B Loughborough
University

This item was submitted to Loughborough University as a PhD thesis by the
author and is made available in the Institutional Repository
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence
conditions.

@creative
ommon

COMMONS D EE D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the worl

Under the following conditions:

Attribution. vou must attribute the work in the manner specified by
the authar or licensar,

Noncommercial. vou may not use this work for commmercial purposes.

Mo Derivative Works. vYou rnay not alter, transform, or build upon
this work,

« For any reuse or distribution, vou must make clear to others the license terms of
this work.

o Any of these conditions can be waived if you get permission from the copyright
holder.

Your fair use and other rights are in no way affected by the above.

This is a human-readable summary of the Legal Code (the full license).

Disclaimer £

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/




L_LOUGHBOROQUGH
UNIVERSITY OF TECHNOLOGY

: LIBRARY
™y ) AUTHOR
S
o C()LLJZT!} F. R

| COPY NO. oblwag/ol

4 /-
. VOL NO. CLASS MARK
: ARCHA\E

(oY

FOR |[REFERENCE PNLY

006 2138 02

I




' SOME POLYMER BLENDS AND BLOCK COPOLYMERS:

PREPARATION AND PROPERTIES.

.

- AUTHOR: FREDERICK ROGER COLLEY.

. BUPBERVIESCR: DR. R. R. SMITH.

A DOCTORIAL THESIS SUBMITTED IN PARTIAL FULFILMENT OF

THE REQUIREMENTS FOR THE AWARD OF DOCTOR OF PHILOSCPHY.

MARCH 1974,






ACKNOWLEDGEMENTS

The author wishes to thank Dr. ReR.Smith, Proféssor R.J.‘H.Réynolds
‘and the staff of the Institute of Polymer Technology for their
continued help and guidance throﬁghout the period of work for this

‘-thesis; The auﬁhor would also like to thank the Science Research
Counéil for the research studentship and the‘University in whose

programne of research this project was undertaken.



iii.
SUMMARY .

- The solubility of polymers in caproiéqtam and laurolactanm
at 150°C was studied, results being discussed in terms of
§olymer solubility parameters, hydrogen bonding and polymer
crystallisation.- |
| Polymers soluble up to 10% by weight were dissolved in
the monomers which were then polymensed by an aﬂionié'mechanism,
Polysulphone and polycarbonate acted_as cogatalysts in
polymensation of caprolactam, copolymers being formed. .For
all the other polymers folymeﬁsation of the monomers resulted
in polymer blends.

The effects of catalyst concentration, polysulphone
coécentrétion and polymensation time on the preparation of
polysulphone~polycaprolactam copolymers was studied; Copolymer
composi#ion, density and the molecular weights of the polysulphone
components of the copolymers were determineds A reaction
mechénism is proposed which agrees with other work published.
subsequent to the present study.

Optical microscopy showed that the phase structure of the
copolymers changed continucusly as the polysulphone concentration
was increased. Phase inversion occured when the.polysulphone
concentration was increased from 5 to 10% by weight. Although
the continuous phase appéared to be all polysulphone, staining
showed it to contain some polycaprolactam.

~ Some physical properties of ﬁhe copolymers were compaered with

those of commercial nylon 6. The results indicated that they

could be suitable for fibre forming.
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Polymer blends were prepared by polymensing caprolactan
in the presence of polystyrene, impact styrene and S+B.S.

thermoplastic rubber. Polycaprolactam homopolymers were

prepared with various catalyst and cocatalyst concentraticﬁs.

As the concentrationlof the second polymer in the blend
was increased their appearance suggested that the components
were incompatible.

Optical microsécpy showed that beforé'moulding, some of the
dispersed phase particles contained polycaprolactam arising
from inversion or inclusion during polymersation. Mouiding
resulted in a mﬁre clearly defined two phase structure. |

Some physicél properties of the biends were compared with

those of thé homopolymerse  lone of the blends had balances

~of properties which were as good as those of the homopolymers,

Blends with polystyrene and iﬁpact styrene had the best tensile

- properties, those with thermoplastic rubber the best impact

_properties, The overall physical properties chahged adversely

as the concentration of the second polymer was increased, in

line with the observed incompatibility of the components.
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INTRODUCTION,

HISTORICAL.

It is now generally accepted that most of the major advances
in commercial polymers will be through improvements associated |
with existing polymers. Polymer blends are expected to play
an important part in this development., A polymér blend is
defined as é single entity'of material containing withih its
boundary at least two thoroughly mixed polymers whiéh.are_not

extensively linked together by covalent bonds.

Although the first recordea preparation pf.a polymer blend
was in 19121 it was not until the late 1940's that they started
to become commercially significant. One of the first commeréial
polymer blends, an‘imPact resistant polystyrene containing 5%
styrene-butadiene rubber, was introduced by Dow Chemicals.in 1948,
Today both homogeneous an& heterogeneous polymer blends havé
become established in the field of commercial polymers. Homogeneous
blends are used primarily to improve processing and heterogeneous |

blends for imparting toughness. Both have been used to a lesser

extent to reduce the amount of a more expensive material.

PREPARATION OF POLYMER BLENDS.

Polymer blends can be prepared in several ways and these include
mechanical mixing on rubber mills or in extruders, by coagulation of

mixtures of polymer latices and from mixtures of polymer solutions or

dispersions, sometimes involving polymensation of one of the component s.

