. X12 highly negative). If this is the
case, then at some compositions the effective interaction parameter
will become positive leading to phase separation.

Systems showing type (b) behaviour have been observed, examples
being styrene-acrylonitrile copolymer with poly(methyl methacrylate),
poly(ethyl methacrylate) and poly(n-propyl methacrylate).26 The
methacrylate homopolymers are each immiscible with poly(styrene) and
poly(acrylonitrile) respectively, but the blends involving the
copolymer exhibit so-called miscibility windows over a range of
copolymer compositions.

For a system having X,4 < 0, the relationship between LCST
behaviour and the interactions parameter, can be explained in terms
of the decreasing effectiveness of intermolecular attractions as the
temperature is increased, associated with an increase in free volume,
Phase separation occurs at the point when the effective interaction
parameter of the system becomes zero. The phase relations and
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miscibility in polymer blends containing copolymers was recently
discussed by Roe and R]’.gby,‘{‘8 covering both binary and ternary
systems.

Recently, the miscibility behaviour of random copolymer blends
has been discussed based on Flory's equation of state theory.133
Miscibility was explained by the change of sign of the intermolecular
interaction parameter X , expressed in terms of the intersegmental
interaction parameters. The way in which the temperature dependence

of X changes with copolymer composition was also discussed.

2.6 Methods of Determining the Interaction Parameter

2,6.1 Solubility Parameter Theory

The Flory-Huggins lattice theory and the equation of state
theories, both attempt to explain or model, experimentally observed
miscibility behaviour, but they cannot easily predict such behaviour
given only information about the physical properties of the pure
unmixed components. Since the interaction parameter X s is clearly
an important factor determining the miscibility of a given system, it
would be useful to be able to estimate its value experimentally. One
of the ways in which this can be achieved is by utilising solubility
parameters. Hilderbrand*? proposed that the solubility of a solute
in a solvent was related to the energy of vaporisation per unit
volume, or "internal pressure” (AEA/). This quantity is also termed
the cohesive energy demsity ((ED), the square root of vhich is
defined as the solubility parameter.

V2
(%Ev) . 6 - ()" @4

6 is proportional to the cohesion of the solution, equivalent to

the strength of attraction between the molecules in the solution.
Obviously, the energy of vaporisation cannot be found for polymer-




polymer mixtures, The cohesive energy density (hence &) can,
however, be determined in a number of ways. Olabisi and Simha>?

calculated & by considering the internal pressure
&2 = p (GU z  T1d (2.46)
6V /i B

Where { is the thermal expansion coefficient ( °C-1 ), and B
is the compressibility (m¥)). A semi-empirical equation of state of
polymer melts was used to develop a generalised relation for P‘ which
could be used to calculate 8 from the above equations.

The solubility parameter can also be calculated directly from
heats of solution, by chromatography or solution behaviour. Methods
which allow estimation of & from group contribution methods have
also been compiled by Van Krevelen. This method is based only on the
chemical structure of the polymer repeat units and the related molar
volumes,

Hildebrand derived an equation allowing the calculation of the
enthalpy of mixing /\H,from solubility parameters.

RPPTS

Where V is the total volume of the mixture. If the expression forAHm
from the Flory-Huggins lattice theory (equation 2.14) is substituted

into the above relationship, the resulting expression is

2
RTX . (6,-6,) = B (2.48)
vV
The term RTX/V is generally defined as B, the binary interaction
energy density.
It is clear from equation (2.47) that the enthalpy of mixing is

always positive when calculated from solubility parameters, hence,
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predicting immiscibility. The Hildebrand relationship does not take
into account specific interactions and in many miscible blends, such
interactions are the principle reason for miscibility. It is
necessary, therefore, to modify the expression for cohesive energy
density and solubility parameters to account for this. One simple

modification for the cohesive energy of a system is as follows

E, + E, + E (2.49)

Eon = Ey p

where the subscripts d, p and h stand for dispersive, polar and
hydrogen-bonding contributions respectively. The enthalpy of mixing

is then given by

A\,Hm - ¢1¢2 [(6d1' 6d2)2 * (691" 6,,2)2 + (6h1- 6h2)2] (2.50)

This still does not allow for mnegative values for AHp . Paul
and Barlow®’ have developed a binary interaction model for predicting
the miscibility of blends involving copolymers, based on the
solubility parameter approach. The assumption that the cohesive
energy density (¢ y ) between unlike pairs i and j can be given by

ct = c" * c H (2.51)

was modified by the incorporation of a parameter k which then allows
a negative value of B and hence AHp

CU = (1"‘ kU ’ /cli Cu' (2.52)
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The binary interactions energy demnsity B, can be found as
follows
B, = ¢-2c,+¢

y i (2.53)

Incorporation of (2.52) into (2.53) leads to the expression
2
B,= (6,-6,) * 2k,66, (2.54)
It was shown that Bj can be negative for certain values of the

parameter K .

2.6.2 Inverse Gas Chromatography (IGC)
Inverse gas chromatography (IGC) is so called because the

stationary phase is the phase of interest, in contrast to
conventional gas chromatography. The polymer or polymer mixture to
be studied is coated onto an inert support material.”® This is
usually done by dissolving the polymer in as suitable solvent, mixing
with the support, followed by removal of the solvent by evaporationm.
It is then possible to measure and evaluate the thermodynamic
interaction of polymers (above their glass transition) with low
molecular weight probes.

Despande et al°® vere the first to suggest the use of IGC for
studying polymer mixtures. Based on Flory-Huggins expression for the
enthalpy change on mixing (AH,), a method was proposed which led to
the evaluation of the polymer~polymer interaction parameter, X . The
method has been used to study several oligomeric binary polymer
blends.”’ 0labisi”® was one of the first to study high polymers by
this technique. Systems such as poly(vinyl chloride) with several

39 and also with chlorinated polyethylene

acrylates and methacrylates,
have also been studied.60
A brief discussion of the theory enabling the evaluation of X

is now appropriate.61 The elution behaviour of a volatile substance
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(probe) on a gas chromatographic colum is usually described by its
specific retention volume, Vg such that
Vg = (Vr-Vo) W= Vn/w
(2.55)

Where Vr is the probe elution volume, V), is the colum void
volume and V,, is the net retention volume (V,.-Vo). w 1is the mass of
the polymer on the colum. A superscript of 1 denotes the probe,
whilst subscripts 2 and 3 denote the two polymers within the blend.
If the Flory-Huggins theory is now combined with expressions relating
chromatographic calculations, a relationship for the residual binary

interaction parameter X12 can be written

Xiz = 0 (RTV /WViP) = 1+ /My, - (By- W) RL/RT (2.56)

V, and P; are the probe molar volume in the liquid phase and
the saturated vapour pressure respectively. Bj; is the second virial
coefficient of the probe in the gas phase and V, is the specific
volune of the polymer at the experimental temperature. R  is the
universal gas constant. For most cases involving high molecular
weight polymers the third term in the equation can be omitted.
Equation (2.56) applies to a single polymer system and therefore,
must be modified to allow for the second polymer.

If Xza is the binary interaction parameter for the two polymers

in the system, the related parameter X23can be defined as

Xa3 = (W/Vz) Ko3 (2.57)

X23 is a less cumbersome term since it no longer contains the
large molar volume term. The X23 parameter can then be evaluated from

the following expression
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’ Vi, blend Va. Vi ,
Xy (/&3 |0 (—é‘m—) - @ytn (%;’—) - P; ln(gT:) (2.58)

The second subscript after Vg indicates the nature of the
colum and W, is the weight fraction of the two components in the
blend.

In recent review, Mandal et a152 conclude that determining
polymer-polymer miscibility from the sign of )(2'3 as determined by IGC,
is possible for systems associated with strong specific interactions,
but that such values are not reliable. It is suggested that if
several binary blends are studied in which one component is one of a
homologous series (for example PVC with methacrylates), much
information can be obtained about the relative miscibility from an
examination of the X£3 values. It is also suggested that the method
is insufficiently accurate to allow determination of miscibility in
systems where X£3 is near to zero. Mandal et al®? also conclude that
the accuracy of the method may be expected to improve in the future,
as a result of sustained research and thus its usefulness will

correspondingly increase,

2.6.3 Small Angle Neutron Scattering

Small angle neutron scattering (SANS)32163:84 5 5 technique
which has been applied recently to the investigation of polymer
blends and in particular, to the determination of the interaction
parameter X. SANS involves the bombardment of a sample with a beam
of neutrons and this necessitates a nuclear reactor as source. One
of the blend components is isotopically labelled with deuterium,
because of the large difference in scattering lengths of protons and

deuterium. This allows the scattering due to varying concentrations

of the deuterated polymer phase to be observed, at temperatures in
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excess of the glass transition temperatures of the polymers involved.
The scattering from binary mixtures can be split up into terms
arising from intermolecular and intramolecular correlations. The
intermolecular component of the interaction parameter X can then be
evaluated from scattering by systematically analysing either the
scattering intensity extrapolated to zero, or the apparent radius of
gyration.

The derivation of equations enabling the evaluation of X have
been discussed by Higgins et a1,33 as applied to the temperature and
concentration dependencies of the interaction parameter in oligomeric
polymer blends and also to molecular conformation. The technique has
been used to study interactions in mixtures of poly(ethylene oxide)
and poly(methyl methacrylate),65 leading to the observation of a
small negative value for XAB for the mixture.

Curro and Schweizer®® have recently formulated and implemented
a microscopic, statistical mechanical theory of the structure and
thermodynamics of polymer blends, which they anticipate will provide
a molecular basis for the understanding of a wide range of
interesting phenomena including neutron scattering. Density,
concentration fluctuations and intramolecular structural details are
included in the treatment, which allows a unified approach to small
and large wavelength phenomena. A general formula for the
interaction parameter is presented as a function of concentration,

packing fraction, molecular weight and structural symmetry.

2.6.4 Group Contribution Methods for Predicting Polymer-Polymer

Miscibility
A group contribution method for predicting polymer-polymer

miscibility, is one which is able to estimate the heat of mixing of

two polymers in a binary system, by considering the heats of mixing
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of low molecular weight 1liquids having similar structures to the
polymer repeat umits involved. Providing the low molecular weight
liquids are chosen carefully, such that they closely approximate to
the multigroup structure of the blend components, it should in theory
be possible to predict the heat of mixing of the two polymers from
the heats of mixing of their analogues.

Lai et al®74%8 naye compared the ability of _ two group
contribution methods, to fit and predict the heats of mixing of a
variety of ester alkanes and chlorinated hydrocarbons, as well as
using one of the methods to predict the heats of mixing of various
polyester containing blends.s The two models considered were the
universal quasi-chemical (UNIQUAC)®? method and a modified Guggenheinm
quasi-chemical(M6Q)?0» 7! gethod. Lai et al concluded the MGQ method
was more applicable to predicting the heats of mixing in systems
involving at least one polar component. Since miscible systems often
necessitate interactions between polar groups, it was suggested that
the MGQ method should prove superior to the UNIQUAC method in
general.  Preliminary results suggested that it is possible to
predict the heats of mixing, and hence, the nature of miscibility for
a chosen system, provided accurate values are available for the heats
of mixing of the low molecular weight analogues.

The MGQ method was applied to blends of aliphatic polyesters
with bisphenol A polycarbonate, the poly(hydroxy ether) of bisphenol
A and with tetramethylbisphenol A polycarbonate.  Other systems
studied include Dbisphenol A polycarbonate with poly(methyl
methacrylate).®8 It was concluded that the method could, with
varying degrees of success, predict the limits of miscibility of the
systems studied and adequately predict the magnitude of interaction
parameters for some of the blends. Problems were encountered as the
complexity of the blend components increased, this related to the
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failure to model accurately the monomer repeat units by low molecular
weight analogues. Other shortcomings of this approach are that the
influences of polymer tacticity and branching are not considered.
Another factor overlooked is the restricted access of the groups
attached to polymer chains, compared to the small molecule analogues.
Such analogues must also be carefully chosen, so that the molecular
surroundings of the analogues are comparable to the molecular
surroundings of the groups on the polymer chains. Consider, for
example the varying acidity of -OH groups, depending on the groups to
which they are attached. Despite the shortcomings mentioned above,
the method could be useful for predicting pelymer-polymer miscibility
in some cases, providing appropriate analogues are chosen, having
accurately known heats of mixing, and providing the monomer units of

the components are not too complex.

2.7 Thermodynamic Theory of Hydrogen Bonding in Polymer Blends

The simple Flory Huggins theory for the thermodynamics of the
mixing of polymers, predicts negligibly small combinatorial entropy
and positive enthalpy terms, for a system in which Van der Waals -
type interactions are present. To obtain miscible homopolymer blends
it is usually necessary to have some sort of attractive force between
unlike segments. Hydrogen bonding interactions lead to true
association of polymer segments, and above the Tg there is a dynamic
equilibrium distribution of hydrogen bonded species. For example, in
ethylene-methacrylic acid copelymers containing only 57 acid wumits,
virtually all of the carboxyl groups are present as hydrogen bonded
pai.r:s.74 This could not be predicted on the basis of random mixing.

Another problem in treating hydrogen borded systems is that the
forces between interacting functional groups are a complex function

of electrostatic, dispersive and repulsive terms, and the description
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of a potential function requires a knowledge of the charge
distribution and specific arrangement of molecules. A further
limitation of lattice theories, is that they assume that the internal
degrees of freedom of each molecule or segment are not seriously
disturbed by the proximity of other molecules in the mixture. When
polymer segments are associated by hydrogen bonding, the rotational
and vibrational degrees of freedom become seriously modified. This
can be observed in the infrared spectrum. Painter et al’%173 have
developed an association model for a binary polymer blend in which
one polymer self-associates, whilst the second does not, but is
capable of hydrogen bonding with the first. The theory is based on
that proposed by Kretschmer and Wiebe, which treats the associated
complexes as distinguishable and independent molecular species. The
hydrogen bonding interaction is considered separately from the forces
involved in mixing and the number and distribution of species present
is defined by means of particular types of hydrogen bonds. Painter
et al made the following three assumptions, upon which their theory
depended.
(a) The hydrogen bonded species that can form are unaffected by the
covalent linkage of interacting units into polymer chains.
(b) The equilibrium constants are independent of the length of the
hydrogen bonded chains,
(¢) the equilibrium constants can be defined in terms of a chemical
repeat unit and can thus be experimentally determined by
spectroscopic measurements,

It is argued that (b) may not be accurate and that two
equilibrium constants are required, one to describe dimer formation
and a second for the formation of associations involving longer

chains. In the main treatment only one equilibrium constant is used,

but a two~-equilibrium constant model is also discussed.
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An expression for the free energy of mixing was derived, which

was made up of parameters which can be determined experimentally by
infrared spectroscopy. In order to investigate the model's ability
to describe the phase behaviour of binary polymer systems, an
expression for the spinodal was derived from the equation for the
free energy of mixing. A wide variety of phase behaviour was
predicted due to the temperature dependence of the hydrogen bonding
and physical interactions in the simulated mixtures.

The ability of the theory to accurately predict miscibility and
phase behaviour has been tested by calculating free energy changes,
and by comparing the phase diagrams calculated theoretically to these
obtained experimentally, for a number of blends of poly{4-vinyl
phenol) with various polyacrylates, polyacetates and pnolylat:l:omas.77
The fractions of hydrogen bonded acrylate carbonyls in the blends
were determined using FTIR spectroscopy, and a very good agreement
was found to the fractions predicted by the theory based on

'equilibrimn constants., Spinodals were calculated for all the polymer

pairs studied and there was a broad general agreement with
experimentally observed phase behaviour, as determined by thermal
analysis.

The association model of Painter and co-workers does appear to
be potentially quite valuable for predicting the miscibility and
phase behaviour of polymer blends in which hydrogen bonding is a
factor. However, many more blend systems must be studied in order to
confirm the general applicability of this particular theoretical

treatment.
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2.8 The Glass Transition

When a high molecular weight amorphous polymer in its liquid or
rubbery phase is cooled, at some temperature, called the glass
transition temperature (Tg), the physical and mechanical behaviour of
the polymer will be transformed to that of a rigid glassy material.
At this temperature there is a marked change in the temperature
dependence of volume (V) and enthalpy(H), as shown in figure (2.7).
There is also a discontinuity in the temperature dependence of
heat capacity (C(p=dH/dT) and expansion coefficient (dV/dT) at the
Tg. The position of the Tg depends on the rate of cooling, with
different cooling rates leading to different observed Tg transitionms,
each reflecting a difference in the nature of the glassy phase
formed.

There has been some debate as to whether or not the glass
transition is a true thermodynamic phenomenon. Tg does correspond to
a second order transition, but it is likely that the kinetics of the
process are also important. On heating, the Tg is wusually
interpreted as the point at which there is sufficient thermal energy
to initiate the onset of molecular motion and conformational changes,
due to rotation about the bonds along the main backbone of the
polymer chain. Below the Tg ((J~transition) such movement is severely
limited, although for many polymers B -transitions (secondary
relaxations) have been observed, which are believed to be due to
movements in side chains or groups. Such secondary relaxations are
on a much smaller scale than the Tg process, and so will be neglected
in the following discussion.

The two main theoretical explanations for Tg behaviour are the
thermodynamic and kinetic treatments. Neither theory is able to

fully explain the phenomenon, and it is likely that a combination of
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the two would be required for a more complete explanation of the

process.

2.8.1 Kinetic Theory

The most widely used theory for quantifying the behaviour
observed in the region of the glass transition is the kinetic theory
of Flory and Fox. /2280 They proposed that a material may be
considered to have a volume made up of two contributions, that which
is occupied by molecules and that which consist of vacancies or
holes, making up the free volume. Conformational changes are,
therefore, movements of chain segments into free volume. The greater
the free volure, the greater the extent of molecular motion possible.
The glass transition temperature is the point below which there is
insufficient free volume for significant molecular motion to be
possible, and so below this temperature the conformational structures
of the chains are "frozen'" in.

Below Tg, the only temperature - induced volume changes are due
to molecular expansion or contraction, as the free volume is

considered to be constant. The total volume at Tg (Vy) is given by
dVv (2.59)
Vi=Ve* W ( dT )Tg

Where Vo is the molecular volume of the material at absolute zeroV;
represents the free volume within the glassy region and (dV/dT)g is
the expansivity of the molecular or occupied volume in the glass. At
a temperature T, above the Tg, the total volume, V is given by

Vg + (@V/dT);(T-T) (2.60)

(dVAT), represents the expansivity of the total volume above
Tg, consisting of both molecular and free volume expansions.
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If (g and (g are the thermal expansion coefficients immediately
above and below Tg respectively,

Vg \ dT h Vo \ dT .
The expansion in free volume in the region of Tg is then given
by dp-dg = Ad (2.63)

Doolitt1eB1182 gerived an expression relating viscosity and
volume, incorporating the concept of free volume which proved useful

when considering small molecule liquids

In7) = A+ B (V-v,)/vf] (2.5

Where A and B are constants and 7] is the viscosity of the
liquid, V and V; are the total volume and free volume respectively.
If the fractional free volume f, is defined as V;/V the

Doolittle expression becomes
(2.65)

) = inA + B('%-1)
If Tg is used as a reference point, the viscosity of a liquid
at a temperature above Tg, T can be found from

7 1 1
in[=L = B{— - — (2.66)
" (779) ( f fy )

Where fg and7)jare the fractional free volume and viscosity at
Tg. Assuming the value of f increases linearly above Tg, it can be

written as follows

f=f+AQ(T- Ty (2.67)

Substituting in the previous equation gives
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inf{7\ _ B T-T ) (2.68)
Ny fy /AN + (T"Tg)

This equation is of the same form as the Williams, Landel,

Ferry (WLF) equa tionS3

log _ﬂ_ - -C (T-E) = logsa (2.69)
10 (779> T;“(T_"[;)_ 0Gy9r

Where ¢y and C; are constants for many glass forming liquids,
(Cy=17.44 and €3 =51.6) and 3;is the ratio of relaxation time at T to

the relaxation time at Tg.

2.8.2 Thermodynamic Theories

As already mentioned, on cooling the melt of an amorphous
polymer, at some point it will undergo the transition to a glassy
state. The nature of the glass and the extent of the disorder
(hence, free volume) frozen in will depend on the rate at which the
transition is approached, as will the temperature at which the
transition occurs. Thermodynamic theories propose that there is a
true thermodynamic glass transition, at some temperature below the
experimentally observed (ie rate determined) Tg, which could be
attained if the melt were cooled at an infinitely slow rate.

The concept of a thermodynamic transition is useful, because it
resolves a paradox discovered by Kauzmann,sl‘ which is that if the
equilibrium properties (volume and entropy) of a 1liquid are
extrapolated through the glass transition, they appear to become
smaller than the values obtained for the crystalline state below
a certain temperature. If thermodynamics are neglected, however,
kinetics and experimental observations show that the specific volume
of a polymer able to crystallise will decrease significantly at a
temperature below Tg, compared to an amorphous polymer, on passing
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through it's glass transition. See figure (2.8).

The most well known thermodynamic theory of the glass
transition is that developed by Gibbs and Dimarzio.8? This attempts
to explain the glass transition from a more molecular point of view,
with allowances made for the chain stiffness and variation of volume
with temperature. Using a latEice model similar to that used by
Flory and Huggins, each segment of the polymer chain is allowed
several different orientations, having different orientation (or
flex) energies. In the lattice there are a number of vacant sites or
holes into which segments of the chain can move. As the temperature
is decreased, the system tends towards lower free energy, that is
having a smaller number of holes and a larger percentage of bonds
existing in the low flex-energy orientation (ie stiffer chain). As a
result of this the entropy decreases until, at a temperature Tp, the
mumber of allowed states available to the system is reduced to one or
a very small nmumber. In this state no conformation changes are
possible, and below this temperature Ty, the entropy of the system
remains constant, that is zero conformational entropy. Thus, To is
the equilibrium glass transition temperature, to which the
experimentally observed glass transition converges in the case of an
infinitely slow time scale.

Adams and GibbsB® extended the Gibbs Dimarzio approach to allow
for non-equilibrium conditions. The theory attempts to explain the
temperature dependence of relaxation behaviour in terms of the
variation of the size of a 'co-operatively rearranging region' (CRR).
The CRR is defined as the smallest unit that can undergo a transition
to a new conformation without simultaneous conformation change, on or

outside it's boundary. An equation was derived which is of the same

form as the WLF equation:

-logpa; = :T;_T;s (2.70)
2
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Where Ts is a reference temperature, and

2.303 ¢
A cp.'; (n ( TS/TZ)

d; =

(2.71)

and 3; = Tsln(Ts/Tz)
n (/%) + [1+ 5/T-%] n(1/T)

d; y is in fact temperature deperdent, but to an extent which

(2.72)

only slightly affects the calculations. If Tg is appropriately
chosen, d9 and 49; correspond closely to the constants in the WLF
equation, The Adams-Gibbs theory uses thermodynamic properties of
the equilibrium melt in order to explain the kinetic properties of a
glass-forming liquid.

Cohen and Grest3’ have recently attempted to interpret more
explicitly the concept of free volume, by devising a molecular theory
in which solid-like and liquid-like cells surrounding each molecule
are distinguished. The theory investigates how the fraction (p) of
liquid-like cells varies with temperature. At a temperature Tp,
there is a discontinuity in the change of the fraction p and below
this temperature, p remains below a critical fraction P, required for
liquid-like flow. The temperature Tp is then identified as the glass
transition temperature. The theory proposes that the glass
transition is an equilibrium phenomenon, but unlike the Gibbs-
Dimarzio theory, predicts the tramsition at Tp to be, most probably,
1st order. The Gibbs-Dimarzio theory predicted the tramsition T, to
be a second order transition.

Chow®® has developed a new approach to analyse the role of
chain conformation in equilibrium thermodynamics and kinetics of the
glass transition phenomenon. Chow treats the "equilibrium'' glass

transition temperature (Tr) as a thermodynamic anomaly not a second-
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order transition, by using Flory's lattice statistics of chain
molecules. Tr  occurs when the most stable hole conformation is
reached under the cooperative constraint of linear chains. It was
found that Tr was determined mainly by the stiffness of the polymeric
chains and that the ratio of the hole (intermolecular) and flex
(intramolecular) energies varies only between 2 and 2.3, supporting
the idea that the conformation theory is experimentally equivalent to
the hole theory.