The simplest and most direct way of preparing bolymer blends is by
mechanical blending on a two roll mill or in a Banbury Mixer, or more

recently by hot mixing of powders followed by extrusion.
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The nature of thé regulting blends depends 6n the length

of mixing, the shégr forces in the mixing equipment and thé
rheological properties of the polymers. There is also the
possibility of chemical effects produced by the mixing operation

and it is well known that shearing polymers can result in chain
scissioll. Not only does this generally affect the_mblecular

weight, and hence change the properties of the individual

components, it is also possible that the free radicals formed

by chaln scission can recombine to form block and graft copolymers.
Angier and Hatson2 have mixed polymers under sevafe'conditions

and have analysed the products. VWhen naturai rubber and neoprene were
mixed at a low temperature, and under a high shear force, the product was'found

to contain a complex mixture of block, graft, and cross-linked copolymers.

This method of preparing polymer blends is used for systems
in which little thermal degradation occurs and is used throughout
industry for preparing rubber-rubber mixtures and also rubber-plastic

blends, such as those of nitrile rubber (NBR) with polyvinyl chloride(F.V.C)

When the individual components can be cbtained in latex form they -~

may conveniently be mixed by blending the Zl,ad‘,:i.c:es}’L\L

This is
another of the important techniques used in the preparation of
commercial polymer blends, In a latex the polymers are present
as suspended microspheres and interactions of neighbouring spheres
is prevented by the suspending me&iuﬁ. This allows direct control

of the particle size of the disperse phase without affecting the

properties of the individual component phases.




After blending, the solid polymer blend is recovered by
coagulation or sppay'drying. Polymer blends prepared by this
" method include polystyrene/styrene-~butadiene rubbers (SBR} and

acrylonitrile-butadiene-styrene (ABS) resins.

After such treatment melt pfocessing is often employed to

produce forms such as pellets but precautions must be taken
at this stage to a#oid degradation or undue change in the state
of subdivision. In some latex blended polymers,e.g. certain
mixtures of rubbers with plastics, which at first seem to be
homogeneous, the components may have such a low affinity for
each other that separation occurs during this process, reducing

the value of the product.

It should also be possible to prepare polymer blends from
homogeneous solutions of th polymers in & common sclvent. -
. There are difficulties in preparing homogeneous solutions, and
" also in recovering the solid polymeér without destroying the
structure of the blend, The solid polymer can be recovered
by precipitation, by cooling, or the use of a non-solvent, or by
drying. The solvent power of the solvent towards the two polymers
will vary with temperature and it is unlikely that tﬁe precipitating
effect of a non-solvent will be the same for both polymers. Cooliné,
and ﬁrecipitation by the use of a non-solvent are therefore likely
"to lead to phase separatione Similar problems may als§ be encountered

if the solvent is removed by drying but this technique should be more

satisfactory than the other two.
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Even though_polymers must be ccompatible for the forma%ion'
of a homogeneous solution, even more stringént conditions .
are necessary for the retention of‘the mixed state during the
‘recovery of the solid polymer.  Despite these difficulties
compatible polymer blends which can be prepared by this methoa
include polyvinyl acetate (PVAc)/polymethyl methacrylate
(PMMA); nitrobellulosé/PVAc and nitrocellulose/PMMA 1.6, a8

special lacgquers or films.

Other methods for preparing pelymer blends preduce two phése
systems thch are generally intended, in addition to providing
good dispersion, to produce some copolymerisation.. The less
critical compatibility conditioné for mixing a polymef with a
low molecular weight material, either mbnomer or a prepolymer,
often makes it possible to blend inﬁompatible homopolymers by_
the use of interpolymerisation reactions, yielding block or graft
copolymers in a proportion-sufficient‘to stabilise the &ispersion

of the system.

The individual segments in block and graft copolymers are
joined by primary valence boards, and because these segmeﬁts.can
bé extended themselves into similar, or the same type of homopolymer,
compatibility between a free polymer and a block or graft copolymer
can arise. Block and graft copolymers are indeed.used almost

exclusively in blends that require strong interfacial adhesion,

Systems containing graft copolymers have been prepared by

dissolving a rubber in the monomer of a glassy polymer and then

polymerising the solution in bulk, preferably with efficient
5 a'6

agitation.
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which will improve temperature control and minimise viscosity
build up. Another waylis to suspend the rubber-monomer
solution, often already carried to partial conversion, in a
watery phase and to coﬁpleté the polymerisation as an ordinary
suspension polymerisation.7'8 It has been found that in order .
:to obtain appreciablé grafting the dissolved polymér should ﬁave

a high degree of unsaturation or analogous activity.

Emulsion "overcoat' polymerisation, in which a monomer has
been added, for example to a rubber latex, has also been used

9410

to produce graft copolymers. Provided there is no excess
emulsifier graft copolymerisation should take place preponderently
but it is doubtful whether grafting is ever achieved to this extent

by standard prbduction techniques.  Such gfafting procedures generally

" result in systems containing ungrafted rubber, a rubber-on-polymer

graft and pure polymer. This situation has been shown to be the -

case for commercial ABS plastics.11

THERMODYNAMIC CONSTDERATIONS.

A detailed thermodynamic treatment of polymer solubility in
low molecular weigth compounds is given in chapter 2. The wdrk o
on polymer solubility can bé traced back to the fheofy of ideal
solutions. The theory was modified to accommodate real sbiutiéns,_
and this in turn has been extended to include polymer solubility
and the mixing of solid polymers.

For mixtures of polymers the Gibbs free energy equation

OFy = OH = TASmm——mmemee 1)

. This method may be varied by the addition of an inert solvent ‘-' R
5till applies,
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where A FM is thé free energy.df mixing
A HM is the heat of mixing
A SM'is the entropy of mixing
-T is the absolute temperature.
Fﬁr the componentsof a polymer blepd to be homogeneously
compatible the free energy of mixing must be negative or-

ZErOs If it is positive a two phase system will result.

The entropy change for =z mixing prdcess is always positive.
since mixing increases the randomness or disorder of the
systen, The ehtropy change deperds on the number of molecules
per unit volume whichldecreases with an increase in molecular
size. For polymers, the entropy of mixing will be several
" orders of magnitude less than that for mixing equivalent masses

of low molecular weight matérial.12 ,

Thus th_e sign of AFM will be strongly affected by the heat
of mixing term which remains approximétely the same with
increaéing molecular weight. = It is a function of the number
of molecular unit contacts which remains néarly constant with
increase in molecular size. The heat of hixing term is a
measure of the affinity of the molecular segments for their
environment. A negative value indicates that heat is evolved
during mixing, i.e. the two kinds of segments attract the other-r'
more than they attract their own kind. If'ZSHM is positive mixing
will only occur if it is less than, or equal to the entropy of
Cmixing multiplied by T. A situation where £>Fﬁ is negative is

exceedingly rare in Tthe case of polymer fiixtures, the respective

. . . . . 1
molecular segments almost invariably preferring their own environment. 3

<

-
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Flory, proposed methods for calculating £>FM from

theoretical considerations and found it to be positive in all

normal cases. Mixing will generally be an endothermic process

and polymer blends will generally be incompatible,

Exceptions may arise when there are strong interactions such
as polar asscclations of hydrogen bonding associated with
fortuitous molecular geometries. These conditions provide
for more favourable association energies which may give rise
to compatible polymer blen&s.. The effect of hydrogen bonding'
has beep demonstrated by Smith and coworkers.16 They found
that on mixing aqueocus solutions of ﬁolyacrylic acid and
polyethylene oxide a precipitate was formed which had proPeftiES
intelligible in terms of molecular compatibility.

Other pairs of polynmers containing similar ether and carboxylic
.acid groups were also found to exhibit similar phenomena. The
evidence supporting complex formation through co-operative
hydrogen bonding is convincing e.g.‘thé polymeric precipitate
may be insoluble in water, forming clear flexiblé homogeneous

films and having a high degree of ordering, indicated by X-Rays.

If thermodynamic theories are to be applied to tws phase
polymer systems a quantitative means of predicting polymer
corpatibility in terms of easily measured properties of the
polymer is desired.. One possibility is through the use of
the solubility parameterg; d , which has proved useful in the

study of polymer swelling and solubility in low molecular weight

liquids,
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For a pair of non polar liquids the internsl energy'change

upon solution is given by,

AE =dp1dp2 ((‘51 _62 )2 joules/cc of soluts.on---'-——-{e)
where dp's are the volume fractions of the components. If
amorphous polymers are considered to be essentially liquids,
and assuming that the volume change on mixing is negligible,

equation (2) is an expression for the heat of solution since
for constant volume, constant pressure processes.

This equation, combined with equation (2) always gives a -
positive AH indicating that for non polar high polymers true
gsolution will not gccur unless the solubility parameters are

almost perfectly matched since the'TAS term is always small.

Bohnq?

has reviewed the literature on polymer blends and has:
listed pairs éf polymers in tables under the headings'cémpatible
- or incémpatible respectively; He lists 13 compatible pairs
and 46 incompatible pairs, but stresses that the compaﬁibility
or lack of it, is only considered to be established within the
limits giﬁen in the tables. Also given in the tables are crude

characterisations of the polarity of the two polymers and the

differences in their solubility parameters.18

Bohn attempted to draw broader conclusicns about ﬁhe criteria
necessary for polymef p&irs to be compatible. He noted that,
although the difference in the solubility parameters, NG, .
for‘compatible pairs was small, there were many exaﬁplesoof

incompatible pairs for which this was also true.
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He questioned the validity of using values éf Lhe solubilitj .
pérameters which have beéﬁ determined.indirectly from solubility
data. It has been suggeSted19 that more work should be carried
out to determine the compatibility of polymer pairs as an exercise
separate from the extensive studies made on bolymer-polymer—solvent_

systemse

| Cﬁmpatible polymér pairs were listed as either both polar or
both non-polar, but this was also £he case for some iﬁcompatible
pairs. It was noted that, in the case of polar partners, the
polarity must be nearly the same to ensure molecular mixing,
estimated in terms of the nature of the polar gfouping and its

dipole monment.

All the compatible systems involved non-crystalline polymers
but Bohn did nof consider this sprprising since situations
invélving heats of crystallisation must usually be strongly adverse
in respect of molecular mixing. Practical evidence in the
literature of compatible pairs involving crystalline polymers

is lacking.