Recently,lol' a new relationship, which correlates the glass
transition temperature with other molecular parameters, was developed
by using Flory's lattice statistics of polymer chains and taking the
dynamic segment as the basic statistical unit. The dependence of Tg
on the chain stiffness factor, dynamic stiffness factor and polymer
molecular weight are discussed in detail based on the theory. It was
shown that Tg is governed by the chain stiffness factor at Tg. Good
agreement was found between theoretical predictions and experimental

data for many linear polymers.

2.8.3 Factors Which Affect the Glass Transition Temperature

The observed theories explain, at least in part, the observed
dependence of the Tg on the nature and properties of the polymer in
question. The main factors which affect the Tg are discussed below
(all Tg values quoted, taken from Polymer Handbook) .87

(a) Chemical Structure

There are several structural factors which influence the Tg of
a polymer, one of the most important being the flexibility of the
backbone chain. Clearly, a polymer having a structure which allows

easy rotation around main chain bonds will have a lower Tg than one

where such rotations, and hence conformational changes are hindered.
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This can be illustrated by the following examples. Polyisoprene =
¢ Hy-G=C(QH3)CH-) has a Tg of -73°C compared to bisphenal A
polycarbonate having a Tg of 150°C with a structural formula

- 040

In general, polymers having p-phenylene type groups along the

M=

backbone chain tend to be very inflexible and therefore have high
glass transition temperatures.

Side groups also influence the position of the glass
transition. For example, poly(methyl acrylate) has a Tg of 10°C,
whereas poly(methyl methacrylate) has a Tg of 105°C. The methyl
group tends to hinder rotation about the main chain leading to a
stiffer material and higher Tg. However, in some cases side groups
can have the reverse effect. Consider the following series of
poly(acrylates) and their respective glass transition temperatures.
Poly(methyl acrylate) (Tg 10°C), poly(ethyl acrylate) (Tg =-24°C),
poly(propyl acrylate) (Tg =37°C) and poly(n-butyl acrylate) (Tg

-54°C). As the size of the side groups is increased the Tg
decreases. This is due to an increase in free volume caused by
poorer chain packing as the size of the side group increases. The
greater the free volume, the lower the Tg.

The symmetry of the repeating unit in a polymer chain can also
affect the Tg. One example of this sort of effect is the variation
in Tg between poly(propylene) (Tg =-8°C) and poly(iso-butylene) (Tg‘
-50°C). % The decrease in Tg caused by the second methyl group can be
explained in terms of the energy barriers to rotation between the
various conformational isomers. In poly(iso-butylene) the energy
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barriers between each conformational isomer are approximately equal,
because of the symmetry of the carbon atom to which they are
attached. This means there is no preferred isomer. This is not true
for poly(propylene), where one of the three possible gauche states is
of a higher energy than the other two, therefore, rotation to this
conformational isomer is not favourable, This causes a decrease in
the tendency to free rotation and this in turn leads to a higher Tg
for poly(propylene) than for poly(iso-butylene).

The polarity of substituents also appears to have an effect on the
Tg. Polymers having polar groups attached to the chain tend to have
higher values of Tg than analogous polymers having no polar groups.
Consider poly(acrylonitrile) with a Tg of 105°C and poly(propylene)
with a Tg of -19°C. This could be explained in terms of hindered
rotations caused by intermolecular interactions. Alternatively, the
presence of intermolecular interactions can be expected to lead to a
reduction in free volume, since the polymer chains would be brought
closer together. This means that the fractional free volume required

for the glass transition would be achieved at a higher temperature.

(b) Crosslinking

Crosslinking has been observed to increase the Tg of a polymer
to an extent depending on the degree of network formation.
Crosslinking leads to a reduction in free volume and therefore, the
fractional free volume necessary for the glass transition to occur is
displaced to a higher temperature. Clearly a crosslinked network has
fewer conformational possibilities and so a lower entropy than an

uncrosslinked polymer.,

(c) Molecular Weight

For high molecular weight polymers, the Tg is effectively
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independent of molecular weight. However, the Tg of shorter chain
polymers decreases with chain length. This effect can be explained
in terms of chain ends and the free volune associated with them.
Chain ends, in effect, disrupt the packing of molecules and the
greater the number of chain ends, the greater the free volume. Lower
molecular weight polymers have a higher proportion of chain ends and
hence, free volume. So by decreasing the chain length, the Tg is
also decreased. An expression which relates the effect of molecular

weight on the glass transition temperature is as follows
Ty = Tgeo - %. where K= _Z%Q. (2.73)

Where Tgo is the glass transition temperature at infinite molecular
weight M, of a polymer having a density O and expansion coefficient
. L is Avogadro's number and (D is the free volume occupied by a
chain end.

(d) Effect of Diluents

Adding low molecular weight species to a polymer causes
plasticisation. This is commonly utilised in polymer applications,
an example being the conversion of poly(vinyl chloride) from a rigid
to a much more flexible material, by the incorporation of low
molecular weight additives or plasticisers.

Again, the decrease in the Tg observed on addition of diluents
can be explained in terms of an increase in free volume. Smaller
molecules have a greater free volume and their addition to a polymer

increases the overall free volume.

(e) Copolymerisation and Blending

A special case of diluent addition is the incorporation of
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another monomer unit or polymer. The effect this has on the Tg
depends on the miscibility of the two polymers. A miscible polymer
blend will exhibit a single Tg, at some point in between the Tg
values of the two unmixed components, the exact position depending on
the blend composition. An immiscible blend exhibits two glass
transitions which correspond closely to the Tg values of the two
components., A partially miscible blend will usually show two glass
transitions at positions determined by the nature of the phases
present in the mixture.

Several equations have been proposed to describe the
composition dependence of miscible polymer blends, having been first
developed for predicting the Tg values of random copolymers. Such
equations attempt to relate the Tg of a copolymer to the Tg values of
the homopolymers derived from the co-monomer units. Wood?! has shown

that this relationship can be generalised as follows

To= ATo 6y + AgToca (2.74)

Where the copolymer glass transition temperature (Tg) is
related to the homopolymer glass transition temperatures (TgA, TgB )
the concentration of monomer repeat units (CaCg) and a constant
(AyAg) describing some physical property of the homopolymer.

An expression of this form was derived by Gordon and ‘f;rlor,gz
who assumed that in a copolymer, the partial specific volumes of the
component repeat umits are constant and equivalent to the specific
volumes of the two homopolymers. An expression for the copolymer Tg
was found by equating the specific volumes in the glassy and rubbery

_ KTy - Ton ) W
= Tg+ (11.9?1_ KA))w: (2.75)

Where K= —gﬁ' = ,:(C(B/ps)r' (qB/bB)g]/ [(QA/bA)r - (CIA/)OA)Q:l (2.76)
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It was assumed also that the thermal expansion coefficients in

the rubbery and glassy states are the same in the copolymer as in the
homopolymers. The term d,/p, is the specific thermal expansivity of
component i and Wy is the weight fraction of repeat unit B in the
copolymer.

The Fox eql.lal:i.ong3 is a special case of the Gordon-Taylor
equation, where K is equal to the ratio of the equivalent homopolymer

glass transition temperatures (TgA/ Tog) ~

1 - W, W

Ty T, Ty (2.77)
Another relationship resembling the Gordon-Taylor equation is
the Kelly-Bueche% equation

%= AgA@ATgA + AQy quTEB (2.78
APy + Adgds 78

Here, the composition dependence of Tg is described for
polymer-diluent systems with the concentrations being expressed in
volume fractions.

Gibbs and Dimarzio’” devised a thermodynamic interpretation of
the Tg in random copolymers, using the basis that the conformational

entropy for the two homopolymers at T, is zero.

wA(_X_A)(TZ-TzA) ; WB(_E__I-:c)(TZ-Tza)z 0 (2.79)

Ma Ms
Where X; is the mumber of flexible bonds of repeat umit I,
having molecular weight M;. W, 1is the weight fraction of a repeat
unit i. |
The glass transition was assumed to be independent of molecular

weight, being a function of € /kT, where € is the stiffness energy
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of rotatable bonds and k is the Boltzmarm constant. Although the
equation applies to the second order transition, it can also be
applied to the composition dependence of the glass transition
without incurring significant errors.

One feature of several of the treatments so far mentioned, is
that no allowance is made for the effect of A-B sequences in the
copolymer, or the stiffness of A-A or B-B bonds. This is one reason
why such relationships often predict a copolymer Tg which is at
variance with the experimentally observed Tg. Jotmston ® devised an
approach which accounts for the sequence distribution of the
copolymer. AA and BB sequences were assumed to have the same Tg as
the respective homopolymers, whereas AB sequences were assigned their
own Tg value, The probabilities of like (Py4) and unlike (P,g)
sequences can be found using equations to determine sequence length

distributions. The resulting equation is

Tg Toaa Toas Togp

Johnston described a number of methods to determine Tgyp, all
of vhich use experimentally determined Tg values of a series of
copolymers.

A classical thermodynamic treatment of the effect of
composition on glass transition temperatures, applying specifically
to miscible polymer blends has been discussed by Couchman and
Karasz.%’ It was assured that the excess entropy change (AS;) and
volune change (AV, ) on mixing were continuous at the Tg. The
validity of this assumption depends on the extent and nature of
specific interactions present in a particular system. Two equations

were derived, one arising from the entropy continuity condition and
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the other one from the volume continuity criteria at Tg. The entropy

derived equation is

lnTg = WAACPAIHTQA + wBAchlnTgB (2.81)
wOcpy + wglcpg

It was further assumed that the heat capacity difference (AG)
between the glassy and rubbery states in the pure components, defined
per unit mass, are temperature independent. Experimental analysis of
the effectiveness of the equation of Couchman and Karasz indicates
that the entropy derived expression is the more generally applicable
of the two.”8

Golds!:ei.n,“)9 however disputes the fact that the Couchmann-
Karasz equations can be justified from a purely thermodynamic
standpoint. The basis for this argument is that the definition of
the entropy of mixing when either or both polymers are in their
glassy states is inappropriate. Goldstein also concluded that an
alternative definition of Asmm having a sounder physical basis does
not lead to a prediction of the blend Tg. Nevertl‘teiess, the
Couchman-Karasz equation does give a better correlation of
experimental observations than any other similar equations. This
points to the fact that entropy, rather than volume is the main
factor controlling the onset of the glass transition.

More recently, attempts have been made to take account of
polymer-polymer interactions and the effect these have on the
composition dependence of the glass transition in miscible blends.
Brekner, Sclmeider and Cantowl¥05133,134 paye developed a new concept
based on the idea that surface barriers are responsible for both
conformation and free volume distribution. An extended Gordon-Taylor
relationship results, if both the effect of molecular surroundings on

the contact contribution to the glass transition of the blend and the
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effect of contact probabilities of the blend components are
considered. The Gordon-Taylor constant, K is now related to the
ratio of the different expansion coefficients of the free wvolume.
Two parameters k, and kg are introduced, which are related to the
intensity of polymer-polymer interactions and to the effect of
immediate molecular surroundings on the interactions. Analysis of
experimental data suggests the k, and kg are both polymer specific
and molecular weight dependent. The relationship can be expressed as

follows
(To- Top)foa-Ton) = (1+ka) P~ (kA+kB)¢§J + ks Py (2.82)

CI)B is the volume fraction of the stiffer component having TgB ,
where k= K:/(Tga— TgA) and kg= k;/TgB-TgB . ki is related to
the interaction energy differences between hetero- and homo-contacts
and kg considers the effects on the binary contacts of the molecular
surroundings.

Aubin and Prud’hommel®? have recently noticed that for many
systems a cusp or discontinuity is observed in the experimental Tg-
composition curve. This cusp cannot appear when the Tgs of the two
homopolymers involved are separated by less than about 50 degrees.
It was shown that this behaviour can be explained within the
framework of the free volume theory with equations derived by

102

Kovacs. A modification of the Kovacs theory to account for

specific interactions has also been proposed.103

2.9 Dynamic Mechanical Properties of Polymers

Material under the influence of an applied strain are
categorised depending on the nature of their response. Perfectly

elastic materials obey Hook's Law, the applied strain being



proportional to the stress. Perfectly viscous liquids obey Newton's
Law of viscosity, the applied stress being directly proportional to
the stain rate. Polymeric materials are neither completely elastic
nor viscous, but can exhibit both types of behaviour and are so
termed viscoelastic. On application of a static load a polymer
material experiences an instantaneous elastic response, follow by a
time-dependent viscoelastic response. This can be observed as an
initial elongation followed by a time-dependent elongation, during
which the material is undergoing stress relaxationm.

Cne of the most important techniques for studying the
mechanical behaviour of polymers is dynamic mechanical analysis,
which usually entails the application of a sinusoidal load leading to
a sinusoidal deformation (see figure 2.9). The resulting strain is
neither in phase with the stress (as in perfectly elastic materials)
nor 90° out of phase (as in perfectly viscous liquids), instead there
is a phase lag & (Phase angle).

Dynamic mechanical analysis is wusually carried out in
association with a heating program as in dynamic mechanical thermal
analysis (DMIA)., It is possible to carry out the experiment at
constant frequency whilst varying the temperature or vice versa.
The stress (&) resulting from the applied strain (Y) is measured

and the time dependency of stress and strain can be written

Y = ¥sin®t. (2.83)

o]

G, sin (Ot + 6)

(2.84)
() 1is the cyclic frequency, ¥, & Ooare the strain and stress
amplitudes respectively.
Equation 2.84 can be expanded to
6 = @gin@fcosﬁ + g osWtsind (2.85)
So, it can be seen that stress is made up of two components,
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Figure 2.9
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one which is in phase with the strain (of magnitude G cos8) and one
which is out of phase with the strain (magnitude &, sin 5).

The stress-strain relationship, therefore, is as follows

6 = LESin®F + ¥E"os Ot (2.86)

Where the storage modulus E' s equal to (&,/¥, )cosbythat is,
the component of stress in-phase with the strain divided by the
strain amplitude, and the loss modulus E" is equal to (Q/X,)sinﬁ,the
component of stress out of phase with strain divided by the strain
amplitude.

Dividing the loss modulus by the storage modulus leads to the
loss tangent

€ _ (6/Y%sin6 _ tanb
e o Yems T e

This effectively means that tan 8 is the ratio of the energy
stored to the energy lost per cycle, that is, the hysteresis.
*
A complex modulus £ can be derived such that

e = Ve (e (2.88)

This can be represenlf by an Argand diagram as in figure 2.10,

Figure 2.11 shows the variation of E' and tan§  against
frequency and temperature for a typical homopolymer in the region of
it's glass transition. At high frequencies and low temperatures the
storage modulus Fg is characteristic of a glassy material. On

decreasing the frequency or increasing the temperature, the storage

modulus becomes characteristic of a rubbery material E,’; s the loss
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modulus in both cases having passed through it's peak. The peak in
tan 8 corresponds to the maximum in the hysteresis or damping and is

interpreted as the glass transition temperature of the polymer.

2.9.1 Factors Affecting the Dynamic Mechanical Behaviour

The glass transition is the phenomenon most often studied by
this technique and the factors which affect the glass transition will
correspondingly affect the dynamic mechanical properties observed.
These factors have been discussed in section 2.8.3, however, the
important points are summarised below.

At high molecular weights, the Tg is more or less independent
of molecular weight, but at lower chain lengths, decreasing the
molecular weight will cause the observed Tg to decrease. In
dynamical mechanical terms, the tan § peak and fall in loss modulus
will be shifted to lower temperature at a given frequency.

Crosslinking tends to cause an increase in Tg, manifested in a
shift to high temperature of the tan0 maximm and loss modulus
curve. However, with very highly crosslinked networks, the storage
modulus tends to be virtually temperature independent and no tan §
peak is observed. In the region of rubber-like behaviour, at
temperatures above Tg, the polymer may experience viscous flow and
this results in a gradual decrease in E', due to a greater mumber of
chain entanglements.

Random or statistical copolymers are generally characterised by
a single Tg and hence, a single tan{ peak at a temperature determined
by the composition. A broadening of the peak may be observed if
there are long sequences of a given comonomer unit, especially if
these units experience poor mixing with the other comonomer segments.

Plasticisation, that is the incorporation of low molecular

weight species into a polymer, has the effect of reducing the Tg,
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resulting in a shift to lower temperature of the tan 8 peak. If

there is poor mixing between the added low molecular weight compound
and the polymer, a broadening of the loss tangent peak may result.

The miscibility of two or more component polymers within a
blend can have a marked effect on the appearance of both the loss
modulus and loss tangent curves. Figure 2.12 shows the loss modulus
and tan8 curves characteristic of miscible, particularly miscible
and immiscible binary mixtures.  Completely miscible blends are
characterised by a single tan8 peak, at some point between the
positions expected for the Tg values of the ummixed components, due
to a single glass transition for the single mixed phase present. The
breadth of the tan§ peak should, for completely miscible blends, be
no wider than the tan$ peaks of the blend components. A broadening
of the peak may result if there is incomplete miscibility.

Totally immiscible blends are indicated by the observations of
two tand peaks at the temperatures close to the peaks for the
unmixed components. A shift of the peaks towards each other relative
to the two components, suggests some degree of partial mixing.

A broad loss peak covering the temperature range between the
peak positions of the blend components is a special case of partial
miscibility, termed microheterogeneity. This in effect is due to the
presence of a large number of phases of varying compositions, the
loss tangent breadth reflecting the composition distribution.

Dynamic mechanical thermal analysis is very semsitive to the
glass transition, much more so than techmiques such as differential
scanning calorimetry (05¢). 106 Another advantage over DSC is that it
is easier in DMIA to distinguish between Tgs which are close together
(ege < 30°C) in an immiscible or partially miscible system.

Information can be obtained even from the analysis of two-phase

blends having Tgs separated by only 15 or so degrees, from the shape
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Figure 2.12 ‘
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of the overlapped tan 8 peaks. A shoulder on the peak may be
observed, corresponding approximately to the position of the Tg of
one of the phases, The loss modulus (logE') curve may also yield
useful information, since the fall in the curve corresponds to the
glass transition and to the tan® peak. The two curves can be
especially useful when used in conjunction with one another.

DMIA can detect separated phases in a mixture of the order of
15 nm"l, phases smaller than this therefore, will not yield a
characteristic tan§ peak, leading to the conclusion, wrongly, of
complete miscibility. However, it is likely that a large number of
apparently miscible blends do in fact contain separated phases, too
small to be identified by the particular analytical technique used
for probing the miscibility.

2.10 Radical Polymerisation

There are three main reactions involved in the mechanism of
radical chain polymerisaticn107

Initiation I —Ed—> 2Re

Re + Mi'——ﬂz;

Propagation Rx+ M —kp—) Rx+1

. k
Termination ZRx"'_fc—";’ P2x

kg > PP

Where | is the initiation species, Rt, R° and RX are the
radicals, M is monomer and P denotes the polymer. The rate constants
of each reaction are indicated above the arrows. 1In the first

reaction, the subscript d on the rate constant denotes decomposition

of initiator. In the termination reactions the two rate constants
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relate to the way in which the chain reaction terminates. ktc is the

rate constant for termination by combination of two polymer chain
radicals and Kij is the rate constant for the case where two polymer
molecules are formed in the termination reaction.

It is assumed that radical reactivity is independent of radical
size and that long chain radicals are formed due to many monomer
additions to each primary radical R, It is also assumed that the
consumption of monomer in initiation reactions is negligible compared
to that consumed in propagation reactioms.

The rate of polymerisation Rp can then be written

R, =~ IML_ = Ky IRJIM] (2.89)

If one assumes a stationary state concentration of radicals
during the polymerisation and also of primary radicals, the rate of
polymerisation becomes

1;2
R, = Tkp_[m (Fkyl11)

t

(2.90)

Where f is the initiator efficiency, that is, the fraction of
primary radicals which initiate polymer chains.

A further reaction may occur during the polymerisation and is
known as a chain transfer reaction. Most termination reactions
involve the combination of two polymer chain radicals to form a
longer chain. A chain transfer reaction is one in which polymer
formation is achieved by the polymer chain radical reacting with
another species in the polymerisation mixture, such as a solvent,
initiator or monomer molecule. This results in a shorter chain

length and hence, lower number average molecular weight (Mn).

This type of reaction can be utilised in order to control the
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molecular weight of a polymer by incorporation of a chain transfer
agent, that is, a molecule which to a greater or lesser extent
promotes chain transfer reactions. Neglecting chain transfer
reactions to any other species, the effect of the concentration of

added chain transfer agent [S] can be seen by considering the Mayo

I I 5 I R ) I
>-zl"l Rno [M] (2'91)

for the reaction

equation

Ri+ HSR —Khs 3 pH RS
RS + M i-—) Ry

where (5= kf%/ Kp

)-(n is the number average degree of polymerisation and is the

average number of structural units per polymer molecule.

2,10.1 Radical Copolymerisation and Copolymer Composition

The composition of a statistical copolymer usually differs from
the composition of the monomer feed. This is due to the difference
in the reactivities of the monomers and radicals involved. The
reactivity of a given monomer depends on the second monomer and the
copolymerisation conditions.

For monomers M; and M2, there are the related propagating

species M: and M; and so a total of 4 propagating reactions are

possible:

O e
2 ety My )
3. My M1ﬁ1—>“‘"’“"‘ 1

4, ""M"M; + Mz—-z——§ M-"‘-""""’Mz

kxy is the rate constant for a growing chain with monomer x
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being the propagating centre, adding monomer y.

It is assumed that the reactivity of the propagating centre
does not depend on the chain composition, but depends only on the
monomer unit at the end of the chain. It is also assumed that only
long chain lengths are involved and therefore, that the consumption
of monomers M; and M; in initiation and transfer reactions is
negligible compared with the 4 propagating reactions.

The rates of consumption of monomers M; and Msare as follows:

%Mﬂ = knlMIIM)] + Ky MGIIM] (2.92)
%lfﬂzl ki [M]IIM,] + K, IM31IM ] (2.93)

dividing (2.93) by (2.94) gives

-dMI kMM v RalMplM)
diM;] ki [IMUIM] + kg [M3 1IMy]
Where ;[E‘T; is the ratio of the rates of entry of monomers 1 and 2
2

into copolymer chains.

Assuming a stationary state concentration of [M;] and [H;] ’
. »
that is, the rates of conversion of WM:-—) WM; and ~~ My—>~~M,

are equal, then

koMU IIM;] = Ky (M3, (2.95)

Then rearranging for [M:] and substituting into 2.95 gives the
copolymer composition equation:
dMl M (RIMy) + IMg))
dM? (M * M) (2.96)
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Where I; and I, are the monomer reactivity ratios of the

propagation species, defined as:

diMy]

iy k
f o= & b = —2L
1 Ky, 2 K2 (2.97)

=1 is the mole ratio of monomer units in the copolymer.

diM,]

The equation can also be written

f = L7—F‘F+1) (2.98)
(1+r'2 F)

Where ¢ . d[M1] 8 - [M1]
diM,l [M,]

Given a knowledge of F and f over a range of compositions,

monomer reactivity ratios can be determined graphically using the

Finemann-Rosst08 method, by rearranging equation 6 as follows:
2
f-1 -
F= . ) - 'E-E- - hn (2.99)

A plot of the left-hand side against Fz/f should yield a

straight line of slopel} and y - intercept M.

It should be noted, however, that the copolymer composition

equation is only valid at low conversion (<10% approximately), since

the proportion of the less reactive monomer in the feed increases as

the reaction proceeds.

An improved method of determining reactivity ratios has been

developed by Kelen and 'Ihdos,log’110 using a procedure which gives a

more even distribution of data points. Deviationsfrom the copolymer

composition equation are highlighted and can show up as a curvature

in the plotted data. Such deviations may be due to too high a
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conversion, or to the fact that the four propagating reactions used
to derive the equation may not accurately describe the mechanism for
chain growth.
From the following equation
F¥/% F(f-1)/f  (2.100)
I R
a- Bt a+ FY/f

The reactivity ratios may be found by plotting 7] against €.

is the square root of the product of the maximum values of (Fz/f).
f; is giyen by the value of 7) at€=1and F, is given by multiplying
the intercept on the 7] axis by -Cl.

2.10.2 Significance of the Reactivity Ratios

The reactivity ratios r; and rp are the ratios of the rate
constant for a given radical adding its own monomer, to that for it
adding the other monomer. A reactivity ratio , ry<1.0 means that Ml*
prefers to add M.

The values of the two reactivity ratios determine the type of
copolymer formed, there being two main types, ideal and alté;:nating.
A copolymer is said to be ideal if the two radicals are equally
reactive to the two monomers present. This is the case when kq1/%jp
=Kp1/Kg9 or ry=1/rp. The two types of units are arranged randomly
along the chain, the relative amounts being determined by the monomer
feed ratio and the reactivities of the two monomers.