Thermodynamic considerations therefore predict that the
majority of polymer pairs will be-incompatible and their blends

will have two phase heterogeneous structures.
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4:4 THE NATURE OF BLENDED SYSTEMS.

Before discussing the methods which have been used to determine
polymér compatibility it is useful to consider the quesfidn bf.
polymer cgmpatibility from thermodynamic considerations and what
actually takes place on molecular and macromolecular scales

when two high polymers are mixed.

The thermodynamics of mixing indicate that there are three

possible types of blended system.

The first is where tﬁe.components of the blend-are completely
compatible thermodynamically. Fluctuations in compesition |
of the blends are such that énly electron microscopy can show
that there may be variations over very small distancgs. Al
other test methods indicate that the blend has a homogeneous

one phase structure.

_ As the dimensions of the 'fluctuatiéns in a blend_increasé
& stage is reached where the components will be very near ﬁo the
I1imits of thermodynamic compatibility, being almost completely
compatible, If any of the test methods indicate that the
components exhibit the properties of a two phase system then
they are incompatible. | The results obtaiﬁed froh the various
test methods, such as low angle X-ray or light scattering,
depends on their sensitivity with respect to the blend being

studied and no rules can"be made.

The third situation is where the components of the blend are

]

thermodynamically incompatible so that a definite twc-phase
systen is formed. Many testmethods will indicate that the
blend consists of separate phases associated with interfaces and

j
sizeable dimensiocns.
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It has already been indicated that many successful commercial
polymer blends have definite two phase structure and some

have been shown to be multiphase in character.

When polymer molecules are mixed, even with the application
_of ﬁeat and mechanica} work, it is difficult to imagine the
“molecules diffusing through the mélt. Short distance
interpenetration involving segments éf polymer chains is
concéivaﬁle but long distance migration of whole molecules
through thenmtrﬁcwithin.the duration of the mixing process
is highly improbable. The mixing equipment for polymer blends
is large compared with the size of molecules s0 it is improbable
that individual molecules are actuélly beingdisentangled during

mixing. More likely, the volume elements in the blend which

are being mixed involve clusters of molecules containing many chains.20

Eventually mixing will reach an equilibrium state at which further
mixing in the given equipment will not reduce the heterogeneity

of the system. It is a£ this point that we need to consider the
structure of the blend completely. It could be a heterogeneocus
blend with a two pﬁase structure, or the polymers may be compatible
enough, and sufficiently disperse, to give.a blend which in many
respects appearsto have a one phase homogeneous structure. It

has been shown, and this will be discussed later thaﬁ, although
mechanical tests may show a blend to have a one phﬁse homogeneous
structure, such a situation is not decisive of a truly single

phase situation.
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1:5 METHODS.USED TO DETERHINE POLYMER COMPATIRILITY.

The.methods which ha#e been used to deterwmine polyﬁer blend

‘ compatibiliﬁy include {a) homogeneity of a solution containing |

two or more poiymers; (b) clarity of a film cast from a hoﬁogeneous
solution. of a polymer biend; {¢) dynamic mechani.cal measureﬁents;
(d) measuring the Tg of fhe blend where Tg is the glass transition
temperature; (e) changes.in the refractive index with temperature

and (f) optical and electron microscopy.

It is usually required that polymer compatibility be evidenced

by at least two ﬁethods.

If the compaﬁibility of a polymer bair is determined by
their ability to form a homogeneous solution in a common scolvent
then phase separation means that they are incompatiblé. The
glassic experiments of Dobry and Boyer-Kawenokia1 showed'that,
even in dilute sclutions compatible pairs were a rare occurancey
Of the 35 pairs of polymers examined only four wereg found to bg
compatible.. The results were represented in the now familiar
triangular diagrans. From their results they made the following
observations; (i) Compatibility is the exception and incompatibility
the rule (ii) when two high polymers are incompatible in one |
solvent they are generally incompatible in other solvents (iii) the
.limits of phase separation depends on the nature of the solvent
{iv) the higher the molecular weight, the less compatible are the twé

polymers and more is the limit of phase separation shifted towards

smaller concentrations;
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(v) similarity of the principal chain is not sufficient
to ensure the misibility of the polymers (vi) branched chain
molecules do not have the same separation limits as linear molecules.

3

Kern and f‘aloc.ombe‘1 have examined a further 21.pairs of

Polymers gsing Dobry's method but found only three compatible
pairs, two of which had almost identical structures. Other
wcrkersaafah have studied polymer-polymer;501Vent systems and

have found that their results and conclusions agree with those

of Dobry.

Films are frequently cast f{rom dilute homogeneous solutions
of two polymers in a common solvent to further test the
compatibility. . An opaque and crﬁmbly film indicates incompatibility
and é ¢lear self.supporting film suggesfs better compatibility.
Since there is a continuous change in clarity and 6pacity
the transition from a crumbly to a self supporting state is
alsc gradual and it is difficult to judge where compatibility
leaves off and incompatibility begins. " VWhereas translucency
or complete opacity is a sure sign that more than one phasé
is present one may not simply conclude that transparent films
means a homogeneous hlend. There are cases where heferogeneous
blends can give rise to clear fiim;. If the films are very
thin, regardless of the dispérsed phase particle gize, encugh
light encounters only one of the two phases in passing through the
material. Bleﬁds in which the particle size is small with respect
to the wavelength of the light, such as block copolymers of styrene

25

also give clear films.

and acrylonitrile
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The samé is true in two phase systems in which the indi&es
of refraction of the individual phases arz. very close, as in the
case Qith poly acrylate~pol&methac;ylate blends;26 |

Petersén and coworkersZ? have used these first iwo criteria
to study the compatibiiity of polymer Blends. They decided
further work was worthwhile because of the growth in the number
of new homo and copolymers which had not been studied in
solubility tests.  They wanted to produce an ultrathin polymeric

membrane from a fully compatible polymer blend for use in hemodialysis.

They used twenty different commercial homo and copolymers which,
with the exceptioh of polystyrene, all contained rather polar groups.
0f over 150 polymer pairs studied only fourteen were compatible,

- and seven of these contained nitrocellulose. They thought that
the results implied that nitrocellulose experienced a negative
enthalp& of mixing towards other polymers. The remaining pairs
of compatible polymers were heavily dominated by non-crystalline
rubbery hombpolymers and copolymers. Polymers that had tendencies
towards crystallisation were incompatible with all other polymers

7

with which they were paired, confirming the observations of Bohn.1

Dynamic mechanical measurements, determinations of glass transition

temperatures and measurements of change in refractive index with temperature

are methods which have been used, either individually or colléctively

to determine polymer blend compatibility.
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Dynamic mechanical testing has been 1sed intensively ty

Nielson28‘29

and Takayangi.ao Eésically it consists of
subjecting a sample to an oscillating stress (or strain) and
measuring the reéulting strain (or stress) as a function of
frequency and/or temperatufe. Two fundamental quantities are
obtained from these tests, a storage mddulus ahd_a loss modulus

or damping decrement. The former is é measure of the applied
energy which is elastically stored in the material and is related
to the tensile modulus. The latter is a measure of thg'aﬁount of
apprlied energy which is dissipated i;e. converted to heat. When
the damping curve for a polymer blend is compared with those for
the blends components, a coupatible blend will show a maximum between

those of the parenﬁ'polymers. Incompatible polymer blends give two

damping maxima corresponding to those of the pnarent components.

A useful method for determining polymer blend compatibility is
to determine the glasas transition temﬁerature of the glend.. The .
glass transition temperature is a measure of the segmental mobility of
a polymer, and as such it is sensitive to the enviroﬂment of the segments.
In the glasuy state large scale molecular motion does not occur, rather
atomu and groups of atoms ﬁove against the local restralnts of secondary
bond forces. The glass transition temperature corresponds to the onset
of "llquld like notlon" of much ldrger segments of molecules and is
characteristic of the rubbery state. If a polymer blend shows two
distinct transitions, corresponding toc those of the parent nolymers,
the components are incompatible. A single transitibn, between those

of the components of the blend, shows that the polymers are compatible.
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Normally,however, one does not get éither a single sharp fransition
or two transitionse These represent extreme situations with thé
real results falling between the.two. There are several methods
for determining élass transition temperatures and these include

31 3

2 differential scanning

33

dielectric relaxation,” nuclear resonance

calorimetry and differential thermal analysis™ and mechanical testing.3

Measuring the index of fefraction of a polymer blend is another
useful method for studying polymer blend compatibility. If the
refracture index is measured over a range of temperatures it is
possible to determine the glass transition temperature of the blend.-
The theory and instrumentation are well discussed in booké35 which

also give tables of refractive indices for the common polymers.

The instruments which are used to measure refractive index can
be divided into three £ypes, the Abbe, Pulfrich and dipping
refractometers. The Abbe refraﬁtometer is suitable for measuring
the refractive index of solutions but difficulties arise with solids
which are in the form of thin films., The problem is that it is |
difficult to mount the specimens although several medifications
have been made to try and overcomé thiss, The Pulfrich refractometer
overcomes this pfoblem by mounting the f£ilm directly_onto'the mounting
prism. The dipping refraciometer is uged to determine the refractive
index befween a standard and an unkncwn. All three refractometers are
fitted with temperature controllers so that aécurate measurements can

be made at a standard temperature, or over a range of temperatures.
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Incorpatible blends show two indices of refraction and
two glass transition femperatures, cempatible blends show
one-iﬁdex of refraction and one glass trénsition temperature.
If a blend shows only one index of.refraction but two glass
transitibn temperatures the components are incompatible.
Either the dispersed pﬁase particle size is so small tﬁat light'__
scattering does not occur or the refractive indiceé of the two
polymers are almost identicale |

26

Jenkel”  has described the use of refractive index~temperaturé
rélationships to determine polymer blend compatibility. From the
results he was also able to determine the glass transition temperature
of the blend which he used as a second test for compatibility. Solid
polymer blendé were prepared from dilute chloroform soluticnse.