An alternating polymer chain will be formed if each radical
prefers to react with the other monomer. This corresponds to
ry=ry=0. This situation is an extreme case. It is often observed
that r; and ry are both less than zero. This does not give complete
alternation, but a tendency towards alternation nevertheless.,

Another possibility is if r; and r) are both greater than
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unity. Here, the radicals both prefer to react with their own

monomers and the tendency is towards blocks of each unit within the

chain.

2.1t Infrared Spectroscopy

Infrared spectroscopy is a well established analytical
technique employed particularly in the identification and study of
organic molecules and is concerned with the detection of transitions
between vibrational energy levels in molecules, resulting from
vibrations of interatomic bonds. The frequencies of such vibrations
are characteristic of specific functional groups and are affected by
the molecular environment, chain conformation (in polymers),
morphology and intermolecular interactioms.

At room temperature most molecules exist in their ground
vibrational energy state. When molecular vibrations cause a change
in the bond dipole-moment, resulting from a change in the electron
distribution in the bond, it is possible to stimulate transitions
between energy levels by interaction with electro-magnetic radiation
of the appropriate frequency. Molecular vibrations are enhanced when
the electric sector of the incident radiation is in phase with the
vibration dipole. When this happens energy is transferred from the
incident radiation to the molecule and it is this absorption of
energy which is the basis of IR spectroscopy. In practice, spectral
transitions are detected by scanning through the frequency range
(typically 4000-400 cm™l), whilst monitoring the intensity of the
transmitted light.  Alternatively, in Fourier transform infrared
spectroscopy (E‘I’IR)23 the entire frequency range is effectively
scanned instantaneously using a broad band radiation source. The
basic principle of FTIR is discussed in section 3.4.4.
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One of the main advantages of FTIR spectroscopy is the speed
with which spectra can be obtained (in a few seconds, compared to at
least 3 minutes with conventional IR instruments). This allows scans
to be repeated a large number of times in only a few minutes. An
averaging procedure then eliminates much of the background "noise",
greatly improving the signal to noise ratio. This, combined with the
advantage of wavenumber resolutions in the order of 2enl or better,
enables FTIR to be used to study physical interactions between the
components of a mixture. Interactions between the functional groups
of two components in a polymer blend, are often an important factor
which promotes miscibility, and such interactions can often be
observed as a shift in the wavenumber of the bands relating to the
groups involved in the interaction. Sometimes shifts may only be a
few wavenumbers (cm'i), but shifts of around 30cm™l have been
observed, an example being the carbonyl shift observed in blends of a
methacrylic acid copolymer and a r,':Ol),ret:heJ:.111'112 The acid has a
tendency to dimerise (via hydrogen bonding) in the unmixed copolymer
and shows a carbonyl absorption band at around 1700cm™l.  The acid
carbonyl when not interacting in this way has a band at 1760cm'1,
wvhich is rarely observed. However, in a mixture of the acid
copolymer with a polyether, hydrogen bonding occurs between the acid
carbonyl and the ether oxygen which causes the band to shift to
around 1728cm™l. Fourier transform infrared spectroscopy is easily
able to differentiate between each of these bands.

Other applications of this very versatile tectmique include
its use in the study of surfaces and powders directly using a variety
of special attachments. Infrared microscopy is a technique which
enables spectra to be obtained from very small areas of a specimen
and can be used in either transmission or reflection mode.

Coleman and Painter have reviewed the use of FIIR spectroscopy
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to probe the structure of multicomponent polymer blends and have

studied a number of different polymer blend systans.113
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3.0 Experimental Details

3.1 Preparation of Homopdymers and Copolymers

3.1.1 Purification of Monomers

All monomers except 2-hydroxyethyl methacrylate were purified
by vacuum distillation and were thereafter, stored in stoppered
flasks over anhydrous magnesium sulphate in a refrigerator. 2-
hydroxyethyl methacrylate was not purified in this way, since it
tended to crosslink during the distillation. It was therefore, used
as supplied, except it was also dried over anhydrous magnesium
sulphate. The distillation procedure was carried out on a vacuum
line, and involved first degassing the monomer. This was achieved by
freezing the monomer using liquid nitrogen before evacuating the
flask., The flask was then sealed and the monomer melted, releasing
dissolved gas into the vacuum above the liquid. This process was
repeated usually three times, or until all the dissolved gas had been
removed. The monomer was then distilled, with the first and last
portions of distillate discarded.

3.1.2 Polymerisation of Homopolymers and Gopolymersu"

All polymerisations were carried out in a two-necked, round
bottomed flask, fitted with a condenser and silica gel drying tube.
Nitrogen gas was bubbled through the reaction solution. The flask
was heated in a thermostatically controlled water bath. The
apparatus is shown diagrammatically in figure 3.1. Polymers were
isolated by precipit;ti.ng in the appropriate chilled non-solvent,
before being purified by redissolving in a minimm amount of the
polymerisation solvent, reprecipitating and drying in a vacuum oven
at 60°C to constant weight. The details for each reaction are shown
in tables 3.1 and 3.2. Samples of low molecular weight poly (n-butyl
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Figure 3.1
Apparatus Used for Solution Polymerisation
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Table 3.1  Homopolymerisations

Mnarer (aHreviatim)| Solvent  |T/°C | thows Esolvent Initiator (A.LB.N.)| Yield | NorSolvent
(souree) monomer cocentration wt.Z for
mecipitation
rutyl acrylate (BA) | 1-methoxy . of monamer Metharol
(Aldeich Gomical Go.) propanrZ-ol| €0 | 17 5 veight 72.1
direthylamirethyl
late (MRR) " 60 7 5 " 52.8 iethylether
methacry’ o o) diethy’
2hycdronyethyl %0/60
methacrylate (HRVA) " 0 17 5 " 60.1 | petmolaum
(Aldrich Chemical Co.) ether
nhbutyl methacrylate )
EEM\) " &0 4 5 " 47.6f methavl
Koch-Light Labs. Ltd)
methyl acrylate (MA)
i ical (o) " &0 17 5 " 8.4| methaol
methacrylic acid (
(Aldrich Cremical Go. " 0 | 167 5 " 45,7 reptae




Tahle 3.2 StyreneMethacrylic Acid Copolynerisations

monamer
popoctions/ | Reaction Esolvmt ATRN Yield| Non-solvent for
mle % solvent | T/°C | thours | [moomer] | coventration | wto% precipitation
ST Ma
1-ﬂeiimy
25 |75 propa-2-ol.| 70 2% 5 3. of mooomer wt| 97.5 heptane
3) g) " ” 1] " " 82.5 1"
75 E " ” " " " 53-8 "
% 10 " " ” 1" " 47.0 "
% 5 " 11} ” L1 " w‘o "
%.6 | 5 " e | 4 " " 16.7 "

Note: ATBN - azchisischutyranitrile (initiator)




acrylate) were prepared using a chain transfer agent, using the
formulations as shown in table 3.3.

The polymers provided by L.V.H. Coatings Ltd are described
below, whilst the structural formuilae of all other polymers used for

blending are shown in table 3.4.

3.1.3 Polymers Supplied by L.V.H. Coatings Ltd
Lumiflon LF200

Lumiflon LF200 is one of a series of soluble fluoro-resins
developed by Asahi Glass Co. Ltd, and marketed in the United Kingdom
by ICI plce It is designed to be a high performance surface

coating material. The structural formula is as follows:

[FF‘. [HH H H
I ] | l [
ST s -

R,OH

Where Ry = Cyclohexyl group (CgHyq)
Ry = Cylls
Ry = CzHg

LF200 has an OH value (mg KOH/g) of 32.

o3
This a terpolymer made by reacting the following monomers in
the proportions indicated;
Methacrylic acid, 177 by weight
2-hydroxyethyl acrylate, 177 by weight
Butyl acrylate, 667 by weight

-66 -



Table 3.3

Preparation of low molecular weight poly(butyl acrylate)

0.8% of

moomer wt.

ACVA = azobisisocyanovaleric acid.

Thioglycolic acid - chain transfer agent.

The number average molecular weight (Mn) was determined

by GPC.




Table 3.4 Repeat Unit Structures of Polymers and Copolymers

Polymer Structure of Repeat Unit
Poly(styrene) -ClH-(Hz-
(PsT) CgHs
Poly(methacrylic acid) CHy
|
(pan) ~GtyC-
]
C=0
/
HO
Poly(n-butyl acrylate) -CHZ-?-I-
(PBA) I(FO
C4H9-0
Poly(n-butyl methacrylate) ?{3
(PBMA) -C.Hz-(l:-
c=0
{
C4Hy=0
Poly(2~hydroxyethyl methacrylate) (|I{3
(PHEMA) -CHZ-(II-
IG=0
HO(CHy )5~0
Poly(methyl acrylate) ~CHy=Ci1-

(PMA) C=0




Table 3.4 Continued

Polymer Structure of Repeat Unit
Poly(methyl methacrylate) (IIH3
(PA) -CHZ-?-
C=0
/
H3C-0
Poly(dimethylaminoethyl methacrylate) (s
|
(PDMAEMA) -mz..(l;_
H-C C=0
3 \ /
}\T'(Cﬂz)z-o
HaC
Poly(vinyl acetate) -CH2-$H-
(PVAc) 0
\
0
/
HaC
Poly(ethylene glycol) ~CHy-CH,p=0-
(PEG)
Poly(propylene glycol) Il{
(PPG) -mz-o-(lz
Gi3
Poly(propylene adipate) 0

(PPA) ~(CH,)5-0-C~




Table 3.4 Continued

Polymer Structure of Repeat Unit

Ethylene-vinyl acetate copolymer -(G{Z-CI-IZ)—X-(G{Z-("H)—Y

(EVA) 0\
C=0

/
HaC

Styrene - acrylonitrile copolymer -(mz-(i*a)-;(mz-ai)-y

(sSAN) CeHs CN




Xenacryl 9A/303

This is a polymer differing from 403 by the inclusion of a
fourth monomer, TONE M-100, a caprolactone having an acrylic double
bond and a hydroxyl group. The proportion of monomer units used in
the polymerisation mixture is as follows;

Methacrylic acid 177% by weight
2-hydrm§athyl acrylate 12.7% by weight

Butyl acrylate 57.6% by weight
TONE M=-100 12.77% by weight
Setal 1711

This is a saturated aliphatic polyester. The structural
form:la was not supplied however, the infrared spectrum has been
obtained and as shown in appendix 3.

LF200, Q03 and 9A/303 have all been characterised using gel
permeation chromatography (GPC), nuclear magnetic resonance
spectroscopy (NMR) and fourier transform infrared spectroscopy
(FTIR).

3.2 Characterisation of Blend Components

3.2.1 Nuclear Magnetic Resonance (NMR )

This technique was used to determine the composition of the
styrene-methacrylic acid copolymers, in addition to investigating the
structural detail of other polymers used for blending. The proton
NMR spectra were obtained using an E4-360 60MH, spectrometer. ALl
samples were prepared by dissolving approximately O.1g of polymer in
1-2 ml of deuterated solvent d-Chloroform containing 17 of
tetramethyl siloxane (IMS) as internal standard was used for all
polymers, except the SI/MAA copolymers having high proportions of
MAA, where it was necessary to use a mixture of deuterated chloroform
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and deuterated dimethyl sulphoxide (again with 1% T.M.S.).

The NMR spectra of the ST/MAA copolymers revealed a well
separated resonance at 6-7 § due to the five aromatic protons of
styrene, If the integrated area of the styrene aromatic protons is
found, then the integrated area of the remaining peaks is due to the
3 non-aromatic styrene protons and the 5 protons of methacrylic acid
(not including the acid proton, which appears at around 128 and is
not required for the calculation). The copolymer composition can
then be calculated. The copolymer contains M; moles of styrene units
(each having 8 protons) and M) moles of methacrylic acid units (each
having 5 protons, not counting the acid proton). So the total
integrated height of the spectrum (H'I‘) represents the resonance of
the 5 styrene aromatic protons (HS), plus the remaining 3 styrene
protons and the 5 protons of methacrylic acid (Hp-Hg). So the
proportion of M; and M, units can be found by

Mo H/S Hs
G 2V P88
5

3.2.2 Gel Permeation Chromatography (GPC)

Gel permeation <:h::cx11atc:g::aphy117 separates molecules on the
basis of size alone. The separation takes place in a colum packed
with beads of a rigid porous gel (usually highly crosslinked
polystyrene). The pores in the gel are of similar dimensions to the
polymer molecules. A sample of the polymer in dilute solution is
introduced into a solvent stream flowing through the colum. As the
polymer molecules flow past the porous beads, they can diffuse into
the pores of the gel to an extent that depends on their size and the
size distribution of the pores. Smaller molecules are able to
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diffuse into the pores to a greater extent than larger molecules and
are, therefore, retained on the colum for longer times. That is,
larger molecules pass from the colum first and have shorter
retention times than smaller molecules.

Polymers were characterised using the following procedure.
Solutions of the polymers in destabilised tetrahydrofuran (Aldrich
Chemical Co.), having a concentration of 0.1% (W/V) were prepared,
incorporating a small amount of toluene as a reference. The
solutions were loaded into a 6-part injection valve having a 100 ml
loop. The polymers were eluted with tetrahydrofuran using a Knauer
High Performance Liquid Chromatography Pump 64 at a flow rate of 1.0
ml per minute. Chromatograms were obtained by means of a Knauer
differential refractometer connected to a J.J. Chart recorder (using
a chart speed of 20 mm/minute). Two colums were used, both obtained
from Polymer Laboratories Ltd. One colum was filled with
polystyrene beads with a particle size of 10 ym. The colums were
calibrated by polystyrene standards (Polymer Laboratories Ltd),
Values for the number average and weight average molecular weight
were obtained using a computer program, from values of peak heights

over a range of elution times.

3.3 Blending of Polymers

3.3.1 Solution Blending

All the blends were prepared by dissolving the various
components in a common solvent, in most cases chloroform, although 1-
methoxy propan-2-ol and tetrahydrofuran have also been used.
Typically 0.8-1g total weight of polymers was dissolved in
approximately 15 ml of solvent. The mixtures were shaken for several
hours to produce homogeneous transparent solutions, before being cast

into a crystallising dish and left in a fume cupboard at room
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temperature for the solvent to evaporate., To ensure the films were
completely dry, they were placed in a vacuum oven at several degrees

above the Tg of the highest Tg component for a few hours,

3.3.2 Reaction Blending

A series of blends were produced by copolymerising styrene and
methacrylic acid in a solution of LF200 in 1-methoxy propan-2-ol
(MP). The reactions were carried out at 60 or 70°C for 16 - 24
hours, with 2.5% azobisisobutyronitrile (A.I.B.N,) as initiator. The
reaction mixture in each case was precipitated into chilled n-
heptane. The blends were purified by redissolving in M,P., ard
reprecipitating in n-heptane, before being dried to constant weight,

Q
in a vacuum oven at around 60 C.

3.4 Techniques Used to Investigate Miscibility and Polymer-Polymer

Interactions

Miscibility
3.4.1 Film Appearance

For all the blends produced, the appearance of the solvent cast
film were observed. It is generally the case that totally miscible
blends are transparent, that is, they contain no microscopic phases
that scatter light. Clearly, there is a threshold size of phase,
below which 1light will not be scattered, but nevertheless,
transparency is quite a good indication of miscibility. However, if
the refractive indices of two polymers in a blend are the same or
very close then, even if two phases do exist, the blend film will
appear transparent. So transparency can never be taken to be
conclusive proof of miscibility. The blends produced were classified
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as either transparent (totally clear), translucent (allows light to

pass through without being clear), or opaque (appearing white). The
observation of film appearance were taken in conjunction with results
obtained using dynamic mechanical thermal analysis to determine the

miscibility, or otherwise, of the blends produced.

3.4.2 Dynamic Mechanical Thermal Analysis (DMIA)

All of the polymers used for blending and the resultant blends
were studied using a Polymer Laboratories Dynamic Mechanical Thermal
Analyser (DMIA).

The dual cantilever bending mode was used to study the samples.
This involves clamping a rectangular sample (usually a bar of
approximate dimensions 40mm x 1imm x 2.5mm) onto a fixed frame
(Figure 3.2(a)). The sample is then oscillated at it's centre via a
clamp attached to a drive shaft linked to a mechanical oscillator.
The amplitude (strain) and frequency of oscillation are set on the
instrument, along with the temperature range to be studied and the
heating rate.

The resistance to the applied sinusoidal displacement is
recorded as a function of the phase and magnitude of the
displacement. The instrument converts these signals to yield the
dynamic storage modulus., The glass transition of the polymer is
characterised by a damping effect, resulting in a peak in the tan 6
curve and a corresponding drop in the modulus, which is due to the
softening of the polymer at this point. A diagram of the DMIA head
is shown in figure 3.2(b).

Many of the blends and blend components studied are soft at
room temperature, if not actually liquid, and so instead of using the

usual bar-type sample, which would have been impractical, the

polymers were impregnated into filter paper.
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The samples were prepared on a heated press, at a temperature
10 to 20°C above the glass transition temperature (Tg) of the
component having the highest Tg. A sandwich of polymer and filter
paper, between two pieces of mould-release film was pressed for a few
seconds at a pressure of 300 p.s.i.

The suitability of the filter paper as an inert support was
checked by carrying out an analysis using filter paper alone, under
the same conditions as used for the impregnated polymer samples,
There was no significant damping behaviour observed over the
temperature range investigated (-80°C to 200°C), except for a very
small tan8 peak, sometimes observed at around 15°C. It is suspected
that this may be due to melting of ice, from moisture absorbed by the
paper. This effect can be minimised by drying the filter paper in an
oven before impregnating with polymer , and by keeping prepared
samples in a dessicator before use. For consistency, impregnated
samples were left for 24 hours in a dessicator before being run on
the DMTA. Reproducibility has been checked and confirmed by repeating
a number of samples, and by comparing impregnated filter paper
results to those obtained using a standard bar sample (see the DMIA
plot in appendix 5).

Samples were securely clamped onto the clamping frame, and were
cooled to at least 30°C below the Tg of the component having the
lowest Tg, by passing liquid nitrogen through the cooling coils of
the furnace arrangement of the DMTA measuring head. All samples were
heated at 4°C/minute, at a frequency of 1 H, and a strain of X4
(equivalent to a displacement of 40um).

This technique was preferred to differential scanning
calorimetry (DSC), because of the much higher sensitivity to the

glass transition, and the comparative ease with which two or more
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glass transitions can be resolved in immiscible blends (provided they

are sufficiently separated in temperature).

3.4.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was chosen instead of
transmission electron microscopy (TEM) for two main reasons.
Firstly, it would have proved very difficult to produce thin films of
the blends, since at room temperature many are soft, making
sectioning difficult. An attempt was made to embed the samples in an
epoxy resin prior to low temperature sectioning, but mixing of the
blend sample with the epoxy could not be prevented at the elevated
temperatures used for curing the epoxy. Secondly, had it been
possible to produce thin films by sectioning, they would have
required staining to enable observation of any phase separation
present. This would have meant selectively staining ome or other of
the two phases, by using a staining agent specific to the functjonal
groups in one phase but not the other. The blends to be studied,
however, had hydroxyl groups in each of the two major components, and
a staining agent specific to the relatively small percentage of
carboxylic acid groups in the acrylic component would have been
needed. This was a requirement that could not' be met by the
usual staining compounds.

The preparation of specimens for SEM presents fewer problems,
and so this technique was chosen to probe the bulk internal structure
of a number of blends, both miscible and immiscible (as determined by
DMIA)., To observe the internmal structure, blend films produced by
solution casting or melt pressing (between mould-release film at 300
psi) were fractured at liquid nitrogen temperatures. A small
fragment was then mounted onto a metal holder or stub, using an
electrically conducting adhesive (silver dag). To reduce damage by
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the electron beam, the specimen has to be coated with a thin layer (-
10nm) of an electrically conducting material, in this case, gold.
Figure 3.3. shows the apparatus used for sputter coating the
specimen. Once coated the specimens were then placed into the
electron microscope and the fracture surfaces observed. The process
involves scanning a fine beam of electrons across the surface of the
specimen.  Secondary electrons, back-scattered electrons and x-ray
photons emitted when the beam hits the specimen, are collected to
provide a signal, used to modulate the intensity of the electron beam
in a television tube, scanning in synchronisation with the microscope
beam.

The fracture surfaces of the films were observed at
magnifications of 1000 to 20,000, and photographs taken of the images
produced. Only a limited mmber of blend films could be studied,
because the films had to be rigid enough to be easily handled and to
be self-supporting when mounted edgeways on the holder. It was found
that only samples having D.M.T.A. Tgs of around 35°C and above were
rigid enough. Blends having Tgs lower than this were too soft or
sticky to be studied,

3.4.4 Investigations of Specific Interactions

Fourier Transform Infrared Spectroscopy (FTIR)

A Nicolet 20DXC Fourier Transform Infrared Spectrometer was
used to investigate the presence of specific interactions in the
blends, by observing any shifts in the position of peaks,
corresponding to the fumctional groups involved in the interactioms.

The samples were all cast from chloroform onto a slab of sodium
chloride, yielding thin films, which were dried using a hot air
blower. The samples were scammed 50 times at a resolution of 1

wavenumber and the resulting averaged spectra were stored on
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microfloppy disks. By taking 50 scans the signal to noise ratio was
improved, thereby increasing the sensitivity.

Figure 3.4 shows the layout of a typical FTIR spectrometer.
There are three basic components, a source, a Michelson
Interferometer (consisting of a beam splitter, a fixed mirror) and a
detector. The principle of operation is as follows: Collimated

radiation from the ©broad-band source is directed into the

interferometer and impinges on the beamsplitter. Approximately 507%

of the light is transmitted through the beamsplitter and is directed
onto the fixed mirror. The remainder of the light reflects off the
beamsplitter and is directed onto the moving mirror. The beams
reflect off the surfaces of the two mirrors and recombine at the
beamsplitter. Here, constructive and destructive interference occur,
depending on the position of the moving mirror relative to the fixed
mirror. The resulting beam passes through the sample where selective
absorption takes place, and then continues onto the detector. In
simple terms, what is happening is that the interferometer encodes
the initial frequencies (by optically taking the Fourier
transformation of the incoming signal) into a special form that the
detector can observe in time. The inverse Fourier transformation is
a mathematical means of resorting the individual frequencies for the

final presentation of the infrared spectrum.
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4,0 Results and Discussion

4.1 Styrene/Methacrylic Acid Copolymer Blends

4.1,1 Characterisations and Composition Determination of
ST/MAA Copolymers

(i) Reactivity Ratios

The reactivity ratios of styrene and methacrylic acid have been
shown to vary with the particular reaction solvent used,115 ranging
from 0.06 for ST and 0.54 for MAA in chloroform, to 0.65 for ST and
0.43 for MAA in acetone. However, values of 0.18 and 0.65 for ST and
MAA respectively have been obtained using 2-ethoxy ethanol as

116 gince this is very similar in nature to 1-methoxy

solvent.
propan-2-ol , these reactivity ratios were used when determining the
monomer feed ratios necessary to obtain a particular copolymer
composition, wusing equation (2.96). 1t is important to remember
however, that this equation only applies to monomer conversions of
10% or less.l07  Since all of the copolymers produced have higher
conversions than this, the implications relating to copolymer
composition and distribution of monomer units should be considered.
Assuming the reactivity ratios for ST and MAA in 2-ethoxy ethanol are
a reasonable estimate of those in 1-methoxy propan-2-¢l, it is clear
that there is a tendency towards altermation (ryrp<<1.0), with MAA
bt;:ing the more reactive monomer. This means that MAA will be
consumed more quickly than ST in the copolymerisation reaction.
Consider, for example, a reaction aiming to produce a 50:50 ratio of
monomer units in the copolymer. Since MAA is the more reactive
monomer, a higher proportion of ST than MAA will be required in the

initial mixture to counteract this. 1In the early stages of the

reaction, chains tending to have alternation of monomer umits will be
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formed, but after a time, the proportion of MAA in the mixture will
decrease due to it's greater reactivity, leading to an increased
tendency towards the formation of ST sequences; the further the
reaction proceeds, the greater this tendency. If the reaction is
allowed to go to high conversion, the proportion of ST units
incorporated into the polymer chains will be greater than that
predicted by the copolymer equation, because more ST umnits were
present in the starting mixture than MAA units. So to obtain an
approximately alternating copolymer of the desired composition, it is
wise to limit the conversion to 107% or less. The copolymers 7, 8, 9,
29 and 30 were nevertheless, produced to high conversion as models
for the polymers QM03 and 9A/303, which were also produced to high

conversion. (See Chapter 3).