Blends of polystyrene and styrene-methyl methacrylate copolymers

gave films_which were cloudy and coarsely dispersed. The glass
transition temperatures and indices of refraction determined

for these blends corresponddto those of the individual components,
indicating incompatibility. Blends of polymethyl methacrylate and
polyvinyl acetate on the other hafd, gavé clear films with a singlé .
index of refraction. Howsver the blendssﬁowed two glass transition
temperatures corresponding to the individual componénts indicating

a two phase systems As this was confirmed by dynamic mechanical
measurements the dispersed phase particle size must have been éuch

that light scattering did not occur.
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Bartenevj? has determined the glass transition temperatures

of mill mixtures of natural rubber and Russian SKB by plotting

specific volume as a function of temperature. The glass transition

temperature changed in a way that suggested a continually altering
molecular environment, something which could only be achieved if

the polymers were compatible.

The best known example of a compatible polymer blend is the
polyvinylchloride~butadiene/zcrylonitrile (NBR) system in which
the compatibility is due to the strong interacticn between the

polar chloride and nitrile groups. Nielsen28 reported that -

these polymers were mutually soluble and that a technical mixture gave
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a single broad transition in a dynamic mechaniéai test. Wolff
and Takayangi53 have produch combatible blends to support
Nielsen's findings. Even so, conflicting evidgnce'indicateé
that true solubility is only attained over limited fanges of

rolecular weight and rubber copolymer gomposition?gjqo

Wolff and cowc:rk.er.'ss}+1 have reported ahother sysﬁem whith
shows partial compatibility., Blends of polyvinyl acetate with
a finylchloride/%inylacetate copolymer containing 5-10% vinyl
acetate were prepared on a two roll mill. Dynamic ﬁechanical
measurements indicated that blends with raties 60/40 and 20/80
were compatible as only one damping maximum was observed. At
internediate ratios two peaks were observed but these did not
correspond to the original components of the mixture. They

explained these resulis in terms of a homogeneity gap for

intermediate compositions.
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Stoelting and vcoworkershz found that blends of poly(2,5

dimethyl - 1,% phenylene ether) with atactic polystyrene gave

~

the parent polymers and indicating that the poljmers were incombatible.
When the glass transition temperature was measured by differential
scanning calorimetry only one peak was observed which indicated that

the polymers were compatible.

two peaks in dynamic mechanical measurements corresponding to :
The experimental techniques described so far confirm that polymer

blends are thermodynamically compatible, incompatible or on the

or incompatible exhibit the properties of a one phase homogeneous systen
or a two phase heterogeneous system respectively. © For blends on the
limits of thermodynamic compatibility the results depend on the demain
size and the sensitivity of the test method. If the compoﬁents of

a blend will not mix down to small sizes, and one of‘the test metheds
indicates a ﬁwa phase system, they are incompatible. All the test
methods described so far indicate that some polymer blends exhibit
properties of a compatible mixture with a single phase homogeneous

structure.

Optical and electron microscopy, which have proved to be invaluable
in studying the structure of polymer blends, have shown that all blends

have two phase heterogeneous structures. The principles of optical

Lz, kb

and electron microscopy are well described in books and in the

-
literatureq)’46

limits of compatibiiity. Blends which are thermodynamically compatible
and will not be discrssed here.
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Beth forms of microscopy are used to determine the

dispersed phese particle size of polymer blends, and also

to determine which polymer forms the_dispgrsed phase from |
refractive index measurem&nts. If the refractive indices

of the two polymers are almost identical staining techniques
can be used fo show the two phasés. A phase contrast |
microscope has a lower limit of about 1.0}1 but modern electron.
MLCrOSCOPes can now go dqwn to a few angstroms, which is much

smaller than the domain size of polymer blends.

Several.different techniques have been used by workers using
electron microscopy to study two phase polymer systems. Katoh7
“has used osmium tetroxide staining techniques to study ABS plastics,
A similar technique has been used by Matsu048 to study ABS piastics,
high impact polystyrene and P.V.C.-rubber blends. A replica
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techiique has been used by Rovatti and Bobalek”’ to study P.V.Ca =

butadiene/acrylonitrile cdpolymer blends which were prepared

49

with and without talc fillers. .Gesner ° has used acetone dispersions
to study A.B.S.resins. Kato has also used the osmium tetfoxide
staining technique to study ABS plastics ﬁsing optical miéroscopyo

.Turleyso

has used optical microscopy to study rubber reinforcement and
Traylor51 has developed techniques %o study polystyrene type polymers

under phase contract microscopy. .

0Of the methods discussed, dynamic imechanical measurements, glass
transition temperature measurements and optical and electron microscopy

give the most useful information on the compatibility of polymer blends.
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Thermodynami¢ predictions and experimentzl observations show
that when polymers qf different chemical composition are mixed
they will not intermix down to the'malecular level. Although
blends may show the properties of homogeneous blends in all
other tests microscopy shows them to have twé éhase heterogeneous.
stfuctures. .Polymgr copatibility can therefore be considered
as a measure of the attractions of two polymers for each other,
the greater the attraction the émaller will be the domain sizes
of the blend. While pélymer compatibility is important, it is
not the only féctor affecting the success éf a polymer blend.
There_are many polymer blends which rely on a definite two phase

structure for their success.

1:6 THE DEVELOPMENT CF TWO PHASE POLYMER SYSTEMS.

Twoe phase polymer syStems have become increasiﬁgly important
over the last fifteen years. One of the méjor factors contributing
to this has been the developuent of the rubber reinforced family
of polystyrenes. A review of the literature reveals the vast
amount of work that has been published on these systems conpared
with other polymer blends. The aim of the work was to improve the
impact propefties of styrene polymers without greatly affecting
the good characteristics'they already possessed. Lhe main developments
and theories are summarised below and show that theré is scope for

some of the successful ideas to be extendéd to other systems, especially

with the nunber of new polymers which have been introduced in recent years.
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The futﬁre of polystyrene as a commercial polymer was
still in the balance in the early 1940'3.52‘ It was recognisea
as a potentially useful polymer beéause of its good appearance,
stability, processibility and low cost but.development was
hampered by its poor impact properties. Attempts were made
te irmprove the impact strength by increasing ﬁhe moleéular weight,
the use of fillers and the deliberate orientation of the polymer
melecules but these produced only marginal improvements.
Plasticisers were also tried but these héd far too severe an

effect on the softening point to be of any commercial use.

A breaknthrough came with the introduction of the styrene- butadiene
Copolymerss These extended ﬁhe usefulness of polystyrene but were
© only partially successful in increasingAthe impact strength. It waé
not until the advent of the SER rubberwpoiystyrene blends,.which
fransformed polystyrene into a tdugh, yet stiff material, that

impact resistant polystyrenes became important cémmerciallya

Polystyrene and rubber can be blended in a number of ways.'
Originally the polymers were compounded on a two roll mill,
in internal mixers or in extruders but the impact strength of
the resultant blends were variable, and little better than that of.
unmodified polystyrene. Blending styrene-butadiené latex with
polystyrgne latex, followed by coagulation and drying has also been

used but again the improvement was only mavginal,

Today the common practice is to dissolve the rubber in styrene

monomer and then polymerise the styrene in the usval way.
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The fesultant blen& contains copoiymer in which shcrt;
polystyrene side chains aré éttéched to a rubber backbone,

as well as SBR a?d pelystyrene homopolymer. This méthod was
found %o givé the improvemsnt in impéct_strength required by |

mantfacturers to extend the usefulness of polystyrene.

The developmeﬁt of the ABS plaétics has been on similar lines
to that for the impact polystyrenes. Several methods of preparatiog
were triea before a blend with the desired properties was produced.
The mechanical mixing or latex blending of styrene/acrylonitrile
copolymers with butadiene/acrylonitrile copolymers pfoduced blends
which showed little improvement in impact'strength because of the
partial compatiﬁility of the two copolymers. The desired improvement
in the impact strength was finally obtained by overcoat polymensation .
in emulsion of polybutadiene dispersions in watef specially prepared

with barticle sizes in the regioh of Q. 5}4.

The main interest in two phase systéms is the ability of thé
dispersed particles of the rubbery phase to improve the impact
_strength of the glassy matrix. The impact strength in this case
is defined as the ability to withstand a shock loading without |

undergoing brittle failure.

The rubbers used in two phase impact systems have & high impact
strength and a low modulus while the blends themselves have a modulus

which is‘SIightly lower than the glassy component alone,‘and a yield

point below the vltimate tensile strength of the glass.




= I

After the yield point the blend shows ductile deformation, during
which whitening occurs, up to the point of failure.

¥

In an early attempt to explain the impact properties of rubber

53

reinforced polystyrene Merz, Claver and Baers attribute&'the impact
strength to the energy absorbing properties of the dispersed rubbery
phase and postulated that most of the applied energy was absorbed
by the particles. . They pictured the rubﬁer partidles holding
together the fracture surfaces of the continuous glassy phase beyond

the yield point of the composite, thus preventing a crack passing

through ity which would lead to failure.

Strella and Newmansq have shown that this mechanism cannot explain
fhe improved impact strength because the amount of energy which
can be absorbed by the rubbe: particles at the point of failure is
only a small fraction of the amount of energy actually absorbed.
It shouid be noted, héwever, that the mechanism proposed Ey Mera
required that there was good adhesion between the glassy and rubbery

phases.

Several workers hafe considerea the effect of crackformation.
Schuitt and Keskkula55 have taken phdtogréphs which show that when
a rutber modified polystyrene is st¥ined microcracks are formed
radiating fram the rubber particles. Stavarman56 using a similar
" system, tock photographs which suggested that the propogating cracks
were diverted by the rubbery particles, passing between, rather than
through thems Both groups of workers felt that the formation of a
multiplicity of microcracks in the glassy phase could dissipate enough

energy to account for the improved impact strength., More recent werk

has, however, indicated that microcrack formation is not the rajor

energy absorption mechanism in two phase impact systems.
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Howard and Mann”' and Sirella and Newman54 have shown that,

in & two phase sgystem which has béen stretched beyond its yield

point, essentially all of the dgformation can be recovered by

heating the mat;rial above the Tg of the continuous glassy phase.

The deformation is due tb the molecular orientation.of the glassy

phase and photographic evidence for this drawing in the

neighbourhood ofrthe rubber particles has been presented.s?‘ss'
Since such molecular orientation cannot take place below a

polymer’s Tg, paﬁticularly at the loading rates involved §ne,

or both of two things must be occurring. Either there is localised

heating of the glassy phase and/or a decrease in the Tg of the glassy

phase. If has been suggested that the rubbery inclusions may act

as stress concentrators, providing sufficient local working to

raise the temperature enough to initiate drawing, Dynamic

mechanical data indicates that, under shock loading conditions,

a relatively large proportion of the energy applied is converted

to heat which ﬁay contribute to raising the local temperature.