(ii) Copolymer Composition

The composition of each copolymer produced was found from

results of proton NMR spectroscopy, the method being outlined in
section 3.2.1. The results are shown in table 4.1. along with the
DMIA Tg values obtained for each copolymer. The NMR plots for the
copolymers are shown in appendix 1.  Figure 4.1 is a plot of

copolymer composition vs Tg.

(iii) Molecular Weight

Copolymexs 29 and 163 were eluted on a mixed gel GPC colum in
order to estimate the number and weight average molecular weights
(see section 3.2.2.), the results are given in table 4.2., and the

chromatograms shown in appendix 2.

(iv) Infrared Spectroscopy

The infrared spectra of copolymers 29 and 163 were obtained
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Table 4.1 NMR and DMTA Results of ST/MAA Copolymers

(a) High Conversion Copolymers

Monomer Feed Ratio| Copolymer Composition [ DMIA
Product (moles %) from NMR (moles %) Te/°C
ST MAA ST MAA
PMAA 0 100 0 100 189
7 25 75 35 65 180
8 50 50 49 51 155
9 75 25 54 46 143
29 90 10 84 16 120
30 95 5 88 12 112
PS 100 0 100 0 101
(b) Low Conversion Copolymer
Monomer Feed Ratlo| Copolymer Composition | DMIA
Product (moles %) from NMR (moles %) Teg/°C
ST MAA ST MAA
163 95 5 81 19 115

Note: All percentage coversions are given in table 3.2.
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Table 4.2 GPC Results

Polymer | Source Column Mo | Mw  [Me/Mn | Mp

PBA(1) | Solution 500& 1749 2768 | 1.58 | 2200
polymerisation

PBA(2) " Mixed gel. | 6757 20105 | 2.98 | 11655

PBA(3) " 500 & 5201| 8231 | 1.58 | 6543

PPG(1) | Aldrich 500 & 9491| 9900 | 1.04 | 9693
Chemical Co.

PPG(2) " 500 & 2769 | 2918 | 1.05 | 2843

LF200 LVH Coatings Mixed gel. / / / 28793
Ltd.

a3 " Mixed gel.} / / / | 19724

9A/303 " Mixed gel. | / / /| 19055

29 Solution Mixed gel. | 5996 | 11428 | 1.91 | 8278

ST/MAA | polymerisation

163 " Mixed gel. | 8141 | 16011 | 1.97 | 11417

ST/MAA

PBMA " Mixed gel. {31315] 53713 | 1.72 | 41012

PDMAEMA " Mixed gel. | 4759 | 10546 | 2.22 | 7085

PPA Victor Wolf Mixed gel. | 5734 | 11600 | 2.02 | 8156
Ltd.

Note: ST/MAA copolymers 7, 8 and 9 were not analysed by GPC because they

were not soluble in the chromatographic eluent THF, due to their
relatively high MAA content.




using a Nicolet FTIR spectrometer (see section 3.4.4.) and are shown
in appendix 3. Both spectra show characteristic peaks as expected

for a combination of the two monomers ST and MAA.

(v) Characterisation of Lumiflon LF200

LF200 was found to have a glass transition temperature of 49°C
by DMITA. The transition occurred over a narrow temperature range,
the peak having a width of half height (Whlg) of 16°. The material
was also characterised by NMR, GPC, FTIR and SEM, the results being

shown in appendices 1, 2, 3, and 4 respectively.

4,1.2 Solution Blends

The blends were prepared as described in section 3.3.1, using
tetrahydrofuran (THF) as solvent. In each case, the appearance of
the dried blend film was noted, prior to each blend being studied by
DMTA and FTIR. The results of these analyses are shown in table 4.3.
Also shown are the values of Tg predicted by the Fox equation (2.77)
and by the rule of mixtures: 101

, Tg =wiTgy + wilg, +wTg, (4.1),w, is the weight
fraction of the repeat units of component i, whose homopolymer has
glass transition temperature Ty, . It is clear that from the film
appearance and the occurrence of two glass transitions for each of
the blends that all are immiscible in the proportions prepared. The
opacity of the films is due to the presence of two separate phases
corresponding to the two components of the mixture, which have
different refractive indices and are sufficiently large to cause
the scattering of 1'1ght:.9 The two phase nature of the ST/MAA - LF200
blends is strt;ngly confirmed by the presence of two glass transition
temperatures for each of the blends, close to the temperatures at
which transitions are observed for the unmixed copolymers and pure
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Table 4.3 2 Component ST/MAA Copolymer Blends with LF200

transparent

Blend | Copolymer No.| Film DMIA Fox Rule of | FTIR
Number | (wt. % in Appearance { Tg/°C | Eqn, | Mixtures | Result
blend) Tg/°C | Tg/°C
13 7 (25) opaque 32,200 | 74 82 | No Peak
12 7 250; " 46,189 1 103 115 Shifts
14 7 (75 " 42,204 1133 147 Observed
16 8 EZS% " 40,177 70 76 "
15 8 (50 " 43,177 | 95 102 "
17 8 (75) " 47,180 1122 129 "
18 9 (25) " 38,137 68 73 "
19 9 (50) " 43,119 { 90 9% "
20 9 (75) " 36,129 | 115 120 "
34 29 (25 " 51,122 | 64 67 "
45 29 (50 ' 53,1231 81 85 "
46 29 (75 " 52,110 | 99 102 "
30 30 2253 " 43,95 63 65 "
33 30 (50 " 47,1101 78 81 "
51 30 (75) " 48,111 | 9% %6 "
113 ﬁ63 E253 " 58,120 | 63 66 "
112 163 (50 " 58,117 | 79 82 "
LF200 - 49 - - -




LF200. Had the blends been miscible, transitions may have been
expected in the region of the temperatures predicted by the rule of
mixtures and the Fox equation. Figures 4.2 to 4.6 clearly show
the two phase nature of these blends, both by the double Tg
transitions and by the corresponding falls in the log modulus (E').
Fourier transform infrared spectroscopy (FTIR) was used to
determine whether any specific interactions were present in the
mixtures, between the functional groups of the two components. The
only group of the copolymer likely to be involved in such
interactions is the carboxylic acid group. LF200 is a polymer
comprising four monomer units (see section 3.1.3), two of which have
ether side groups and one which has a hydroxy-butyl group linked to
the backbone by another ether oxygen. The most likely interactiom
therefore, is that between the methacrylic acid group and the
hydroxyl group of LF200. If such an interaction is present in the
blend, it might be expected to have some effect on the bond lengths
between the atoms of the groups involved. This would in turn lead to
a change in the vibrational frequency of these blends, which could
then be observed as a change in the position of the infrared band
corresponding to that group, However, no noticeable change occurred
in the position of the acid carbonyl band at around 1700 crn"l, nor
could any other band shifts be detected in the spectra of the blends.
The peak at 1700 ca™l is in fact due to the dimer formed by the
intermolecular hydrogen bonding interaction between carboxylic acid
groups. It seems that this interaction is sufficiently strong as to
occur preferentially to any interactions between the acid group and
the hydroxyl group of IF200. The apparent lack of any specific
interactions for this system could be one reason for the observed
immiscibility. Many miscible blends studied recently by FTIR have
been shown to have interactions between the components and this has
-79 -




Figure 4.2
DMTA Results for ST/MAA — LF200 Solution Blends (Table 4.3}
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Figure 4.4

DMTA Results for ST/MAA - LF200 Solution Blends {(Table 4.3)
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Figure 4.6
DMTA Results for ST/MAA - LF200 Solution Blends (Table 4.3)
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been suggested as a major factor which enhances polymer-polymer
miscibility. 111,112,118-121

Another factor which may have influenced the mixing behaviour
of the two components, could be the choice of solvent used for the
solution blending procedure.  Tetrahydrofuran (THF) was chosen
because it appeared to be a good solvent for all of the copolymers,
including those with a high proportion of MAA units {poly(methacrylic
acid) is soluble in few organic solvents) and also LF200. It also
had the advantage of being quite volatile, making it's evaporation
quite rapid and the drying of subsequent blend films easier. It has
been suggested,122 that the nature of the solvent used to mix two
polymers has an important effect with regard to the miscibility of
the blend. The extent to which the solvent influences the final
miscibility, depends on the nature and strength of the various
interactions between the components of the solution, prior to and
during the evaporation of the solvent. If for example, the solvent
is a good one for both polymers, then the two polymer chains will
have significant coil extension which will promote good contacts
between potential interaction sites, leading to a miscible blend. On
the other hand, if the solvent is a bad one for the two polymers, the
chains of each polymer will tend to coil up and contract, giving few
opportunities for interfacial contacts. In the case of a system
where strong polymer-solvent interactions exist, the polymer chains
will be tightly solvated by solvent molecules which would hinder
interactions between the umlike chains, thereby reducing the eventual
blend miscibility.

For the system involving ST/MAA copolymer, 1LF200 and THF as
solvent, interactions are possible between the copolymer carboxylic

acid groups and the ether oxygen of the THF. This can be observed by

FTIR spectroscopy. If a ST/MAA film is cast from THF, but is not
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completely dry, a second acid carbonyl peak appears at around 1728
cm'l, alongside the peak at 1700 cm'l, due to the hydrogen bonding
interactions between the acid group and the ether oxygen of the
solvent, For this reason, films for FTIR analysis were cast from
chloroform instead of THF wherever possible. The existence of this
polymer-solvent interaction could be one possible explanation for
this systems lack of miscibility, by preventing any possible
interactions between the carboxylic acid groups of MAA and the
hydroxyl or ether groups of LF200. However, it may just be that the
groups on LF200 are not sufficiently polar or electronegative to be

susceptible to hydrogen bonding interactionms.

4,1.3 Reaction Blends

Following the unsuccessful attempts to produce a miscible blend
by solution casting, a series of experiments was carried out to see
if miscibility could be improved by employing a different preparation
technique. It was decided to polymerise the two monomers ST and MAA
in a solution of LF200 in 1-methoxy propan=-2-ol at 60 - 70°C, this
method was temmed ''reaction blending" (see section 3.3.2). Since the
LF200 was present in the polymerisation solvent and the reaction was
carried out at elevated temperatures, there was the potential for an
interaction between the acid monomer and the hydroxyl containing
LF200, especially in the early stages of the reaction when short
chain molecules containing the MAA unit were present in the solutiom.
The small chain molecules would also have had a greater mobility and
easier accessibility to potential interaction sites on the LF200
chains. It was hoped that these factors would help to improve the
blend miscibility. However, this was not the case, as can be seen
from the results in table 4.4 and from figures 4.7 to 4.10. All the

blends formed by this method are clearly two phase, being opaque in
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Table 4.4 DMTA Results for LF200 - ST/MAA Reaction Blends

Product |Monomer Ratio Ratio of LF200 DMTA
Number (moles %) to total monomer | Tgs/°C
ST MAA LF200 | Total
Monomer]

23 25 75 75 25 35,193
24 25 75 50 50 48,195
25 25 75 25 75 49,198
10 50 50 75 25 45,172
21 50 50 50 50 42,176
22 50 50 25 75 54,182
26 75 | 25 75 25 40,141
27 15 25 50 50 52,138
28 75 25 25 75 55,(85)
81 90 10 30 70 47,112
82 95 95 30 70 50,120




Figure 4.7
DMTA Results for ST/MAA — LF200 Reaction Blends (Table 4.4)
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Figure 4.9
DMTA Results for ST/MAA — LF200 Reaction Blends (Table 4.4)
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appearance when dry, with two well separated glass transitions for
each of the phases. It appears therefore, that this method offers no
improvement with regard to improving miscibility compared to the
usual solution blending procedure, for this system at least. The
actual positions of the observed glass transition temperatures varied
slightly, but not significantly from those observed in the previous

experiments. The fact that a different solvent was used and that the

solutions containing the polymerised monomers and the LF200 were

precipitated into n-heptane instead of the solvent being evaporated,

appeared to have little or no effect on the miscibility of the

blends.

4.1.4 ST/MAA ~ LF200 Blends - Sumnary and Conclusions

All of the blends produced were clearly immiscible regardless
of composition or method of preparation, as indicated by their
opacity and by the DMIA glass transition results, It seems
therefore, that the copolymer of ST and MAA was a poor choice for a
model system for the LVH coatings polymers M03 and 9A/303., Neither
were any specific interactions identified, nor were any miscible
blends produced. At this point it was decided to investigate the
miscibility of LF200 with a range of homopolymers and copolymers, in
order to discover what type of polymer it may be miscible with,

4.2 Solution Blends of LF200 with a Variety of Polymers
Table 4.5 shows the series of blends produced, describing the

optical appearance of the films along with the transitions observed

by DMIA. An indication of the Tg transition width is given where

appropriate. Conclusions regarding miscibility are also included in
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Table 4.5 Solution Blends of LF200 with Various Polymers

Product |Blend Appearance of [DMTATg/°C| Wh'z Inference
Number |Composition Blend Film
100% PBA(2) ~24 17°
78 LF200/PBA(2) transparent -18, 32 - partially
2675 miscible
79 LF200/PBA(2) transparent 8 34° miscible
50:50
80 LF200/PBA(2) transparent 35 39° miscible
75:25
100% PBMA 59 68°
43 LF200/PBMA transparent 50 41° inconclusive
25:75
36 LF200/PBMA transparent 45 58° "
50:50
62 LF200/PBMA transparent 49 22° ”
75:25
100% PMA 17 14°
59 LF200/PMA transparent 20,36,(63) - immiscible
25:75
37 LF200/PMA transparent 23, 47 - immiscible
50:50
44 LF200/PMA transparent 17,47 - immiscible
75:25
100% PMMA 100
47 LF200/PMMA translucent 37,103 - immiscible
25:75
38 LF200/PMMA transiucent 33,83 - immiscible
50:50
58 LF200/PMMA translucent 44,95 - immiscible
75:25
100% PHEMA - 53 (33) -
75 LF200/PHEMA translucent 37,53, 77 - inconclusive
25.75
76 LF200/PHEMA transtucent 42, 86 - "
50:50
7 LF200/PHEMA translucent (39),66 | (100°) "
75:25
100% PDMAEMA 43 39°
83 LF200/PDMAEMA |translucent 43 34° inconclusive
25:75
84 LF200/PDMAEMA [translucent 43 26° "
5050
85 LF200/PDMAEMA (translucent 52 24° "
75:25
100% PST o —— 101 43°
49 LF200/PST opaque 44, 91 - immiscible
2575
39 LF200/PST opaque 45, 89 - immiscible
50:50
48 LF200/PST opaque 49,93 - immiscible
75:25
{(—__[100% LF200 [——ono | 49 [ 16° [ —u ]




Table 4.5 (continued) Solution Blends of LF200 with Various Polymers

Product |Blend Appearanca of DMTA Tg/°C wWhz Inference
Number |Composition Blend Film
100% SAN 114 20° | T T——
52 LF200/SAN opaque 43, 87 - immiscible
25.75
53 LF200/SAN opaque 42, N - immiscibla
50.50
54 LF200/SAN opaque 47 22° miscible
75:25
100% PVAc 47 21°
63 LF200/PVAC transparent 48 24° Inconclusive
25:75
64 LF200/PVAC transparent 45 22° "
5050
65 LF200/PVAC transparent 44 21° "
75:25
100% EVA -14(Tg),51(Tm) -
55 LF200/EVA transparent 1,47 - inconclusive
25.75
56 LF200/EVA transparent 10, (20-E5) (74°) "
50:50
57 LF200/EVA transparent 30 39 miscible
75:25
100% PEG -11, 20, 58 -
41 LF200/PEG transparent at (-20), 44 (33°) inconclusive
25:75 60°C, opaque
patches at R.T.
40 LF200/PEG B 48, (15) 26° "
50:50
42 LF200/PEG " 48 51° miscible

75:25




the table, The DMTA results are shown in figures 4.11 to 4.21., All
blends were prepared as described in section 3.3.1 using

tetrahydrofuran as solvent, unless otherwise stated.

LF200 - Poly{n-butyl acrylate) (2) (PBA(2))

The poly(n-butyl acrylate) used was prepared as described in
section 3.1.2 and table 3.1, and had a number average molecular
weight (Mn) of 6757 as determined by gel permeation chromatography
(see table 4.2). The DMIA plots for this blend are shown in figure
4,11, The dried blend films for each of the three compositions were
completely transparent, which is often, although not always, a good
indication of miscibility. The single phase nature of this blend is
strongly confirmed by the DMIA results, for the compositions having
25% and 50% by weight of PBA(2), showing single Tg transitions at
35°C and 8°C respectively, The blend having 75% PBA(2) does not show
a single Tg transition, but has a more complex tan8 curve, which
probably suggests a certain  degree of partial miscibility. In
each case the tan8 curves are mirrored closely by the log modulus
(E') curves, which show a reduction in log modulus at the glass
transition temperature as would be expected. If the widths of the
peaks at half height are considered, it can be seen that the tan$
peaks relating to the 257 and 50% PBA(2) blends are broader than the
peaks corresponding to the glass transitions of the urmixed component
polymers. This may be an indication that these blends are not
completely miscible, but that depends on the definition of
miscibility. Kaplan8 has suggested that a domain or phase size of 15
nm is required to contain a "universal" segmental length associated
with the glass transition. That is, if larger phases than this
exist, then two transitions will be observed, below this size a

single transition. However, it is likely that there will be a range
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Figure 4.11 Figure 4.12
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of domain sizes in the region of 15 nm which are borderline between
miscibility and immiscibility, as defined in terms of a single glass
transition. The definition of miscibility therefore, usually depends
on the method by which it is observed. A system that is indicated to
be miscible by DMIA or some other technique, may not be completely
thermodynamically miscible, if such a state exists.

In this case it 1is reasonable to conclude that PBA(2) is
miscible in the compositions having 257 and 50% by weight of PBA(2),

as indicated by optical clarity and single glass transitions.

LF200 = Poly(n-butyl methacrylate) (PBMA)

The DMTA results (figure 4.12) for these blends highlight one
of the limitations of the technique of assigning the state of mixing
using glass transitions. LF200 has a Tg of 49°C and PBMA which has
an Mn of 31300 (table 4.2), has a Tg of 59°C, so it is inevitable
that there will be considerable overlap of the transitions of these
polymers. Dynamic mechanical analysis can really only resolve
transitions which are separated by 20°C or more, the resolution often
depending on the peak widths.

The three compositions of LF200 and PBMA each yield a single
Tg, but this is not surprising, because of the proximity of their
respective Tg transitionms, It would be unwise in this case
therefore, to attempt to draw conclusions on the miscibility of the
blend based on DMIA results alone, Each of the blend films
however,was transparent and this may be an indication of miscibility,
provided the two components have different refractive indices. To be
able to make definite conclusions about the state of mixing of LF200-
PBMA blends another techmique such as electron microscopy perhaps,123
would be required to confirm the tentative conclusion of miscibility
based solely on optical clarity.
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LF200 - Poly(methyl acrylate) (PMA)
The DMIA plots for these blends are shown in figure 4.13 and

from the presence of two glass transitions for each composition, it
is clear that they are immiscible, The blends having 50% and 75%
LF200 each show two tan8 peaks with some overlap between them, the
peaks appearing close to the temperatures at which the peaks for PMA
and LF200 are to be found. The log modulus curves for these two
compositions each show two falls in value and confirm the existence
of two separate glass tramsitions. The blend containing 25% LF200
has a more complex tan8 curve, having what appears to be three
peaks, although largely overlapped. This could be an indication of
three phases which could conceivably be, a phase rich in PMA, a phase
rich in LF200 and a third mixed phase comprising both components. If
the transition at 36°C truly represents a mixed phase, then it could
be that some degree of partial miscibility exists for this blend
compositions It may be that with a still smaller proportion of
LF200, a greater degree of miscibility might be achieved.

The optical clarity of these three blends, contradicts with
their apparent lack of miscibility, as indicated by their multiple
glass transitions. It could be in this case that the refractive
indices of the two polymers are very close, leading to optical
clarity despite the fact that they do not mix. This is the
reason why transparency alone should never lead to firm conclusions

regarding the miscibility of polymer blends.

LF200 = Poly(methyl methacrylate) (PMMA)
The PMYMA used was supplied by Aldrich and had a molecular

weight (—Mn) of 12000, The DMIA plots are shown in figure 4.14 and
the curves for each composition indicate two well separated glass

transitions. The glass transition temperatures of LF200 and PMA,
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Figure 4,14

Figure 4.13
DMTA Results for LF200 - PMMA Blends (Table 4.5)

DMTA Results for LF200 - PMA Blends (Table 4.5)
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being 49°C and 100°C respectively ensure that the conclusion of
immiscibility is unambiguous. It is noticeable that the tan8 peaks
for the three blend compositions show some displacement from the
positions at which the transitions appear for the pure ummixed
components. The reason for this is not obvious. Partial miscibility
is not indicated by this observation, since in this case the peaks
tend to be shifted towards one another (see section 2.9.1 and figure
2.12). One possible explanation could be that the blends were not
completely dried and that some solvent (THF) remained after the
samples were melt pressed. It is unlikely that much THF could be
retained after this procedure, but it might explain the shifts of the
two tand peaks for each composition, to lower temperatures than
expected, by acting as a plasticiser. If solvent were still present
in the blend films it would also perhaps, explain the translucence
of the films. Whatever the explanation for these observations, it
still. remains clear that PMMA and LF200 do not mix in the proportions
tried.

LF200 - Poly(2-hydroxyethyl methacrylate) (PHEMA)

PHFMA was found to be insoluble in THF and so 1-methoxy propan-
2-0l was used as solvent. Again there is the problem that the glass
transitions of the two polymers are very close, this time separated
by only 4°C, so it is impossible to make any firm conclusions about
the miscibility of the blends from DMIA results alone. As can be
seen from figure 4.16 the tan8 curves for PHEMA itself and for the
three blends with LF200 are all of a rather complex shape, each
showing two or three peaks or ''shoulders". It seems that there is
some interaction between the two components, but it is very unclear
what this might be. It is very unusual to produce a transition in a
blend of two polymers, which is significantly higher than the
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Figure 4.16

Figure 4.15
DMTA Results for LF200 - PHEMA Blends (Table 4.5)

DMTA Results for LF200 - PDMAEMA Blends (Table 4.5)
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transitions of either component, as is the case here. It can only be
speculated that the interaction between LF200 and PHEMA if in fact
one exists, causes some hindrance to rotation about the backbone
chain of one or both components, manifested in an increase in the

observed glass transition of the blend. It is unclear in the first

instance why PHEMA, a homopolymer, should have a multiple tand

transition. This, along with the complex nature of the blend tan

curves, make it difficult to understand the behaviour in this system.
The log modulus curves shed little light on the problem, showing
either one or two transitions depending on the composition. The
translucent appearance of the blend films, complete the very

inconclusive results for this blend system.

LF200 = Poly(dimethylaminoethyl methacrylate) (PDMARMA)
The solution polymerised PDMARMA was found by GPC to have M, =
4759 (table 4.2), and by DMIA to have a Tg of 43°C. The proximity of

this Tg value to that of LF200, again prevents any definite
conclusions being drawn from the DMIA results of the blends produced.
As can be seen from figure 4.15 the tan8 curves for LF200, PDMARMA
and the three blends thereof, virtually coincide at around 40 - 50°C.
The widths of the blend peaks at half height are intermediate between
those for LF200 and PDMARMA and this could be a reflection of simple
additivity. Again, the translucent appearance of the films does not
aid the assignment of a state of mixing to this blend. Obviously the
results are inconclusive and the system would have to be studied by

another technique in order to prove or disprove miscibility.

LF200 -~ Polystyrene (PST)

The solution polymerised PST was found to have a glass
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transition temperature of 101°C. The DMTA results of the blends
produced are shown in figure 4.17 and clearly indicate that these two
polymers are immiscible, each blend having two tanB peaks relating
to the Tg transitions of the PST and LF200 components in the blend.
The opacity of the blend films leads to an unambizuous conclusion of
immiscibility for the blend system. These results may explain in
part why the copolymer of styrene and methacrylic acid was also
immiscible with LF200 since all of the copolymers had a styrene

content of at least 357 (moles) (see section 4.1.1).

LF200 - Styrene/Acrylonitrile Copolymer (SAN) (Monsanto)

The SAN copolymer used had an 60:40 ratio of ST:AN units (as
determined by NMR, see appendix 1) and a recorded Tg of 114°C. The
DMIA results for the LF200-SAN blends are shown in figure 4.18.
Blends containing 257 and 50% by weight of LF200 show double tand
transitions indicating two separate phases. In each case the higher
temperature transition appears at a lower temperature than would be
expected for pure SAN alone, so it may be that the tan® peaks at 87°
and 91° represent some sort of mixed phase containing some
proportion of LF200. Alternatively, there may be another mechanism
which is causing the shift to lower temperature, although what this
might be is uncertain., The blend containing 75% by weight of LF200
shows only a single tan8  transition and implies that this blend
composition is miscible. The peak does however, have a long ''tail"
and this may be due to incomplete mixing of some sort, but it
may be the case that compositions having low SAN content and
hence, low ST content are more likely to be miscible. The apparent
miscibility of the blend with 757 LF200 1is contradicted by the
opacity of the blend film. The other two blend compositions are

opaque as expected.
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Figure 4.17 Figure 4.18

DMTA Results for LF200 - PST Blends (Table 4.5) DMTA Results for LF200 - SAN Blends (Table 4.5)
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LF200 - Poly(vinyl acetate) (PVAc)

The PVAc was supplied by BDH Chemicals Ltd and had a molecular
weight of 160,000, with a DMIA Tg of 47°C, again leading to the
problem of the tan § peak overlapping with that of LF200. The
transparency of the blend films is the only indication of
miscibility, because, as can be seen from the tan8 curves of the
blends (figure 4.19), the glass transitions all coincide at around

47°C, making any conclusions regarding miscibility impossible.

1F200 - Ethylene/Vinyl Acetate Copolymer (EVA)

The EVA copolymer was supplied by ICI and had a vinyl acetate
content of 41.47% (by moles). This blend system is complicated by the
crystallinity of the EVA, which is observed as a very broad tan8

peak in figure 4.20. It is interesting to note "that the log
modulus curve of EVA drops at the lower Tg tramsition at -14°C, but
remains fairly constant during the melting transition which peaks at
51°C. This implies that whilst the modulus (E') decreases during the
Tg process, it does not significantly change during the melting
process. The presence of the crystallinity makes the understanding
of the DMIA results quite difficult, because, certainly for blends
having 507 and 75%, there are 3 possible transitions to be resolved.
There does however, seem to be a trend in the results. As the
content of EVA decreases, the crystallisable content of the blend
also decreases. This results in the tan0 curves moving away from
the situation where there are two separate transitions, representing
the Tg of the EVA and the melting transition of the EVA along with
the Tg of LF200. So, at 754 LF200 only a single transition is
observed, at a point in between the temperatures at which the Tg
transitions of the pure ummixed components appear. What appears to
be happening is that the components become more miscible as the EVA
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Figure 4,19

DMTA Results for LF200 - 7P5VAc Blends (Table 4.5) Figure 4.20

DMTA Results for LF200 - EVA Blends {Table 4.5)
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content is reduced. The blend is miscible at 757 LF200, whereas at
50% LF200, three transitions can be detected; these could correspond
to some unmixed EVA, reflected in the Tg of the amorphous regions
at 10°C and the Tm of the crystalline regions at around 55°C, and a
mixed phase consisting of amorphous EVA and LF200, with a transition
appearing at around 35°C. At 257 LF200 two peaks are observed, the
one at 47°C corresponding to the melting of the crystalline regions
of EVA and the one at 1°C perhaps indicating a partially mixed phase
of LF200 and amorphous EVA. Tt is also interesting to note that the
blend films are all transparent, despite the crystallinity of the
EVA., It is probably reasonable to conclude that some mixing of the
amorphous region of EVA and LF200 occurs, especially in compositions
having a lower EVA content. The occurance of miscibility in blends
having one or more crystalline components often results in the
depression of the observed melting transition temperature of the
crystalline phase(s) and this can be taken in part as an indication
of such mi.sr:.i.bi.li.::y.12{"125 Although it is not easy to see this
effect in the blend of EVA and LF200, the melting point depression
phenomenon should be taken into comsideration. These comments also

apply to the following blend.

LF200 - Poly(ethylene glycol) (PEG)
The PEG was supplied by BDH Chemicals Ltd and had a molecular

weight of 6000 (table 4.2). Again this system is complicated by the
crystallinity of the PEG (more so than for EVA). From the DMTA
results in figure 4.21, it is uncertain which peaks to assign to Tg
transitions and which to assign to Tm transitions. It seems likely
that the peaks at 20°C and 58°C correspond to some sort of melting
phenomena (notice the unusual appearance of the log modules curve for
PEG). All that can be concluded with any certainty for this system
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Figure 4.21

DMTA Results for LF200 - PEG Blends {(Table 4.5)
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is that, at 75% LF200 the blend appears to be miscible, showing a
single tanB peak at 48°C. At 507 and 257 LF200 it is very difficult
to say what the DMIA results represent.

For this system, the optical appearance is quite informative.
All three blends had a transparent appearance at 60°C, above the
melting region of PEG, whilst at room temperature the films had small
opaque spots, evidently due to crystallisation of the PEG, So, it
may well be the case that at temperatures above 60°C LF200 and PEG
are miscible, whilst at room temperature there is some degree of
mixing between LF200 and the amorphous phase of PEG, especially at

low PEG contents,

Summary

From the selection of polymers chosen to investigate the
miscibility of LF200, one or two have been successful in producing
single phase blends, whilst others have shown immiscibility or given
inconclusive results. The blend having perhaps the greatest extent
of miscibility was that between L1F200 and PBA(2), and blends
involving PBA will be investigated further. Poly(ethylene glycol)
appeared to show some miscibility in blends with LF200 and also
warrants further investigation (see section 4.3). Several other
systems were possibly miscible, but because of the problem of the
proximity of the Tg transitions to that of 1F200, no firm conclusion
could be made. It would be interesting to look into these systems
further, using a technique which did not rely on differences between
glass transitions as a means of observing miscibility. However, such
investigations are outside the objectives of this work.

The next section aims to look at the possible role of
compatibilising agents in the miscibility enhancement of immiscible
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polymer pairs, starting with the ST/MAA - LF200 system.  Low
molecular weight PBA will be studied further along with other
poly(ethers).

4.3 Blends of LF200 with Potential Compatibilisers

A compatibilising agent is a third component, which when added
to an immiscible polymer pair, leads to improvement in the overall

miscibility of the system. Compatibilisers can be of several types

and a recent review by Xanthosl# outlines some of them. Block
copolymer3126 are one type of compatibilising agent, which are being

used increasingly to produce miscible systems. Usually, a block
copolymer is prepared, which is made up of blocks of the two
immiscible polymers with which it is to be blended. Another type of
additive which enhances miscibility is one which, when added to the
system induces crosslinking or grafting reactions, for example.
Such materials are usually low molecular weight compounds. However,
very little attention has been paid to the use of a third polymer as
compatibilising agent,130’131 and very few ternary blends have been
investigated thoroughly.127’131 To date, no examples of low
molecular weight polymers being employed as compatibilisers have been
found in the literature, although recently, the effect of homopolymer
molecular weight on the miscibility of binary polymer blends has been
studied.}32

This section investigates the miscibility of a number of
potential, low molecular weight, polymeric compatibilising agents
with LF200.

Table 4.6 shows the results of a study of the blends involving
the low molecular weight polymers chosen, including film appearance
and the results of DMIA and FTIR analyses. The width at half height

-97 -

.



Table 4.6 LF200 - Compatibiliser Blends
Product | Blend Film DMTA Whgi Fox {[Rule FTIR
No. Composition | Appearance | Tg/°C Eqn | of Result
Tg/°C|Mixtures
198 LF200/PPG(1) | transparent | -40 | 45° |-28 =22 no peak
25:75 shifts
112 LF200/PPG(1) | translucent | =16 [(44°)| -7 2 "
50150 (=40)
199 LF200/PPG(1) | transparent | 20 | 24° | 19 25 "
75:25 i
e m—#
193 LF200/PPG(2) | transparent | -49 | 24° {-32 -26 "
23275
194 LF200/PPG(2){ transparent | =15 | 47° |-10 -1 "
50:50
195 LF200/PPG(2) | transparent | 18 | 27° | 16 24 "
75:25
| __ — e
197 LF200/PBA(1) | translucent | -9 | 29° |-17 -13 "
25:75
122 | LF200/PBAQL) | translucent| 4 | 18° | 2 8 "
50250
196 LF200/PBA(1) | translucent | 38 17° | 24 29 "
75:25
78 | LF200/PBA(2) | transparent [-18,32] - | -9 -6 "
25:75
79 LF200/PBA(2) | transparent | 8 34° 8 13 "
50:50
80 LF200/PBA(2) | transparent | 35 | 39° | 27 31 "
75:25
244 1LF200/PBA(3) | transparent | 37 75° 6 i1 "
50330
245 LF200/PBA(3) | transparent | 39 | 35° | 26 30 "
75:25




Table 4.6 (continued) LF200 - Compatibiliser Blends

Product | Blend Film DMTA Wh% Fox |Rule FTIR
No. Composition | Appearance | Tg/°C Em | of Result
Tg/°C |Mixtures

132 | LF200/Setal | translucent| 26 [39°)[39 | 39 no peak
25:75 (80) shifts

131 LF200/Setal | translucent|25,44 - |42 43 "
50: 50

130 LF200/Setal | translucent 24,50 | - |46 46 "
75_12_5

233 LF200/PPA translucent [-21,13,] - [|-7 -4 "
25:75 47

231 LF200/PPA translucent |-24,14 | - {10 14 "
50: 50 55

232 LF200/PPA translucent |-16,19 | - |28 32 "
75:25 50




of tan® peaks is shown where appropriate, alonz with the values of
Tg predicted for miscible blends, by the rule of mixtures and by the
Fox equation. Before discussing the results, it is appropriate to
give reasons for the choice of the low molecular weight polymers.
Poly(n-butyl acrylate) has already been shown to be miscible with
LF200, and it was decided to see what effect molecular weight might
have on the miscibility of this system. Poly{propylene glycol)(PPG)
was chosen instead of poly(ethylene glycol) (PEG) for three reasons;
firstly for its similarity to PEG, with the hope that it too would
be miscible to LF200, secondly because there are no complications
caused by crystallinity and finally because of the possible end use
of the material in a system used for surface coatings, which would
necessitate an insolubility in water. Setal 1711 is a saturated
aliphatic polyester, the NMR and FTIR characterisation of which
appear in appendices 1 and 3 respectively, and which was supplied by
LVH Coatings Ltd. Setal 1711 and poly(propylemeJ adipate)(PPA) were
chosen because they have applications as polymeric plasticisers. It
will also be interesting to compare their miscibility with LF200 to
that of PVAc and EVA which showed signs of being miscible (see
section 4.2), The comparison therefore, is between polyesters having
the ester group along the backbone and polymers having ester

functionality on the side group.

LF200 - PPG(1)
PPG(1) was found to have a molecular weight (M) of 9500 as

determined by GPC (see table 4.2) and a glass transition temperature
of -46°C., The results shown in table 4.6 indicate that the blend
with LF200 is miscible at levels of 25% and 75% by weight, exhibiting
a single glass transition and transparent films when cast from

chloroform. The blend containing a 50% by weight mixture of the two
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components has a main Tg transition at -16°C with a shoulder at
=40°C, and this suggests a mixed phase of LF200 and PPG(1) having a Tg
at -16°C along with some unmixed PPG(1) represented by the shoulder
at -40°C, Figure 4.22 shows DMIA results for the blend of 75% LF200
and 25% PPG(1) with a relatively sharp tan®  transition and
corresponding drop in log E'. It is interesting to compare the Tg
values obtained from DMIA to those predicted by the rule of mixtures
and the Fox equation (2.77). The blend having 25% by weight of
PPG(1) has a Tg very close to that calculated using the Fox equation
and is only 5°C from that predicted by the rule of mixtures. At
higher proportions of PPG(l), there is a greater negative deviation
of actual Tg values from those predicted. One reason for this could
be the fact that the blends were prepared by weight. For example,
consider a 50:50 blend by weight. Since PPG(1) has a much lower Mn
than LF200, more chains of PPG(1) will be present than would have
been the case had the molecular weights of the two polymers been
similar. This means that there will be a greater proportion of free
volume in this system, caused by a larger number of PPG(1) chain ends
and this leads to a decrease in the observed Tg., The higher the
proportion of PPG(1) in the blend, the more pronounced is this
effect.,

The infrared analysis of these blends did not show any
noticeable band shifts due to intermolecular interactions., This is
perhaps mnot surprising, since both polymers contain the ether
functionality. This in fact, could be a reason why the blends are
miscible in certain proportions, on the simplistic basis of like
mixing with like. On the other hand, the miscibility may be
a function of the low molecular weight of the PPG(1). In order to
see the effect that changing the molecular weight of PPG might have,
a lower molecular weight sample was tried (PPG(2)).
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Figure 4.22 {Table 4.6)

DMTA Results for LF200 - PPG(1l) Blends
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LF200 - PPG(2)

The lower molecular weight material, PPG(2) was found to have a

molecular weight (Mn) of 2769, as determined by GPC (table 4.2) and a
glass transition temperature of -15°C. All three blend compositions
yielded single glass transition temperatures and transparent films,
and if anything, appeared from these results to be slightly more
miscible than the blends involving PPG(1). The DMIA result of the
25% PPG(2) blends is shown in figure 4.23, The trend relating the
experimental and predicted Tg values is similar to that for the
PPG(1) blends discussed above; the Tg of the composition having 75%
PPG(2) being furthest from the predicted values, presumably for the
same reason as mentioned above. This can be seen graphically in
figure 4.24.

No band shifts were observed in the infrared spectra of the
blends, compared to the spectra of the unmixed components. The FTIR
spectrum of PPG(2) is shown in appendix 3.

LF200 - PBA(1)

PRA(1) was prepared using a chain transfer agent, as described
in section 3.1.2 and table 3.3, and was found to have a molecular
weight (Mn) of 1749 by GPC and a Tg of =33°C. The results for this
blend are shown in table 4.6 and figure 4.25, which is the DMIA tan§
and log modulus curves for the blend having 25% of PBA(1). The DMTA
results all yielded tan8 curves indicating single glass transitions
and suggested an improved miscibility compared to the higher
molecular weight PBA(2) (Mn 6757). This suggestion of improved
miscibility is supported by the narrow widths of the blend tan8 Tg
peaks. Figure 4.26 shows the relationship between the experimentally
observed Tg and those predicted by the rule of mixtures and the Fox
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DMTA Results for LF200 - PBA(1l) Blends (Table 4.6)
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equation, as a function of blend composition. The translucency of
the blend films may be due to a small amount of residual solvent, or
due to the evaporation procedure, but should not detract from the
DMTA results. No interactions between the functional groups of LF200
and PBA(1) were detected by FTIR, so the driving force for
miscibility appears to be something other than specific interactions.
It is conceivable that the low molecular weight PBA(1) is acting as a
plasticiser, but whether that could explain such large decreases in
the Tg value of blends containing 50% and 75% of PBA(1) is open to
debate. It might also be expected that if this was the case, that
separate peaks due to the presence of excess PBA(1) would be observed
in the DMIA plots of the blends rich in PBA(1).

LF200 - PRA(2)

These results have been discussed in the previous section
(4.2), but the results are sumarised in table 4.6 and should be
compared to those for the other two PBA polymers.

LF200 - PBA(3)

PBA(3), which was polymerised using a chain transfer agent
under the conditions described in table 3.3, was found to have a
molecular weight (Mn) of 5200 and Tg of -27°C. Compositions having
50 and 25% by weight of PBA(3) were prepared and the results of DMTA
and FTIR analyses are shown in table 4.6. Before looking at the
results of these two blends, it is interesting to compare the peak
widths of the pure PBA homopolymers. PBA(1) and PBA(2) have quite
narrow Tg transitions (20° and 17° at half height), whereas PBA(3)
has a broader tan8 peak of 39° at half height. This is a little
unexpected as the tan§ peaks ought to have been of a similar width
to that of PBA(1), since the method of preparation was the same.
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Both of the blends give single Tg transitions as observed by
DMIA, but the width of the tan§ peak for the 507% PBA(3) blend is
very wide, 75° at half height. Such wide transitions are sometimes
associated with the presemce of a number of overlapping, partially
mixed phases within the blend. The 507 blend is transparent,
indicating miscibility, but it is also interesting to note that the
Tg of 37°C is significantly different from that predicted by the rule
of mixtures or the Fox equation. The 257 PBA(3) blend is also
transparent, but has a comparatively narrow transition width and is
clearly miscible, The Tg of 39°C is however, somewhat different from
that predicted, but not so much as for the 50% blend. It appears |
overall though, that PBA(3) is not as miscible as PBA(1), but perhaps ‘
slightly more so than PBA(2), with LF200.

LF200 - Setal 1711

Setal 1711 is a saturated aliphatic polyester whose structural
formula was not supplied. The NMR and infrared spectra are however,
shown in appendices 1 and 3 respectively. Little attention will be
paid to these blends as the results obtained by DMTA indicate clearly
that all compositions are immiscible. No specific interactions
between Setal 1711 and LF200 could be identified by FTIR. It is
unlikely that this material would be of any great use as a
compatibilising agent, since for the systems being studied some

extent of miscibility with LF200 would be desirable for this.

LF200 - Poly(propylene adipate) (PPA)

This polymer (PPA) was supplied by Victor Wolf Ltd., and was
found to have a molecular weight (Mn) of 5734 and Tg of -21°C.
Judging by the DMIA results shown in table 4.6, it appears that there

may be a slight degree of miscibility of PPA with LF200. This is
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indicated by the appearance of a third Tg between the positions of
the transitions relating to the ummixed components. These
transitions at 13°C, 14°C and 19°C in the 25, 50 and 75% LF200 blends
respectively, are probably representative of a mixed phase composed
of some combination of the two components. Coupled with the blends
translucent appearance, partial miscibility seems to be the case for

these blends. Again, no specific interactions were detected by FTIR.

4.4 Blends of ST/MAA Copolymers with Potential Compatibilising Agents

Following the study of the blends of potential compatibilisers
with 1F200, it was decided to look at the miscibility of these
polymers with copolymers of ST and MAA, with the aim of hopefully
finding one which would enhance the miscibility of the ST/MAA - LF200
system. Table 4.7 shows the DMIA and FIIR results of the blends
studied, along with the optical appearance of each blend film.

ST/MAA Copolymer 29 - Poly(ethylene glycol) (PEG)

Copolymer 29, which was polymerised as described in section
3.1.2 using the conditions shown in table 3.2, has a methacrylic acid
content of 84% and a Tg of 120°C. The PEG used is the same as that
previously blended with LF200 (see section 4.2, table 4.5) and has a
molecular weight of 6000,

This blend is of particular interest, because there are
similarities between this pair of polymers and a system which has
been shown to be miscible, with hydrogen-bonding interactions
existing between the two components. The system in question is that
of Poly(ethylene-co-methacrylic acid) (EMAA) blended with each of the
polyethers, poly(vinyl methyl ether) (PWE) and a copolymer of
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Table 4.7 Blends of ST/MAA Copolymers with Potential Compatibilising

ents
Ltoduct Blend Film DMTA wh% Fox |Rule FTIR
No. Composition | Appearance | Tg/°C Em | of Result
Te/°C|Mixtures
105 29/PEG transparent| 25,52 [44° | = ~ carbonyl
50250 shift
110 29/PPG(1) transparent| 18 {44° {15 37 carbonyl
50:50 shift
125 29/PBA(1) transparent| 26 173° [25 44 incon~-
50250 clusive
211 29/PBA(2) transparent| -25,19] - |32 48 incon-
50:50 119 clusive
216 163/PPG(1) transparent] 75 ]52° |57 75 carbonyl
50350 shift
217 | 163/PPG(1) | transparent| 30, K62°)|13 35 carbonyl
M50 (~30) shift

Note:

Blend 105 shows two tan8 peaks at 25°C and 52°C which are
probably due to crystalline melting tramsitionms.




ethylene oxide and propylene oxide (EP)). It was found that EMAA
copolymers are strongly self-associated, via the formation of
intermolecular carboxylic acid dimers. However, in blends of the
FMAA copolymer with the polyethex:s,lu’112 there was found to be a
strong association between the two components in the form of
intermolecular hydrogen bords, between the carboxylic acid and ether
oxygen groups. These conclusions were drawn, by the observation of a
shift in the position of the acid carbonyl peak in the infrared
spectra of the blends, compared to it's position in spectra of the
pure copolymer. The carbonyl stretching band corresponding to the
acid dimer appears at 17OOcm'1, whilst in blends of the EMAA
copolymer and the polyethers, a second peak appears at 1728ca™1 which
is assigned to the carbonyl stretching vibration when the acid group
is involved in hydrogen bonding with the ether oxygen. This can be

illustrated as follows:

g
— [;__ _ g I
Qf/c \0 :I: .
E l‘l'l hydrogen ?
I : +~ bonding I
0\\c,/‘0 —
, CH,
—E —
CH, acid copolymer blended

with EPO or PVME

acid dimer: 1700cm

Judging by these recently published results, it seems likely
that a similar interaction may well be present in the blend of the
ST/MAA copolymer with PEG, This is indeed the case, as can be seen
in figure 4.28, ‘There is every reason to believe that hydrogen
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bonding is the cause of this shift and that the illustration above is
equally applicable to this system. It is however, more difficult to
come to any firm conclusions regarding the miscibility of the blend.
The transparency of the blend films is a pointer towards miscibility,
but as in blends of IF200 with PEG, the crystallinity of the PEG
makes the interpretation of the DMIA results complicated. The
transitions that appear at 25 and 52°C are similar to those observed
for pure PEG and probably represent melting transitions. However,
because of the apparently strong hydrogen bonding interactions
present, the optical clarity of the blend and the similarity between
the blend and the EMAA ~ EPO/PVME sysi:em,112 it is likely that some

degree of miscibility exists between the blend components.

ST/MAA Copolymer 29 - PPG(1)
The PPG(1) material has been found to be largely miscible with

LF200, and it was hoped that any miscibility between the ST/MAA and
PPG(1) would lead to a miscible ternmary blend of the three
components, with the polyether acting as compatibiliser. In the
light of the results of the blend of PEG with the same copolymer, it
was to be expected that hydrogen bonding interactions exist between
the acid component of the copolymer and the ether oxygen of the
PPG(1). The results of the DMIA and FTIR analyses of this blend
indicate both miscibility and hydrogen bonding interactions (table
4,7). The 50% blend by weight of the two components forms a
transparent film, having a single glass transition at 18°C, close to
that predicted by the Fox equation and a shift of the acid carbonyl
in the infrared spectrum similar to that observed for the PEG -
ST/MAA copolymer system. A portion of the infrared spectrum is shown
in figure 4.29. By comparison, figure 4.27 shows that no

similar interactions exists between a similar ST/MAA copolymer (163)
=100~




Figure 4.27

The Infrared Carbonyl Band for
Copolymer 163 - LF200 Blend

(Table 4.3)
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Figure 4.28

The Infrared Carbonyl Band for
Copolymer 29 - PEG Blend
{Table 4.7)
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Figure 4.29

The Infrared Carbonyl Band for
Copolymer 29 -~ PPG{1l) Blends

{Table 4.7)
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and LF200, the carbonyl peak in the blend being almost identical to
that in the pure polymer.

Although both PEG and PPG(1) form blends with copolymer 29, in
which hydrogen bonding interactions are encountered and are probably
both miscible {(not conclusively in the case of PEG, due to its
crystallinity), because of the reasons discussed earlier (section
4.3) relating to the crystallinity and water solubility of PEG,
PPG(1) is probably the better choice as compatibilising agent for the
ST/MAA - LF200 blend system. The results of the study of such blends

will be discussed in the next section (4.5).

ST/MAA Copolymer 29 - PBA(1)
PBA(1), when blended with copolymer 29 forms a transparent film

and a single plass transition at 26°C, albeit very broad, close to
that predicted by the Fox equation. Whether a tan® peak of such
large width (73° at half height) can be attributed to a completely
miscible blend is debatable, but it is clear that some miscibility
between the components exists.

The infrared analysis of this blend was not straightforward,
being complicated by the fact that both components have carbonyl
groups whose infrared bonds overlap to a large degree. The acid
carbonyl peak usually appears at 1700 el and the acrylate carbonyl
at around 1735 em”1. If, for example, hydrogen bonding were to exist
between the two groups then, by comparison with the blends of the
ST/MAA copolymer with PEG and PPG(1), it might be expected that the
acid carbonyl would be shifted to 1728 cm™l. This would obviously
coincide almost exactly with the acrylate carbonyl at 1735 eml, 1t
is for this reason that such an interaction would be difficult to
detect. Despite spectra being derived from the subtraction of the
spectra of the two components from that of the blend, and despite

-101-
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using a wavenumber resolution of 1 cm'l, no such shifts and hence,
interactions were found. However, there is an example in the
literature involving the related blend system of styrene/acrylic acid
copolymer with poly(methyl methacrylate), in which just such
interactions have been observed, using the spectral subtraction of
spectra obtained by FTIR., It may be therefore, that given a more
thorough investigation of the PBA(1)-ST/MAA system, hydrogen bonding
interactions may be observed for certain blend compositions. On the
other hand, it could be the case that such interactions are not
active in this particular blend. Either way, the low molecular
weight PBA(1) is still a potential compatibiliser for the ST/MAA -
LF200 system, showing some miscibility with both of the components.

ST/MAA Copolymer 29 = PBA(2)
Much of the discussion relating to the blend of copolymer 29

with PBA(1) is relevant to this blend also, and will not be repeated.
It is worthwhile noting however, that this blend does not seem to be
as miscible as the one just discussed, having three tan§
transitions, probably indicative of some degree of partial
miscibility. The blend film does though, exhibit optical clarity.
From these results it is difficult to draw conclusions about the

effect of PBA molecular weight on the miscibility of blends with

copolymer 29,

ST/MAA Copolymer 163-PPG(1)
Copolymer 163 was prepared as described in section 3.1.2and

table 3.2 and has a Tg of 115°C. Two blend compositions were
produced containing 25 and 50% by weight of PPG(1) respectively and

¥

both formed transparent films. The DMIA results are shown in table
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4.7 and graphically in figure 4.30. The blend having 25% PPG(1)
appears to be the more miscible, having a single Tg transition at
75°C (the same value as predicted by the rule of mixtures equation),
although it is quite broad. Still broader is the transition observed
for the 50% blend, probably indicating an incomplete miscibility.

The infrared spectra of the two blends (figures 4.31 and 4.32)
both show carbonyl shifts, due to the hydrogen bonding interaction
between the ether oxygen of PPG(1) and the acid carbonyl of the
copolymer. This confirms the existence of such interactions, as
found for the other ST/MAA copolymer PPG(1) blend discussed earlier.
It should be noted, that the effect is slightly more pronounced in
the blend of copolymer 29 with PEG than with blends involving PPG(1).
This is probably due to some hindrance caused by the methyl group on
the carbon atom adjacent to the ether oxygen, towards the acid group

of the copolymer.

4.5 ST/MAA Copolymer Ternary Blends

From the results of the last section in which ST/MAA copolymers
were blended with potential compatibilising agents, it was concluded
that PPG(1) was probably the more miscible of the low molecular
weight polymers used. For this reason, this section will concentrate
on the three component system of ST/MAA copolymer - PPG(1) - LF200,
with the aim of discovering whether the PPG(1) component has the
effect of enhancing the miscibility of the other two components.

ST/MAA Copolymers (163) - PPG(1) = LF200 Blends
Table 4.9 shows the compositions of the blends studied, along

with the results of the DMIA and FTIR amalyses., Figure 4.33 shows

the tan0 and log modulus curves for blends in which the ratio of
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Figure 4.30

DMTA Results for Copolymer 163 - PPG(1l} Blends (Table 4.7)
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Figure 4.31

The Infrared Carbonyl Band for
Copolymer 163 - PPG{1l) Blend
(Table 4.7)
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Figure 4.32 217

The Infrared Carbonyl Band for
Copolymer 163 - PPG(1l) Blend

(Table 4.7)
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DMTA Results for Copolymer 163 - PPG(1l) Blends

Figure 4.33
with 1:1 Ratio of 163:PPG(1) (Table 4,.8)
1‘ numbers indicate wt% S5T-co-MAA
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Figure 4.34 DMTA Results for Copolymer 163 - PPG(l) Blends
with 3:1 Ratio of 163:PPG(1l) {Table 4.8)
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Table 4.8 A Summary of the Tg Values for Components
Used in Ternary Blends

Blend Component | DMTA Tg(°C) |Peak Width at Half
Height (Wh2)

LF200 49 16°

ST/MAA Copolymer 120 35°
29

ST/MAA Copolymer 115 50°
163

PBA(1) -33 20°

PBA{2) -24 17°

PBA(3) -27 39°

PPG(1) -46 30°

PPG(2) -51 15°

PPA =21 17°

Setal 1711 36 48°

CMO03 36 37e

9A/303 25 48°




Table 4.9 3-Component ST/MAA Copolymer Blends

o/ Gmpocition [tppmeczcs | C | B o | Reoe

. tion
Carposi Appearance R

214 ) 163/PRG(1)/LF200| opaqe 2,(%0) 43 slight carboryl
: 20 : (108) shift

29| 163/PRG(1)/1FX0| cpaqe 25, 55 3% slight carbonyl
10: 22,5 : 6.5 shift

221 | 163/PRG(1)/LF200] opaqee 0, 50 3 carboryl shift
33,3: 33.3 : 33.3

22 163/PEG(1)/IHZDL opaqe ~3,(-35) 13 carboryl shift
10 45 : 45




LF200 to PPG(1) is 3:1, whilst the proportion of the copolymer is
varied from 0% to 10% and 20%. From the tan0 curves it appears that
the higher the proportion of copolymer, the more immiscible the
system. Care must be taken though in interpreting DMIA results of
ternary blends, because the situation is obviously more complicated
than for binary blends. For example, consider the tan0 curve for
the blend having 20% copolymer, which exhibits one main peak at 24°C
and two minor peaks or shoulders at around 70°C and 108°C, The glass
transition of the individual components are summarised in table 4.8
and are as follows, PPG(1), -46°C; copolymer 163, 115°C and LF200,
49°C. It is clear therefore, that the blend transition at 24°C is
not due to any of the three components alone in a single ummixed
phase. However, this transition appears at almost exactly the
Same temperature as the tan® transition for the blend
containing 0% copolymer, that is the blend of LF200 and PPG(1) in the
ratio of 75:25 weight percent (see table 4.6). Tt seems likely then,
that the peak at 24°C in blend number 214 (20% copolymer), and also
the peak at 25°C in blend number 219 (10% copolymer) are due to a
mixed phase consisting largely of LF200 and PPG(1). The tan® curve
for the 20% copolymer blend then tails-off slowly until ending in a
small peak around 108°C. It is probable that this small transition
corresponds largely to, urmixed copolymer, being only a few degrees
lower than the glass transition temperature of pure copolymer (Tg
115°C). Between the major transition at 24°C and the minor one at
108°C is a broad plateau which is more difficult to assign. It is
probably due to some kind of mixed phase or a series of overlapping
mixed phases consisting of all three components. So despite the
opacity of the blend film, it appears from the DMIA plot that some
degree of miscibility exists in the system, even though several

phases are present.
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Blend 219, containing 10% copolymer, exhibits only two tan-
6 transitions in the DMTA plot, one at 25°C presumably due to a
mixed phase of LF200 and PPG{1) and one at 55°C. This second
transition could well be an indication of a mixed phase consisting of
copolymer and PPG(1). Blends of ST/MAA copolymers and PPG(1)
discussed in the previous section (4.4) showed some degree of
miscibility, so it is likely that the tan0 peak is a mixed phase of
these two components.

The FTIR results (figures 4.35 and 4.36) indicate that some
specific interactions are in operation in both of the blends, 214 and
219, because of a change in the appearance of the carbonyl peaks in
the infrared spectra of the blends, compared to the spectrum of pure
copolymer. The copolymer acid carbonyl appears at 1700 el as
discussed in the previous section and when involved in hydrogen
bonding interactions shifts to 1728 cm™l. This appears to be what
is happening, although to a much smaller extent to what was observed
in the previous section (4.4). It is fairly certain that the
interactions are between the ether oxygen of the PPG{1) and the acid
carbonyl of the copolymer as before, the peak at 1728 ca™1 being much
smaller in this case, due to the smaller proportions of these two
components in the ternary blends.

Blends 221 and 222 have a 1:1 ratio of LF200 and PPG(1), whilst
the copolymer content is 33.3% and 107 by weight overall. The DMIA
plots are shown in figure 4.34, along with the tan© and log modulus
curves for the 1:1 blend PPG(1) and LF200 (see blend 112 in table
4.6). The two component blend has a tan8 peak at -16°C, but shows
signs of only partial miscibility, because of the "shoulders" that
can be seen either side of the main peak. Adding 107 ST/MAA
copolymer to form a ternary blend (222) shifts the peak of the main

transition to ~3°C, whilst still retaining shoulders either side of
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The Infrared Carbonyl Band for
Copolymer 163 — PPG(1) ~ LF200 Blends (Table 4.9)
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this peak. It terms of assigning the peaks, it is probably a fair
assumption that the shoulder observed at around -40°C, relates
the tan8 transition due to unmixed PPG(1). The large transition at
0°C is probably composed of a predominantly mixed phase of LF200 and
PPG(1), but perhaps with a small amount of the copolymer also. This
would account for the shift of the transition to higher temperature,
compared to the binary blend of LF200 and PPG(1). The shoulder on
the higher temperature side of the main peak, at around 40°C could
well be due to a mixed or partially mixed phase of the copolymer and
PPG(1). A mixed phase of just copolymer and LF200 would be very
unlikely (see section 4.1) to be miscible, and in any case would
appear at a higher temperature than 40°C. Blend 221, containing
33.3% of copolymer, clearly exhibits two separate glass transition
temperatures at 0°C and 50°C. The lower temperature transition again
almost certainly corresponds to a mixed phase of PPG(l) and LF200,
whilst the higher temperature transition at 50°C seems likely to be
the result of a mixed phase of PPG(1) and ST/MAA copolymer. The fact
that some degree of mixing is achieved between the copolymer and the
PPG(1), is confirmed by the appearance of a carbonyl peak at 1728 cm’
in the infrared spectrum of blend 221 (see figure 4.37), It is
apparent also, that the higher the proportion of PPG(1) in the
system, the stronger the interaction with the acid group of the
copolymer. Blend 222 having 33.37% PPG(1) exhibits a larger peak,
proportionally, at 1728 cm™l than the blend 221 having only 10%
PPG(1), compare figures 4.37 and 4.‘38. Note that all the infrared
spectra were scaled, such that the carbonyl peaks were of
approximately the same size, for comparison purposes. The absorbance
scale will therefore, be different for each trace.
Summarising the results of this ternary blend system, it is
apparent that whilst mixed phases are obtained between PPG(1) and
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each of the other two components, no overall mixed phase is produced,
nor it seems, any mixed phase of ST/MAA copolymer with LF200, It
must be concluded therefore, that PPG(1) fails to enhance the
miscibility of LF200 and the ST/MAA copolymer to any large extent.

Blends Involving Polymers Supplied by LVH Coatings Ltd

The next four sections detail the results and discussion of
solution blends which involve the acrylic polymers Q403 and 9A/303
(see section 3.1.3), The results of both binary and termary blends of
each polymer will be discussed in turm.

4.6 Binary 103 Blends
4.6.1 The Characterisation of CMO3

M03 is a terpolymer made by reacting the monomers methacrylic
acid (MMA), 2-hydroxy-ethyl acrylate (2-HEA) and n-butyl acrylate
(BA) in the ratio of 17:17:66 percent by weight. The material was
characterised by GPC, NMR and FTIR, the graphical results being shown
in appendices 2, 1 and 3 respectively. The peak molecular weight
(Mp) was found to be 19700 by GPC using a mixed gel colum (table
4.2). The shape of the chromatogram is probably indicative of the
way in which the terpolymer was produced, i.e. a large scale batch
reaction to high conversion, although precise details of the process

have not been supplied.

4.6.2 Binary Solution Blend Results and Discussion

All blends were prepared as described in section 3.3.1 using
chloroform as solvent and were studied by DMIA and FTIR with each

blend film appearance being noted.
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M03 - LF200 Blends

Before discussing the results of the analyses of these blends,
it is perhaps appropriate to discuss a little of the background to
the reasons for wanting to blend these two commercial materials,
Lumiflon LF200 is a high performance and hence, high cost surface
coating material (see Introduction) and the aim was to incorporate
this material into the acrylic coating composition CMO3, in order to
improve the overall physical properties of the acrylic system and to
produce a coating material intermediate in performance and cost
between LF200 and CMO3. It was found however, that mixtures of these
two components lacked miscibility. In order to more fully understand
the interaction, or lack of it, between LF200 and (M0O3, the model
system of ST/MAA was used to investigate the potential for specific
interactions, between LF200 and the MAA component of the copolymer,
(the MAA content in the copolymers 29 and 163, and in CM03 is very
similar). Also investigated was the possibility of enhancing the
miscibility of LF200 and the copolymer using low molecular weight
compatibilisers. The results of these experiments and others
involving LF200 and various other polymers, although not always
entirely successful in terms of producing miscibility, provided a lot
of information about the potential for interactions with LF200 and
information about the types of polymers likely to be miscible with
1F200. Given this information, binary and ternary blends of Q%03
were studied, and the results discussed in this section, starting
first of all with the blends of LF200 with (M03.

The glass transition temperature of M03 was found by DMIA to
be 36°C (see table 4.8) and immediately, we are faced with the
problem that this transition is only 13°C below that of LF200. Quite
obviously this makes the DMIA analysis of LF200-QM03 blends
difficult, with the technique unable to resolve the two Tg
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transitions, Table 4.10 shows the results of the DMIA analysis of
25, 50 and 757 blends of (MO03 with LF200,  Figure 4.39 shows the
tan 6 and log modulus curves from which these T3 values were
obtained. Blend 99 (75% LF200) shows a single Tg of narrow width at
43°C, giving the false impression of miscibility at this composition.
The immiscibility of the two components is more evident at the
compositions of 50 and 257 LF200, with shoulders being observed on
the tan8 peaks for these blends. Not so much in these binary
blends, but in the ternary blends of 03, the width of the blend
tan8 transitions, becomes more important in the assessment of
whether miscibility exists, The ternary blends will be discussed in
the next section, but before that, the results of binary blends of
M03 involving potential compatibilising agents will be discussed.

03 - PPG(1) Blends

In section 4.3 it was found that there was a significant degree

of miscibility between PPG(1) and IF200 and in section 4.4 that there
was also some extent of miscibility between PPG(1) and the compolymer
of ST and MAA, Ternary blends results (section 4.5) however, showed
that PPG(1) failed to significantly improve the miscibility of LF200
and the ST/MAA copolymer. Nevertheless, the miscibility of PPG(1)
with 03 was investigated with the results being shown in table 4.10
and graphically in figures 4.40 and 4.41. All three blends formed
transparent films when cast from chloroform, an encouraging sign
with regards to miscibility. The blends containing 75 and 25%
PPG(1) yielded single glass transition temperatures, with narrow
tan & peak widths, The tan8 and log modulus curves for the 25%
PPG(1) blend are shown in figure 4.40 and is really a perfect example
of the result expected for a miscible blend. The DMIA result of the
50:50 blends is perhaps a typical example of a partially miscible
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Table 4.10 2-Component (MO3 Blends

Prodct | Bled Film IMA Wh% Fox [Rule FTIR
No. Carposition Appearance | To/°C En |of Result
Te/°CMixtures

% QD3/1F200 tensheent | 43 (24° | 46 | 46 o peck
25:75 shifts

B QD3/LFX0 transheent | 48, (40°} 42 | 43 "
50:50 @)

97 teasheent] 44, |3°]| P | P "

| T _ RS ]

13 QD3/PRG(1) trasparent | 49 | R2°[-0 |- carboryl
25:75 ghift

118 QD3/PRG(1) transparent | <%, | - (<11 | 5 "
50:50 10’

11 Q13/PRG(1) teansparent | 1 [20°] 10 | 16 "
75:25 |

177 QD3/PRG(2) teansparent | 45 | 27° |-3% | -2 "
25:75

178 Q03/PrG(2) trasparent | =2 | 3° <15 | -8 "
50:30

179 QD3/PRG(2) teansparent | 3 | 3’| 8 | 14 "
7525 — = —— ——— |

127 QD3/mA(1) trasparent | <%0, | - | <19 | -16 incaclisive
25:75 y:4)

123 QD3/PRA(1) teasparent | =33, | - | 3] 2 "
50:50 12’

128 Q03/PRA(L) trasparent | 29 | 2%4°| 15 | 19 "
79:25

172 | oA | trasheet| %, | - | 11| 9 "
25:75 18’(0

115 QD3Y/PBA2) traslicent | =28, | = 3] 6 "
50:50 24,55

173 | ooy/ma@) | traslwent| -2, [ - | B8] 2 L
79:25 3B




Table 4,10 (continued) 2-Component 3 Blends

&tﬂ.lzt Blerd Filn IMA Fox FITR
. Carposition Appearance | Ty/°C En Result
/°C
26 QD3/PRA(3) transhicent | -33, 1 jrcoclisive
30:50 1l
247 Q03/PRA(3) transhueent | =33, 17 "
7225 51
- — e e e
237 aN3/Pe almost ~29, 5 1o peck
%_3):50___ | trasparent|{ X shift .
117 Q03/PR; opaqe 18 - carbayl
| 00 €9) shift |
257 opage 32,10 53 inconclusive
5:55 (5%)
258 a3/163 opage 2,11 [} "
0:50
259 03/163 opage 2,17 R "
(B




Figure 4.39
DMTA Results for CMO3 - LF200 Blends {Table 4.10)

numbers indicate wt% LF200

F200
(£
E) 50
g 5
[
o CMO3 —

CcMO3

tan § —=
Ny




Figure 4.40
DMTA Results for CMO3 - PPG(1l) Blends (Table 4.10)
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system, with the Tg transitions of the two components moving towards
one another relative to the peak positions for each pure component,
This is indicative of a partial mixing of the componments, although
not sufficient to yield a single transition. The Tg values predicted
by the Fox equation and the rule of mixtures are somewhat different
to those actually observed. This could be due to the difference in
molecular weight of the two components, as suggested previously
(section 4.4). Since PPG(1) has a much lower molecular weight than
M03, more chains of PPG(1l) are present proportionally, than would
have been true if the polymers were of similar molecular weight.
More chains ends mean a greater free volure and this leads to a
decrease in the Tg of the blend (see section 2.8.3).

Figure 4.43 shows the carbonyl region of the infrared spectrum
of M03 and of the three blend compositions. Consider first, the
carbonyl band of pure (403, which appears to be composed of two
unresolved bands, the stronger of which peaks at a wavenumber value
of around 1735 cm™l. 03 is composed of three monomer units, all of
which have carbonyl groups. The main component of M03 is BA (66
weight percent, in the reaction mixture) and the homopolymer of BA

1 in the infrared

1

has a carbonyl group which appears at 1735 cm™
spectrum, which therefore, accounts for the strong band at 1735 cm™
in QM03. The acid carbonyl of MAA appears at 1700 cm™l, and explains
the unresolved shoulder observed in the spectrum of (M03 at around
1700 cm'l, being less intense, because of the corresponding smaller
proportion of MAA units in the terpolymer. It seems likely that the
carbonyl peak due to 2-HEA is obscured by the BA carbonyl at around
1735 em™l, It is now possible to more easily understand what might
be happening as indicated by the carbonyl bands in the infrared
spectra of the blends of M03 and PPG(1) (figure 4.43). There
appears to be a clear trend in the infrared spectra going from pure
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Figure 4.43
The Infrared Carbonyl Band for

CMO3 - PPG(1) Blends
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Figure 4.44
The Infrared Carbonyl Band for
CMO3 -~ PPG(2) Blends
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(M03 to blend 138 (75% PPG(1)). The higher the proportion of PPG(1)
in the blend, the smaller the shoulder on the side of the more
intense band becomes. Bearing in mind the fact that the carbonyl
peaks for each blend were rescaled for comparison purposes, the
relative intensities of the main band and the shoulder are clearly
changing. This indicates that as more PPG(1) is introduced into the
system, the less intense the band due to the acid dimer at 1700 cm 't
becomes. By comparison with the infrared results for ST/MAA =~
polyether blends discussed in previous sections, it seems plausible
that a similar interaction is in operation here. That is, a hydrogen
bonding interaction between the acid carbonyl and the ether oxygen of
the PPG(1). This time though, the position at which the hydrogen

1, is close to that for

bonded acid carbonyl appears, i.e. 1728 ca”
the acrylate carbonyls of BA and 2-HFA and is therefore, almost

completely obscured.

M03 ~ PPG(2) Blends

PPG(2) has a number average molecular weight (Mn) of 2769 as
determined by GPC, with a Tg of - 51°C. Blends of PPG(2) with
LF200 (table 4.6) were shown to be miscible, perhaps slightly more so
than the blends involving LF200 and PPG(1). This also seems to be
the case here, PPG(2) appears to have slightly greater miscibility
with @403 than PPG(1), all three blend compositions giving single
glass transitions (figure 4.41). Apart from a slightly improved
miscibility, there seems to be little difference between the blends
of PPG(1) and PPG(2) with (M03. The infrared results for this blend
are very similar to those for the PPG(1) blends and the same comments

apply (figure 4.44).
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CMO3 -PBA(1) Blends
The blends of (MO3 with the lowest molecular weight PBA studied

(Mn, 1749) all produced transparent films, yet only one composition
showed a single glass transition temperature. Blends having 757 and
50% PBA(1) both exhibited two tan8  peaks. Both of these
compositions yielded a tan$ peak close to the position at which the
Tg of pure PBA(1) is normally observed, indicating some ummixed
PBA(1) in these blends. The second transition in each of the blends
occurred at a temperature intermediate to the Tg values of the two
pure components and therefore, indicted a partially mixed phase of
PBA(1) and QM03. The 257 PRA(1) blend (figure 4.45) has a single Tg
indicated by a narrow tan 8 peak at 29°C and may be considered to be
miscible.

The infrared spectra of these blends are difficult to interpret
in terms of carbonyl shifts., There are a total of four monomer units
in the blends each with a carbonyl group, all of which overlap in the
region of 1700 - 1735 ea”l, It would be almost impossible to resolve
and assign the various bands, even with the help of computer-aided
spectral subtraction.

Overall, it is interesting that only partial miscibility is
observed for this system, with the possible exception of the 25%
PBA(1) blend, since BA umits are common to both the terpolymer
and homopolymer involved in the blend. This might conceivably have
been a factor which would have been expected to favour the
miscibility of the blend. In other words, a greater extent of
miscibility might have been expected than was obtained, because of
the high proportion of BA units in Q403.
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Figure 4.45 Figure 4.46
DMTA Results for CMO3 - PBA(1) Blends (Table 4.10) DMTA Results for CMO3 - PBA(2) Blends (Table 4.10)
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(M03 - PBA(2) Blends
The blends between CM03 and PBA(2) (Mn, 6757) appear at best to

be partially miscible and at worst completely immiscible. Blends
having 75% and 50% PBA(2) exhibit three tan§ transitions, due
probably to an unmixed phase of each of the two components, together
with a mixed or partially mixed phase intermediate to the other
transitions. The blend of 25% PBA(2) with (M03 has two well
separated tan8 transitions which occur close to the temperatures of
the pure component Tg transitions (see figure 4.46), This is a
strong indication of immiscibility. The same comments are true about
the infrared analysis of this blend system as for the PBA(1) - Q403
system. Overall, PBA(2) appears to be less miscible with (M03 than
PBA(1).

M03 - PBA(3) Blends

PBA(3) was prepared using a chain transfer agent under the
conditions described in table 3.3 and has a number average molecular
weight of 5200. The glass transition temperature of PBA(3) was found
to be -27°C by DMIA. Two blend compositions were produced with each
showing two tan8 Tg transitions corresponding to the unmixed
components, leading to the conclusion of immiscibility for these
blends.,

By comparing the results of the (M03 blends with each of the
three PBA polymers, it is possible to rank the different PBAs in
order of their miscibility with 03. This order is as follows;
PBA(1) is the most miscible followed by PBA(2) and then PBA(3). This
order does not correspond to the change in molecular weight of the
PBA polymers, as may have been expected. None of the three PBA
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polymers are completely miscible with CMO3 however, and are
noticeably less miscible than PPG(1) and PPG(2).

(M03 = PPA Blends

Despite the near-transparent appearance of the blend film, the
DMIA result showing two well separated Tg transitions suggests that
this is an immiscible blend. No specific interactions were indicated

by shifts in bands in the infrared spectrum of the blend.

CMO3 - PEG Blend

As discussed earlier, the crystallinity of PEG hinders the
analysis of miscibility using DMIA. However, as might have been
expected from the infrared results of the (MO3 - PPG blends, a
carbonyl shift was observed in the IR spectrum of this blend. This
again, 1is almost certainly indicative of a hydrogen bonding
interaction between the ether oxygen of the PEG and the acid carbonyl
of the MAA units in the terpolymer.

M03 - ST/MAA Copolymer 163 Blends
M03 was blended with the copolymer which had been chosen as a

model system for the terpolymer, ST-co-MAA. However, as can be seen
from the results in table 4.10, opaque films were formed and
immiscibility was confirmed by each blend composition showing two
well separated glass transitions, relating to the unmixed component
phases. The small transition at 57°C in the blend containing 75%
copolymer may indicate a small amount of mixing between the phases,
although probably minimal. Analysis of the FTIR results would not be
practical, because of the complexity caused by the number of
overlapping carbonyl bands observed in the infrared spectrum of these
blends, between 1700 and 1735 cm™1.
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4,7 Ternary Q403 Blends

Table 4.11 lists the series of MO3-LF200 blends in which a
third component is incorporated, in an attempt to improve the
miscibility of the system. The results of DMIA and FTIR analyses are
summarised along with an indication of the optical appearance of
blend films.

The interpretation of DMIA results for ternary polymer mixtures
is more complicated than for binary blends, due of course to the
third component,  Consider firstly, the two extreme cases with
regards to miscibility that is, a completely mixed single phase
consisting of all three components and yielding a single Tg, and
conversely a completely immiscible system composed of three separate
phases, made up of the three unmixed components in the blend, each
exhibiting a characteristic Tg. Provided that the three blend
components each have Tg transitions well separated from one another,
it might be expected that the observation of either a single Tg, or
three separate Tg transitions for a ternary blend, would be
reasonably unambiguous. This however is not entirely true, as can be
seen if the intermediate cases of miscibility are considered. For a
ternary system made up of components A, B and C {each having
different Tgs), there are a mumber of possibilities with regards to
miscibility. For example, A may be miscible with B, but not with C.
This would lead to a transition due to the mixed phase AB and a
separate one for phase C. Another possibility is that B is miscible
with both A and C, whilst A and C are themselves immiscible. This
would yield two Tg transitions, one for the mixed phase AB and one
for the mixed phase BC, the temperatures at which these occur
depending on the proportions of A:B and B:C and of A:B:C overall.

The various possibilities can be summarised as follows, taking into
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Table 4.11 3-Camponent Q03 Blends

hﬂlﬂl Bled Film IMA st Fox Ro],]fe gﬂt
. it C
Corposition Appearace | Tp/® 'i?ﬂc C
119 QDY/PRG()AFX0| teanslcent | =3 |44° 6 13 carbc_xyl
3B.3: 33.3: 33.3 shift
164 QD3/PRG(1)/AF20|teanshicent] 20 (42° | 20 25 "
N 20 ¢« W0
166 QD3/PRG(1)/IFX0|trashicent | 2 |24° | 3L %A "
45: 10 : 45
191 QD3/PRG(AFX0|teanshieent | 16 [2° | 11 18 "
17.5: 30 : 525
14 QD3/PRG(1)/IFX0 |tensheent | 22 |19° | 2 27 "
ND: 20 : 60
154 003/1&13(1)/1%)0 trashoet| % |0° | 3 37 "
181 Q03/PRG(2)/AF200 | transhicent {10(=10) | (65°)| 4 1 "
B.3: 33.3: 3.3 ()
182 QOD3/PRG()AFX0|teashizent] 26 |0° | 2 % "
ND: 0 : &0 _
116 OD3/PRA(L)/AFX0 |transheent | 18 [|46° | 13 17 incoclisive
33.3: 333 3.3
165 MB/PRAMAFP20{anshieent| 2 {31° | 2% 7 "
H: 0 : &0
167 A3/PRADAFP20|trasshicent | 37 [19° | B3 5 "
45 10 : 45 —
12 QOY/PRA(L)/IF20|trashoent| 25 |0° | 17 y/] "
17.5: 0 : 325
143 QO3/PRA(DAFO|trenslicent; 29 [0° | % K1) "
V: D : 60
155 QDMDA}%IES) translicent lrS(Z%) (ﬁ")l ¥ 3 "




Table 4.11 (continued) 3-Component O3 Blends

Q03/PRA/LF200
3.3 :33.3:33.3

Prodxct | Bled Film DA ani Fox FTIR
Mo, Corposition Appeararce | T/°C Ep Result
To/°C|Mi
185 QD3/PRA(2)/LFX0 | transhieent |-5,3% | - |17 irconchisive
33.3 : 33.3 : 33.3

186 ON3/PRA()NFX0|trashcent] % | 24° |29 "
D: A : &0

250 QO3/PRAG)/LFX0| translicent| 43 {R° 134 "
45: 10 : 45

251 QD3/PRA)/LF200 | teanslueent| 40 [ 25° |28 "
: 0 : 60

238 MB/PRAAF20  jtranshicent|-26,52] - |0 o pesk
X : X: 60 shifts

29 trashoent{-18,51| - |18 "




account only complete miscibility between the mixed components of a

given phase:

ABC ¢ mixed phase showing single Tg
A+B+C : three unmixed phases, three Tgs

AB + C

A + BC : two of the three components

AC+B miscible, two Tgs

AB + BC one component miscible with the two
AC + AB : other components (which are

CA +CB themselves immiscible), two Tgs.

The picture is complicated further when partial miscibility is
taken into account, there probably being an infinite number of
possibilities. For example, A could be partially miscible with B and
immiscible with C. This would probably yield a Tg for unmixed A, a
Tg for unmixed C, and one or two Tgs for the partially mixed phase of
A and B. It is obvious therefore, that the interpretation of DMIA
results may not be clearcut for ternary blends and it is quite
likely that tan8  transitions will overlap, and hence, will be
misleading. If the glass transitions of two or more of the
components are close, then the interpretation will be further
complicated. Prior knowledge of the miscibility of pairs of
components in the three component blend from previous experiments,
may however, be helpful in deciphering the DMIA results of the

ternary systems.

M03 - PPG(1) ~ LF200 Blends

Six ternmary blend compositions were prepared in total, three
having equal proportions of LF200 and Q403 and three having a 3:1
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ratio of LF200 and (M03. The overall percentage of PPG(1) was varied
between 10, 20 and 30 (or 33.3) for each ratio of the other two
components. The DMIA plots for these blends are shown in figures
4.47 and 4.48, and portions of the infrared spectra are shown in
figures 4,50 and 4.51.

Consider first of all, the blends having an equal proportion of
LF200 and CM03 (119, 164 and 166). All three compositions exhibit
single glass transitions as can be seen from the single tan§ peaks
in figure 4.47. This appears to indicate a mixed phase of all three
components for each blend, but the question to consider is whether
these results could be explained in another way. For example, the
tan & peak at 20°C for blend 164 could in fact be due to
overlapping peaks corresponding to partially mixed phases of LF200
and (MO3 with PPG(1), whilst LF200 and M03 remain themselves,
unmixed. This could be a plausible explanation given that CMO3 and
LF200 both show miscibility, with PPG(1) in binary blends, whilst
Q103 and are not miscible. However, the most likely explanation for
the observation of single tan 6 peaks is of a single mixed phase,
since all of the blend transitions are smooth and show no sign of
shoulders to indicate overlapping peaks, and the appearance of the
log modulus curves by and large correspond well with the conclusion
of miscibility. Only the log modulus curve for the 10% PPG(1) blend
shows any sign of two transitions, contradicting with the smooth,
narrow tan© curve for that blend. When studying the curves for the
ternary blends, it is wise to compare them with those for the binary
M03-LF200 blend, which has a shoulder on the tan§ - peak and two
falls in the log modulus curve (0% blend).

Another reason for concluding that those blends are miscible,
is the good agreement at 10 and 20% PPG(1) levels, between the
observed Tg values and those predicted by the Fox equation (2.77) and
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Figure 4.47 DMTA Results for PPG(1l) Blends Figure 4.48 DMTA Results for PPG(1) Blends
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the rule of mixtures equation (4.1), as can be seen graphically in
figure 4.49. The only exception to this is for the blend having
33.3% PPG(1). The observation of translucency for these three
blends, neither strongly confirms nor contradicts the inference of
miscibility.

The infrared results appear to indicate a slight specific
interaction involving the carbonyl group(s) of one or more of the
blend components, From the FTIR analyses of (MO03-PPG(1) blends, it
is likely that a similar hydrogen bonding type interaction is in
operation in the ternary blends, although in this case the carbonyl
shift is only very slight and only really becomes noticeable for the
blend having 33.3%7 PPG(1l), see figure 4.50. The interaction in
question is that between the ether oxygen of PPG(1) and the acid
carbonyl of the MAA component of CMO3. It makes sense therefore,
that at low proportions of PPG(1), the interaction can barely be
detected.

The three blends in which the (M03:LF200 ratio is 1:3, follow
the same pattern as for the blends just discussed and the same
conclusion is applicable., The tan® curve for the binary blend of
257 03, 757 LF200 exhibits only a single peak, giving the
impression of miscibility, this being due to the proximity of the
glass transitions of the two polymers (figure 4.48). However, the
very narrow tan8 peaks at 22°C and 36°C must surely indicate
miscibility for the blends containing 20 and 10% PPG(1) respectively.

The overall impression for all six ternary blends is that 10 or
207% PPG(1) leads to the narrowest tan8 curves, presumably indicating
the greatest degree of miscibility at these blend proportions. The
conclusion of miscibility cammot be totally certain, because of the
reasons discussed earlier and would need to be confirmed by another

technique, not relying on glass transitions temperatures.
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Figure 4.50

The Infrared Carbonyl Band for
CMO3 - PPG(1l) - LF200 Blends
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103 - PPG(2) - LF200 Blends

These blends were prepared to compare the effectiveness of
PPG(2) to that of PPG(1) in enhancing the miscibility of LF200 and
M03. Blends 181 and 182 can be directly compared to the PPG(1)
equivalents 119 and 141 respectively. Blend 181, having 33.3% PPG(2)
exhibits a multiple tan8 transition with a main peak at 10°C and
unresolved minor peaks (shoulders) at around -10°C and 30°C (see
figure 4.52). This blend composition, therefore, lacks complete
miscibility and compares unfavourably with the corresponding blend
involving PPG(1) (119). Blend 182 (figure 4.53) has a single glass
transition like the corresponding PPG(1) blend 141, with a narrower
tan8 transition (W,1=30° compared 42° for 141). Taken together,
these blend results do not clearly indicate either a definite
improvement or otherwise, in the miscibility enhancement achieved by
the use of PPG(2) relative to PPG(1),

The infrared spectrum of 181 (figure 4.54) shows a similar
slight carbonyl shift as observed in the PPG(1) termary blends,
suggesting that a small extent of hydrogen bonding is present in the
system, the explanation for which has already been discussed.

@03 - PBA(1) - LF200 Blends

As for PPG(1), six blends were prepared, three having equal
proportions of LF200 and 403, and three having a ratio of LF200:(M03
of 3:1. Considering the first three compositions first, all produced
translucent films and gave single tan 6 Tg peaks when analysed by
DMIA (figure 4.55). ‘The blends containing 10 and 207 PBA(1)
exhibited narrow tan8 transitions at 37°C and 32°C respectively,
close to the temperatures predicted by the rule of mixtures., The
transition for the 33.3% PBA(1) blend was broader (broad peaks were
similarly observed for 33.3% PPG(1) ternary blends), whilst again
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Figure 4.52 DMTA Results for PPG(2) Blends Figure 4.53 DMTA Results for PPG(2) Blends
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Figure 4.54
The Infrared Carbonyl Band for
CMO3 - PPG(2) - LF200 Blend
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Figure 4.56 DMTA Results for PBA{(1l)} Blends

Figure 4.55 DMTA Results for PBA(1l) Blends
1:1 Ratio of LF200 : CMO03 (Table 4.11) 3:1 Ratio of LF200 : CMO3 {Table 4.11)
numbers indicate wi% PBA(1) 0 numbers indicate wt% PBA(1)
4 1 4 10
2 20 9
5 3 10
E] 20
I E \
o o 0 o
k-] 2

)
|

X\

1 |
0 20 40 60 80 100 -40 -20 0 2 40 60 80 100

~tan § —

1
-60 =40 -20

T8 = T =



appearing close to the temperature predicted by the rule of mixtures.
Figure 4.57 shows the relationship between the experimentally
observed Tg values, and those predicted by the Fox and rule of
mixtures equations. (2.77 and 4.1 respectively). It is interesting,
if not somewhat contradictory, that the log modulus curves
corresponding to the blends having narrow tanO peaks, show two falls
in value, whilst the log modulus curve corresponding to the blend
having a broader tan 6 curve shows a single sharp fall in value.
This is a somewhat unexpected result and the reasons for it are not
obvious,

The DMIA results of blends 192, 143 and 155 having a 3:1 ratio
of LF200:Q103 are shown in figure 4.56. Again all blends had a
translucent film appearance. The blends having 20 and 307 by weight
of PBA(1) exhibited single tan& tramsitions at 29°C and 25°C
respectively, each having a narrow transition width, The 10% PBA(1)
blend however, showed two unmresolved transitions, the main one
peaking at 45°C, with an unresolved peak (shoulder) at 20-25°C. The
larger peak probably corresponds to overlapping transitions due to
unmixed 1F200 and (M03 (see 0% PBA(1) curve), whilst the shoulder is
due to a mixed phase of PBA(1) with one of the other components,
probably LF200, since these two materials show miscibility in binary
blends (see section 4.3).

Apart from the isolated result (blend 155), PBA(1) appears to
have a similar effectiveness as PPG(1) in enhancing the miscibility
of the system. The infrared results proved to be inconclusive in
terms of identifying any specific interactions between the blend
components. The reason for this has been discussed previously in
section 4.6, that is, the difficulty in resolving the carbonyl bands
for each of the acrylic~based components of the blend.
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Q403 - PBA(2) - LF200 Blends

Figure 4,58 shows the DMIA plots for the blend having equal
proportions by weight of the three components, and figure 4.59 shows
the plots for a blend having a 20:20:60 percentage ratio of CM03, PBA
and LF200. It appears that the addition of 33.3% PBA(2) to the
50:50 blend of MO3 and LF200 does not improve the overall
miscibility of the system, with the observation of two separate
tan8 peaks. However, it is possible that a certain amount of mixing
has occurred judging by the temperatures at which the peaks occur,
although it is not easy to assign these transitions to particular
mixed or partially mixed phases.

Figure 4.59 does not provide conclusive evidence for or against
miscibility, since the (MO3-LF200 blend (0% PBA(2)) gives a single
tan 8 transition, due to the proximity of the glass transition
temperatures of the two polymers. Addition of an overall 20% of
PBA(2) still yields a single peak, but it is hard to say whether
there has been an overall improvement of the miscibility of the
systems It is likely that a certain amount of mixing between the

phases exists since no peak due to urnmixed PBA(2) can be observed.

CM03 - PBA(3) - LF200 Blends
Figure 4.61 shows the DMIA plots for the blend having a

20:20:60 percentage ratio of the components, compared to the plots
for the 25:75 7 blend of (03 and LF200. The results for this blend
are very similar to the corresponding PBA(2) blend (figure 4.55) and
the same comments apply; that there is some mixing between the PBA(3)
and the other two components, but it is unclear whether the overall
miscibility has been improved compared to the two component blend.
Figure 4.60 shows the log modulus and tan® curves for the

50:50 blend of LF200 and (MO3 and the ternary blend incorporating 107
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Figure 4.60 DMTA Results for PBA(3) Blends
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by weight of PRA(3). Both the tan8 and log modulus curves appear to
indicate an improvement in miscibility on addition of PBA(3),
although the transition still occurs at approximately the same
temperature.

The problem caused by the proximity of the Tg transitions of
LF200 and 03 makes it difficult to compare the effect of the
molecular weight of the poly(butyl acrylate) on the material's
ability to promote miscibility between LF200 and (M03, However, it
is fair to say from the results obtained, that there appears to be no
significant difference in the miscibility ephancing ability of the
three poly(butyl acrylates) used.

M03 - PPA - LF200

Figures 4.62 and 4.63 appear to indicate that PPA is a poor
compatibilising agent for 1F200 and M03, in the two blend
proportions employed. In each -case, tan B peaks at sub-zero
temperatures indicate urmixed PPA and overall, the tan 6 curves
appear broader suggesting poor miscibility.

The infrared spectra of the blends showed no peak shifts which
might have indicated specific interactions between the blend

components.

4.8  Binary 9A/303 Blends

4,8.1 Characterisation of 9A/303

9A/303 differs from MO3 by the inclusion of a fourth monomer,
TONE M=-100, a caprolactone having an acrylic double bond and an
hydroxyl group, which effectively introduces hydroxylﬁ terminated
pendant groups into the polymer. The starting proportions of the

four monomers in the polymerization are given in section 3.2.
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Figure 4.62 DMTA Results for PPA Blends
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9A/303 was found to have a glass transition temperature of 25°C
by DMIA. The polymer was also characterised by GPC, MR and FTIR,
the graphical results being shown in appendices 2, 1 and 3
respectively. The peak molecular weight was found to be 19055 by GPC
using a mixed gel colum (table 4.2). The shape of the chromatogram
peak is probably indicative of the way in which the material was
manufactured, and indicates polymer chains having a wide range of

molecular weights.

4.8.2 Binary Solution Blends

All of the blends were prepared as described in section 3.3.1
using chloroform as solvent and were studied by DMIA and FTIR with |
each blend film appearance being noted. |

i

9A/303 - LF200 Blends
Table 4.12 shows the results of DMIA and FTIR analysis of the

three 9A/303-LF200 blends, along with the appearance of the blend
films, Systems involving 9A/303 rather than (MO3 with LF200 have the
advantage that there is larger difference between the glass
transition temperatures of the two polymers, facilitating study by
DMIA. Whereas LF200-Q403 blends show poor separation of the two tan§
Tg transitions, the corresponding 9A/303 blends are characterised by
two tan8 peaks or a definite shoulder in the case of the 50:50
blend. Figure 4.64 illustrates the immiscibility of the two
polymers, showing two Tg peaks each for the 25:75 and the 75:25
blends. All three blend compositions formed translucent films, and
exhibited no infrared band shifts in a similar way to the
corresponding GM03 blends.

It will now be interesting to compare the miscibility of the

blends of 9A/303 with the various compatibilisers, to the miscibility
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Table 4,12 2-Compenent W03 Blaxs

Prodct| Bled Film IMA Wy [Fx [Rle | FIR
No. Carposition Appearance | T/°C En | of Result
To/°CiMixtires

102 (WIB)AF20 | traslicent| 22,50 | - |43 | 43 | nopedk
2575 ghift

101 (Wmsg.ﬂsgzn tashrent | 47(0)| @°) 37 | 37 "

100 (%/3)735)/1213?&1) traslicent{ 9,50 | - [ 3 11 "

137 (9/33)/Pes(1) | tansluwcent | 46,6| - 2 | -8 carboryl
25:75 shift

120 (9/303)/F6(1) | trashicent | -19 | 3° [15 | 11 "
50:50

1% (99/3;35)/2?3(1) trasbcet| 4 [%°| 3| 7 "

180 (/03)/P6(2) | trasperent | 44 | X%° B | -2 "
25:75

168 (%8/383)/PR(2) | transparent | -19 [ 17° |19 | 13 "
50:50

169 9a/303 2) 0 |18°] 2 6 "

N | Seroperet

15 (9/303)/PA(1) | transparent | -32,21| - |21 | 19 freon-
25:75 clusive

13 (/303)/PRA(L) | tashicent |-33,2| - |7 | 4 "
50:50

13 (9/03)/mA(L) | trasicent| 22 | (2°) 8 1 "
75:25 (=35)

174 (m)/%(Z) teashcent | -27,14] - 13 | -12 "
258

175 (9/303)/PRA(2) | translicent | -26,17) = | =2 1 "
50250 43

17 (%/3)735)/2%&&(2) trashcent | -26,26] - |11 13 "




Table 4.12 (continuad) 2-Component S4/303 Blends

Prodrct | Bled Film IMIA wh’i Fox (Rule FIIR
No. Corposition Appearace | To/°C En | o Result
Te/°CMixtires

28 (/303)/PRA(3) | transhcent | -32,35 3 -1 i
%0 clusive

e 0| B "

225

2% (W) | teasheent | -20,32 0 2 | mopek
0230 ghifts

254 (%/303)/163 opaqe 3,112 8| B freoe
25:75 clusive

55 ()3 | opge 13- | & | © "
0:50

26 | (W/B)/163 opege ,14 X "
75:25




Figure 4.64

DMTA Results for 9A\303 - LF200 Blends
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of the corresponding (03 blends, to see if there is any significant

difference between the behaviour of the two acrylic polymers.

9A/303 - PPG(1) Blends

Table 4.12 summarises the results of the analyses of the three
blend compositions, whilst figure 4.65 shows the DMIA plots for the
25% PPG(1) blend. Both the 50% and 25% PPG(1) blends clearly exhibit
single tan8 transitions characteristic of single mixed phases. The
temperatures at which the transitions occur in each case are close to
the temperature predicted by the rule of mixtures and the Fox
equation. The blend containing 757 PPG(1) does, however, show two
separate glass transitions. The temperatures at which the tan 6

peaks occur tend to suggest residual unmixed PPG(1), giving a
transition at -46°C and, a mixed phase of 9A/303 and PPG(1) at ~
6°C. It does seem likely that some mixing of the two polymers has
occurred. Comparing these observations to those for the CM03-PPG(1)
blends discussed in the previous section, it appears that C(MO3 and
9A/303 mix to a similar extent with the PPG(1) each showing two
miscible blends and one partially miscible blend, as indicated by the
DMIA results. —

Infrared analysis of the blends indicated a similar carbonyl
band shift as had been observed for the Q403 blends. Presumably, the
reason for this shift is the same, that is, the presence of a
hydrogen bonding interaction between the carboxyli:c acid component of
the 9A/303 and the ether oxygen of the polyether. This interaction
is illustrated in figure 4.67 by the decrease in the size of the
carbonyl band at around 1700 cm™l, as the proportion of PPG(1)
increases. As has been discussed earlier, this is due to a decrease

in the proportion of carboxylic acid dimers present, corresponding to
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Figure 4.65 Figure 4.66
DMTA Results for 9A\303 - PPG(l) Blends (Table 4.12) DMTA Results for 9A\303 - PPG(2) Blends (Table 4.12)
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Figure 4.67
The Infrared Carbonyl Band for
9A/303 - PPG(1l) Blends (Table 4.12)
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Figure 4.68
The Infrared Carbonyl Band for
9A/303 - PPG(2) Blends (Table 4.12)
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an increase in intermolecular hydrogen bonded carboxylic acid groups,

which appear at around 1730 em™! in the spectrum.

9A/303 - PPG(2) Blends

The DMTA results for the three blend compositions are detailed
in table 4.12, with figure 4.66 showing the plots for the 25% PPG(2)
blend. All three blends exhibited single glass transitions
indicating a good degree of miscibility for this system, with the 50
and 25% PPG(2) blends having particularly narrow tan® peak widths.

The infrared results are very similar to those obtained for

the corresponding PP6(!) blends, as would be expected, and need not be
discussed further. Figure 4.68 shows the carbonyl peaks for the
three blends compared to that of pure 9A/303.

There seems to be little difference between the results for
these blends compared to the corresponding (03 blends, both giving
transparent blend films and single glass transitions. If anything,
the 94/303 blends show narrower tan{ peak widths, but this is a

minor point.

9A/303 - PRA(1) Blends
The DMTA results as shown in table 4.12 indicate that PBA(1) is

not miscible with 9A/303 in the proportions tried. The blends having
75 and 507 by weight of PBA(1) both exhibit two glass transitioms,
whilst the blend having 257 PBA(1) has a small second tan8 peak or
shoulder at =-35°C. (figure 4.69).

The DMTA results for this blend are similar to those for the
corresponding Q403 system with the exception that the 25:75 PBA(1) -
@03 blend yielded a single tanO tramsition. It seems, therefore,
that 9A/303 is slightly less miscible with PBA(1) than Q403.

The infrared spectra of the three blends do not yield any

-125-




Figure 4.70

Figure 4.69
DMTA Results for 9A/303 - PBA(2}) Blends (Table 4.12)

DMTA Results for 9A\303 - PBA(l1l) Blends (Table 4.12)
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information about the presence of specific interactions, because of
the complex nature of the carbonyl band, being made up of several
groups of the different acrylic and methacrylic units within the

system.

9A/303 - PBA(2) Blends

The DMIA results given in table 4.12 and the plots shown in
figure 4.70, clearly show that these two polymers are also
immiscible, as were the PBA(1) blends. The compositions having 25
and 75% by weight of PBA(2) each gave two well separated glass
transitions. The 50% blend, did however, show a third peak
intermediate between the other two, perhaps indicating some extent of
mixing between the components. These observations are again similar
to those for the (M03 PBA(2) system.

It is clear from these results that poly(propylene glycol) is
more miscible with both (M03 and 9A/303 than either PBA(1) or PBA(2).
It also appears that PPG(2) (Mn:2770) is slightly more miscible with
9A/303 than PPG(1) (Fn:9500).

9A/303 - PBA(3) Blends
From the results of the blends of 9A/303 with PBA(1) and PBA(1)

it is of no surprise that PBA(3) is also immiscible with 94/303. It
also seems that the molecular weight (table 4.2) of the poly(butyl
acrylate) has no effect on the miscibility of the system.

9A/303 - PPA Blends

The 50:50 blend yielded two glass transitions by DMIA and was
clearly immiscible, The same was true for the corresponding Q403
blend. Again, no band shifts were observed by FIIR.
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9A/303 - ST/MAA Copolymer 163 Blends

The results for this blend are very similar to those obtained
for the corresponding (03 blend, that is, that the blend is
immiscible in all proportions, exhibiting two glass transitions and
opaque blend films. The FIIR analysis again proved to be

inconclusive for the same reason mentioned before.

4.9 Ternary 9A/303 Blends

Table 4.13 shows the results of the DMIA and infrared analysis
of the wvarious ternary 9A/303 blends, some of which are shown
pictorially in figure 4.71 and onwards. Each blend system will now
be discussed in turn and compared to the corresponding M03 blends

where appropriate.

9A/303 ~ PPG(1) = LF200 Blends

Six blends were prepared in all, three having a 1:1 ratio of
9A/303 and LF200, and three having a 1:3 ratio. Figure 4.71 is an
illustration of the DMTA results for the first three blends, 140, 159
and 161, It can be clearly seen that the 50:50 blend of 9A/303 and
LF200 exhibits a large shoulder on the main tan0 peak, indicating
immiscibility. It is equally apparent that incorporation of 10, 20
and 33.3% PPG(1) into the system leads to the appearance of single
tan 8§ Tg peak suggesting a considerable improvement in miscibility.
The blend having 10% PPG(1) has the narrowest tan8 transition with a
width at half-height of 32°. The 33.3% PPG(1) peak is noticeably
broader with a slight shoulder at around 30°C, probably due to an
extent of partial or incomplete miscibility. The temperatures at
which the transitions occur are in each case quite close to those
predicted by the Fox equation (2.77) and the rule of mixtures (4.1),
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Table 4,13 3-Corponent 94/303 Blends
Prodrt|Bland
No. Carposition Appearance %C % e oo
En Result
10 |9/30YPRG(1)AFX0| translicent . carbory
3.3 :33.3 :33.3 2|23 '
159 |9/33/PRe(L o
30/ )/IP%DO transheent | 22 [ 45° {16 "
161 [9/303/PR6( transhrent
1)/AFX0
45: 10 : 45 . | ® "
= —
9A/303/PRG(1)/1F2X0 | transhirent
12.5: X 3525 8 B0 |6 )
142 | W/303/PRG(1)/IFX0| transhicent
D20 : D B 5| )
1% |9%/303/p6(1)/F200} transhicent
2.5: 10 3 6.5 5 |® A )
183 |9A3/PRG(2)/LF200 | translucent BE
1.3 o 33.3:33.3 # >t )
18 wm/ﬁc(z)/tm
1> ¥ trashicent | 24 | 23° |18 "
13 m(l)ﬂfm transhieent incorelisiy
B3 :33.3 :33.3 2 7| ‘ e
160 |W/303/PRA(1)/1F200| transhicent
0H: X ): 40 » il )
162 194/303/PRA(1)/1F200 | translcent
453 10 : 45 % |2 )
190 (1)/LEZD transheent | 2% °
17.5: 0 : 5.5 2 b )
144 {9/303/PRA(
1)/IFX0} tershrent
V: 20 : &0 il ke )
157 | W03/PRA(1)/LFX0| transhcent
2.5 : 10 :062.5 © | )




Table 4.13 (contined)  3-Component 94/303 Blends

9/303/PRALF200
3.3 :33.3:33.3

Prodkct| Blexd Film IMIA un% Fox (Rule FIIR
No. Camposition Appearace | Ty/°C Ep -| of Result
To/°C[Mixtures
187  {B/303/PRAQR)AFX0| transheent|(0),30 |40° | 13 |17 irconclisive
3B.3 ¢ 33.3:33.3
188 |W/303//RA(2)/1F200| transhoent| 33 (2°( 27 | 0 "
D: 20 60
22 (WIBPRAG)AFX0| trashieent| B |40°| 2 |31 "
B3 2 33.3:38.3
253 |9/303/PRA(3)/1F200| translirent| 38 2°{% |2 "
D:A : 60
20 teanshicent |-20,25,| - | 27 |0 o pesk
D X0 51 ghift
Al teasheant|-20,51 | - | 15 |18 "




Figure 4.71 DMTA Results for PPG(1l) Blends Figure 4.72 DMTA Results for PPG(1l) Blends
1:1 Ratio of LF200 : 9A/303 ({Table 4.13) 3:1 Ratio of LF200 : 9A/303  (Table 4.13)

PPG (1)

numbers indicate wt% PPG(1}

numbers indicate wt%

log modulus —

E“III|IIIIIIIII||”'(
T
wr —
!-‘_: = =
log modulus —
W
o
(=)

tan § —>
tan § —

1 | ! L ! 1 1 1
-60 -40 =20 0 20 ) 60 80 100 -0 -2 0 20 4o 60 80 100




sometimes one equation giving a closer prediction, sometimes than the
other, This is illustrated graphically in figure 4.73.

Figure 4.72 shows the DMIA results for the blends having a 1:3
ratio of 9A/303 to LF200. The immiscibility of LF200 and 9A/303 is
even more clearly indicated by the tan 8 curve of the blend
containing 0% PPG(1), showing two peaks relating to the two
individual glass transitions. 1In this ternary system, it is the
blend containing 20% PPG(1) which has the narrower tanf peak, with a
half height width of 26°. It is therefore, this blend proportion
which appears to produce the greatest extent of miscibility between
the components. Both the blend containing 10% PPG(1) and the blend
containing 30% PPG(1) have peaks which appear to have unresolved
"shoulders", perhaps relating to a lesser extent of mixing between
two or more of the components. It is difficult to say very much
about the extent or nature of the immiscibility present, but it may
be fair to assume that the lack of intimate mixing is between 9A/303
and LF200.

The infrared results obtained are very similar to the analogous
Q03 ternary blends and can be seen in figures 4.74 and 4.75. The
reason for the diminishing band at 1700 el as the proportion of
PPG(1) increases has been discussed before and need not be mentioned
again in detail. The results confirm the presence of a hydrogen
bonding interaction between the ether oxygen of the polyether and the
acid carbonyl group of the MAA component of 9A/303. (See section
4.7 and 4.5)

9A/303 - PPG(2) - LF200 Blends
The two blends were prepared in order to compare the effect of

PPG(2) to PPG(1) on the miscibility of the system. Blend 183

containing an equal proportion of the components can be directly
-128-




40
35
30
25

Tg (C)
20

15

10

Figure 4.73

Etfect of PPG Content on the Tg of a Temary Blend with LF200 and 9A/303

m Expenmental Tg
+ Fox Equation
<& Rule of Mixtures

10

20 333
Weight Percent of PPG(1)



Figure 4.75
The Infrared Carbonyl Band for
9A/303 - PPG(1) - LF200 Blends

Figure 4.74
The Infrared Carbonyl Band for
9A/303 - PPG{l}) - LF200 Blends
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compared to the PPG(1) equivalent, blend 140. Figure 4.76 shows that
the addition of 33.3% PPG(2) leads to a reasonably narrow tan5 peak
(W,3=25°), which suggests an improvement in miscibility compared with
the corresponding PPG(1) blend which has a broader transition.
Figure 4.77 shows the DMIA curves for the 20:20:60 blend, again
yielding a sharp narrow tan peak, comparable to the peak for the
PPG(1) blend 142 (figure 4.72). It is interesting to note that the
observed DMIA Tg for blend 183 (33.3:33.3:33.3 blend) is considerably
different to that predicted, being around 20°C higher. The reason
for this is not apparent.

The infrared results, showing the carbonyl band region are
shown in figure 4.78. As expected there is a reduction in the height
of the band at 1700 cm™l due to the previously discussed hydrogen

bonding interaction.

9A/303 - PBA(1) - LF200 Blends

Six blends were prepared, in the same proportions as the PPG(1)
blends discussed above, substituting PBA(1) (Mn 1750). The DMIA
curves for the three blends having equal proportions of LF200 and
9A/303 are shown in figure 4.79. All three ternary blends appear to
have an improved overall miscibility compared to the 50:50 éA/303 -
LF200 blend (0% PBA(1)). Figure 4.81 shows the variation of blend Tg
with composition, comparing the experimentally determined Tg values
to those predicted by the Fox equation and the rule of mixtures. The
same is true for the three blends having a 1:3 ratio of 9A/303 and
LF200, the 20 and 30% PBA(1) blends having especially narrow
transition widths. The blend containing 107 PBA(1) (157, figure
4.80) has quite a broad tan8 peak, over the range 10-80°C, making
definite conclusions about the miscibility difficult, although it is
likely that some degree of partial miscibility is present.
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Figure 4.76 DMTA Results for PPG(2) Blends
9A/303
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Figure 4.77 DMTA Results for PPG(2) Blends
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Figure 4.78
The Infrared Carbonyl Band for
9A/303 - PPG{2) - LF200 Blends
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Figure 4.79 DMTA Results for PBA(l) Blends

1:1 Ratio of LF200 : 9A/303

(Table 4.13)

log modulus —»

tan § —

B3

numbers indicate wt% PBA(I)

10

§
5
\

333

Figure 4.80 DMTA Results for PBA{1l) Blends
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Figure 4.81

Effect of PBA(1) Content on the Tg of a Temary Blend with LF200 and 9A303
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The infrared results are again inconclusive, as were the
corresponding results for the ternary M03 blends involving PBA(1),
due to the large number of overlapping carbonyl bands present in the

1700 - 1735 em™1 region of the spectrum.

9A/303 - PBA(2) - LF200 Blends

PBA(2) had the highest molecular weight of the poly(n-butyl
acrylates) used (Mn 6757), and so it is interesting to compare the
results of these two blends involving PBA(1). Blend 187 having an
equal proportion of the components does not yield a single tan 6

transition, but shows a shoulder on the main peak, at about 0°C,
despite the position of the main peak being shifted to lower
temperature. These observations can be best interpretated as being
due to the existence of partially miscible phases within the blend.
On the other hand, the 20:20:60 blend (187) shows a single narrow
tan & peak indicative of miscibility between the blend components.
Blend 187 appears to be less miscible than the corresponding PBA(1)
blend 139, whilst blend 188 gave very similar DMIA results to the
corresponding blend 144, These observations are somewhat
contradictory. See figures 4.82 and 4.83.

9A/303 - PBA(3) - LF200 Blends
PBA(3) has a number average molecular weight of 5200,

intermediate between PBA(1) and PBA(2). Figures 4.84 and 4.85 show
the DMIA results for the two blends prepared, 252 and 253. Each show
single glass transitions for the ternary blends, with the 20:20:60
blend having the narrower tan & peak width, Compared to the
corresponding PBA(2) blends, 252 appears to be more miscible tham
187, whilst 253 and 188 have quite similar DMTA results, based on the
widths at half height of the tanO peaks.
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Figure 4.82 DMTA Results for PBA(2) Blends Figure 4.83 DMTA Results for PBA{2) Blends
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DMTA Results for PBA(3) Blends

Figure 4.84
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Figure 4.85 DMTA Results for PBA(3) Blends
(Table 4.13)
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9A/303 - PPA - LF2000 Blends

No binary or termary blends involving PPA with 9A/303, LF200 or
Q103 have yet been found to be miscible, and it is true for these
blends also. The DMIA results for both blends (figures 4.86 and
4.87) indicate three unmixed phases of PPA, 9A/303 and LF200 by
virtue of the peaks at -20°C and 50°C and the shoulders at 20-25°C.
PPA is clearly not a suitable compatibilising agent for either 9A/303
or (MO3 with LF200.

Summary of (M03 and 9A/303 Blends

In general, it seems that the addition of either low molecular

weight poly(n-butyl acrylate) or poly(propylene glycol) improves the
miscibility of the polymers CMO3 and 9A/303 with LF200, manifested in
the appearance of single glass transition temperatures for the
ternary blends. It is now appropriate to speculate on the reasons
for the observed miscibility enhancement.

Poly(propylene glycol) is miscible with LF200 as well as QM03
and 94/303. It is not too surprising, therefore, to find that the
addition of PPG to blends of LF200 and either (M03 or 9A/303 leads
to a miscible system. It is conceivable that the low molecular
weight PPG is acting as an interface between the two otherwise
immiscible components, thereby preventing their phase separation.
FTIR showed there to be hydrogen bonding interactions between the
methacrylic acid carbonyl groups of the acrylic component and the
ether oxygen of the PPG. This probably accoumts for the miscibility
of PPG with 9A/303 and (M03, at least to some extent. The presence
of ether groups in the structure of LF200 could be why PPG is
miscible with the fluorpolymer. No specific interactions were
detected in the LF200 ~ PPG blends, however, and it is difficult to
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Figure 4.86 DMTA Results for PPA Blends
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say for sure why the two polymers mix.

Reasons for the apparent effectiveness of poly(n-butyl
acrylate) are less obvious, although PBA was found to be miscible
with LF200. Blends of PBRA with 9A/303 and M03 showed at best
partial miscibility, despite each of these materials containing large
proportions of butyl acrylate units, However, ternary blends of
LF200, PBA and (M03 or 9A/303 were found to be miscible. No specific
interactions were detected between LF200 and PBA, but it is uncertain
whether such interactions exist between PBA and 9A/303 or (M03. None
were found by FTIR, but because of the complexity of the overlapping
carbonyl bands in the infrared spectrum, band shifts may have been
obscured,  If miscibility in the ternary blends is not due to
specific interactions, which is 1likely, the reason for the
miscibility enhancing effect of PBA is not clear, unless it is a
factor of the polymers having low molecular weight. More work is
required in the area of polymer blend miscibility in order to
understand more fully the mixing behaviour of polymers and in
particular, to understand the reasons why polymers form miscible
blends, when a mechanism other than specific interactions is

responsible for the miscibility.

4,10 Scanning Electron Microscopy Results

The conclusions regarding miscibility for all of the blends
studied are based almost solely on the results of dynamic mechanical
thermal analysis. However, as with other thermal methods of
analysis, DMIA is only of limited use when the glass transition
temperatures of the blend components are very similar. This is

clearly a problem with a number of the blends in this study (see

section 4.3, for example). In order to be able to reach more
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definite conclusions about miscibility, scanning electron microscopy
(SEM) was used to analyse several two and three component blends.
Unfortunately a problem was encountered in practice, which prevented
the analysis of many of the systems studied, because the blend films
were too soft to be mounted successfully in the microscope (see
section 3.4.3). Blends having a Tg of less than 30-35°C, produced
films which were not rigid enough to be mounted edgewise onto the
specimen holder. Because of this only a limited number of blends
could be studied in this way. However, LF200, 03 and the blends
156, 112 and 102 were suitable for study, see table 4.14, The
scanning electron micrographs for these material are shown in
appendix 4. As expected LF200 and (MO3 appeared to be single phase
materials, confirming the observation of a single Tg for each polymer
as found by DMIA. Blend 102, comprising 75% LF200 and 257 9A/303,
showed two glass transitions and so it is not surprising to find that
something resembling a two-phase structure is observed by SEM. The
micrograph shows domains of approximate size 2-3um in a more
continuous phase. There also appears to be much smaller domains and
some that are larger than this. Presumably. the continuous phase
would correspond to the major component LF200, with 9A/303 being the
discrete phase having a range of domain sizes.

The 50:50 blend of the ST-MAA copolymer 163 and LF200, shown to
be clearly two-phase by SEM. The micrograph has an unusual
appearance, however with the continuous phase apparently comprising
of much more than the expected 50%. The reason for this is not
obvious, but it may be that the portion of the specimen photographed
is not representative of the whole specimen.

The ternary blend of 9A/303, PPG(1) and LF200 (156) is
particularly interesting. Two sample films were prepared, ome by

solution casting and the other by melt pressing. The first point to
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Table 4.14 SEM Results
Blend No.| Composition Method of Observation
Film Preparation
- 100% LF200 cast from single phase
chloroform
- 100% CM03 cast from single phase
chloroform
102 9A/303/LF200 melt pressed two phase
25:75
156 9A/303/PPG(1)/LF200 |melt pressed — — 1--single phase
cask
22.5:10:67.5 from chloroform -+ -two phase
112 163/LF200 melt pressed two phase
50:50




notice is that the melt pressed film had a greater optical clarity
than the film cast from chloroform. The electron micrographs of
specimens taken from each of the films also show a distinct
difference, with the melt pressed specimen appearing single phase and
the solution cast specimen appearing two-phase., The domain sizes in
the two-phase specimen ranged from 1 to 4pm , that is, larger than
the size of phase necessary to cause the scattering of light. Tt is
therefore, easy to see why this sample had a translucent appearance.
Clearly, the method of sample preparation has an important effect on
the phase separation behaviour of this blend. It seems to be the
case, that melt pressing leads to a much greater homogeneity than
casting from chloroform. It is perhaps for this reason that DMTA
specimens indicated a single phase structure for this and similar
blends, ‘since they were also prepared by melt pressing. The solution
cast sample has been referred to as two-phase, but of course there
are three components present and it is possible, if not likely, that
each forms a separate phase when the sample is prepared in this way,
It has been shown that SEM, used in conjunction with DMTA can
more conclusively define the miscibility of a polymer blend,
especially if the components have similar Tg values. However, since
only a limited number of samples were studied by SEM, it would be a
little unwise to draw definite conclusions about the remaining binary
and ternary blends. More work would be required to confirm that the
tentative conclusions, based on these few results, apply in general

to the other blend systems studied.
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5.0 Conclusions

The initial aim of this study was to investigate the potential
for producing a miscible blend, comprising the high performance
surface coating polymer, Lumiflon LF200 and lower cost, lower
performance acrylic-based surface coating materials. The hope was to
utilise the potential of these polymers for hydrogen bonding
interactions, in order to promote miscibility in the blend system.
Dynamic mechanical thermal analysis showed that the fluropolymer
LF200 was neither miscible with the model copolymers of styreme and
methacrylic acid, nor with the surface coating materials. FTIR
analysis indicated a lack of any specific interactions between the
components of these blends and this could be at least one reason why
miscibility was not achieved.

Further observations were made on blends when LF200 was mixed
with several different homopolymers and copolymers. A number of
miscible blends were produced, as confirmed by single glass
transitions and optical clarity. LF200 was found to be miscible with
low molecular weight poly(n~butyl acrylate) (PBA), over a wide range
of compositions in each case. Miscibility was also found in blends
of LF200 with EVA and PEG, at low levels of these polymers. It is
also possible that blends of LF200 with PBMA, PDMAEMA and PVAc show
single phase behaviour, but this could not be confirmed by DMIA,
because of the proximity of the glass transition temperatures of
these polymers to that of LF200 (PVAc and PBMA blend with LF200 did
however, form tramsparent films). These results showed clearly that
there was good potential for producing miscible blends of LF200 with
polymers having either carbonyl or ether fnv;mctional groups (eg. PBA,
PPG, EVA, etc).

From this information and the knowledge that miscible blends
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have previously been produced between polyethers and copolymers
containing MAA units, it seemed logical to attempt to mix PPG with
the MAA - containing acrylic systems, Q03 and 94/303. This was done
and the results indicated considerable miscibility in each of these
blends, with single Tg transitions being observed, coupled with the
observation of hydrogen bonding interactions between the MAA carbonyl
and PPG ether groups using FTIR spectroscopy. Since PPG is miscible
with both LF200 and each of the acrylic polymers, (M03 and 9A/303, it
might be expected that a ternary blend involving these polymers might
produce at least some degree of miscibility, The DMIA results showed
that this is indeed the case, with all such blends showing single Tg
transitions over a range of compositions. PPG appears therefore, to
act as a polymeric compatibilising agent. To date, no similar
systems have been reported in the literature, most compatibilisers
being block copolymers (usually containing monomer units common to
the two immiscible polymers involved).

Poly(n-butyl acrylate) (PBA) also appeared to be a possible
candidate to improve the miscibility of LF200 and the acrylic
polymers CMO3 and 9A/303, since PBA is miscible on it's own with
LF200 and because the acrylic polymers produced, in nearly all cases,
single phase (hence, single Tg) miscible blends. No specific
interactions were detected in any of these blends by FTIR, although
the presence of such interactions could not be completely ruled out,
because of the complexity of interpreting the combined carbonyl band
at 1700-1735 co~! in the IR spectra.

It seems therefore, that both PBA and PPG act as
compatibilising agents for the systems mentioned, but it is not clear
whether the two polymers improve the miscibility by the same
mechanism, unless the miscibility enhancement is a function of their

low molecular weight.
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The work has shown that dynamic mechanical thermal analysis can
be a valuable technique in the study of blend miscibility, provided
the Tg transitions of the blend components occur at sufficiently
different temperatures (ideally > 20°C apart). The problem of
similar glass transition temperatures arose for a number of the
blends studied, making it difficult to reach firm conclusions about
the miscibility of the component polymers.

Scanning electron microscopy was chosen in order to help
determine unambiguously the nature of any phase separation present,
if any, in such blends, as a means of corroborating the DMIA results.
Unfortunately, practical problems were encountered (section 4.10)
which restricted the use of this technique. However, based on the
few micrographs which were obtained successfully, it was apparent
that SEM could be very useful for the study of mlticomponent
systems.  Electron micrographs (appendix 4) confirmed the DMIA
findings of both single and two-phase nature for blends studied by
both techniques. The microscopic characterisation also revealed that
the method of blend film preparation affected the phase separation
behaviour of some blends; melt pressed films showed a single phase,
whilst films cast from chloroform showed two or more phases. This
phenomenon could also explain why blend films having a translucent
appearance when cast from solution, give only a single glass
transition, since the DMTA specimens were melt pressed.

In view of the results and developments in this thesis, the
following proposals are recomended for further work:

1. Investigation into the effect of molecular weight on the
miscibility enhancing nature of low molecular weight
compatibilising agents such as PBA and PPG, for LF200/acrylic

blends and more generally to other polymer blends.
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2.

3.

4.

Further work should be carried out using scanning electron
microscopy, in order to investigate more thoroughly the
morphology and phase behaviour of Lumiflon/acrylic blends.
Assessment of the potential of Lumiflon/ acrylic blends for
surface coating applications, in terms of degree of miscibility
and type of morphology for partially separated phases.

More work is required to understand more fully the reasons for

miscibility in systems in which specific interactions are not

present,
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GPC CHROMATOGRAMS
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GPC Chromatograms for ST/MAA Copolymers
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APPENDIX 4: SEM MICROGRAPHS




e ]

SEM Micrograph of LF200 (2000 x )

SEM  Micrograph of CMO3 (2000 x)




SEM Micrograph of Blend 102 (5000 x)




SEM Micrograph of Blend 156 (1000 x)
[ solution cast]

SEM Micrograph of Blend 156 (2000 x )
[ melt pressed ]




APPENDIX

COMPARTSON OF IMPREGNATED FILTER PAPER

VS, BAR SAMPLES FOR DMTA



Companison of DMTA Results Using a Bar vs Paper Sandwich Specimen
for Polylvinyl acetate)
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