Strella and Newmath discuss in detall the fact that a tensile

stress on a material whose Poisson's ratio is less than 0.5

results in an increase in free volume, and thaf increasing fhe

free volume of é polymer decreases its Tge In two phase im@act

systems the glassy phase has a Poisson'slratio of less than 0.5

(often about 0.35), while that of the rubbery phase is about 0.5.

If the rubbery and glassy phases are.bound strongly enough at the

particle intefface to prevent separation and void formatiﬁn, the

rubber will tend to prefent the expansion of the surrounding'glassy

material, putting it under additionsl stress and further lowéring the Tg.
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They show, with appropriate  calculations that this‘mechanism
can result in the initiation of drawing in the region adjacent
to the rubber particles.

Support for this theory has come from Bucknrall and Smith.59
They have presented photﬁgraphic evidence for impact polystyrenes
which shows that what had previously been considered to be |
microéracks were in fact crazés- These Crazes, wﬁich are areas

of highly orientated polymer interspersed by voids, are the same

as £hose observed when untoughened polystyrene is strainedf The
presence of the rubbery particles shortens the individual crazes

and greatly increases their number, and this in turn increases the
fraction of glassy material converted to c¢razes. = Thus, the high
elongatidn and energy absorption in two phase impact polymers results
from the.drawing of the glassy phase éo form a high percentage of
crazed material. The familiar stress whiteﬁing which occurs is due
to the difference in the refractive index of the orientated craze

areas and the unorientated glass.

The present concept of.rubber reinforcement requires that the-
rubber particles be 1érge erough to start and stop craze development,
exhibiting typical rubbery properties with adhesion between the rubbéry
and glassy phases. This indicates the need for a minimum dispersed
phase particle size which has been shown to be of the order of 0.1 to
1 microns for effective reinforcement, depending on the cha}acter of
the glassy matrix. If the heterogeneity is reduced to molecular levels,
as is the case with ordinary copolymers, or the affinity of the
components isAsuch that they are mutually soluble, the result it

plasticisation and not an improvement in impact properties.
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To obtain & successful two phase impact plastic an optimom

© compatibility between the phases must be achieved, great encugh.

to provide the necessary adhesion at the rubber-glass interface,
yet mnot so great‘that the discrete two phase character is destroyed

by solubility.

It was found that the most successful method for improving adhesion
was to graftthe giassy monomer onto the rubbef backbone. The grafted
side chain is quite compatible with the surrounding glassy phase, and
is chemicaily bound to the rubber resulting in excellent adhesion.

5

. 6 s . .
Bevilacqua 0 and Howard and Mann 7 have obhtained electron micrographs

of rubber latex particles covered by "lumps" of grafted glassy polymer..

Dynamic mechanical measurements can be used to distinguish between
blends which dd, or do not exhibit good impact properties. Styrene-
butadiepe copolymers and compatible blends of SBR and polystyrene,
whose impact strength ié only marginally better than polystyrene, exhibit
one damping maxima which is interwmediate between those of pure giass
and the rubber. On the other hand, blends with good impact properties
show two damping maxima, corresponding to the original components.

of the blend.

Good impact strength in two phase systems also requires that the Tg
of the rubbery component be well below { about 40-50°C) its use

temperature. Thus good low temperature impact properties reguire

the use of a rubber with a low Tge.
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Experiments on the toughening)of polystyrene has not been
restricted to.styrene-butadiene rubbers. It is clgimed61’62
that a stereo regular cis 1-4 polybutadience is more effective
in toughening polystyrene than SBR. The reasons for this
greéter effectiveness include a better balancé of the compatibility

factors, the lower Tg of the rubber (=100 instead of -55 for SBR),

its greater resilience and its higher reactivity towards pgrafting.

Another interesting observation is that homopolyﬁers noted fof
their good impact strength such as nylons, cellulosé acetate,
polyethylene and polycarbonate éxhibit dynamic mechanical responses
similar to those fortwo phase impact plastics.  Bobalek and Evens63
showed that the fracture surfaces of these materials had a heterogeneity
similar to that observed with two phase impact plastics. They concluded
that the requirement for good impact strength is the co-existence of
a rigid (whether glassy or crystalline) and rubbery phases. |

Unﬁil recenﬁly, due to the amount of work which has been published
on the styrene modified polymers, valuable work on other polymer blends
has been overshadowed. RosSén19 in a review on two phase polymer
systems, has considered mainly styrene modified polymers but indicated
that he hoped it would stimulafé work oﬁ other heterogeﬁéous systems. .

As indicated previocusly,it was hoped that a process which had proved
successful for one system could be extended to others. It was thought
that the idea of polymerising a monomer in the presence of a dissolved

polymer could easily be extended to other monomers.



THE AIMS AND SCOPE OF THE THESIS,

Caprolactam, which can readily be polymerised to nylon 6
{polycaprolactam) was coﬁsidéred to be a suitable monomer.
Caprolactam is én important commercial monomer, being produced
in large quantities on an industrial scale. Several low cost
methods for producing'it have been developed in the last few years,
giving a mbnomer of high purity in high yields. Caprolactam is
usually polymerised to nylon 6 by one of two methods. Thé first
is in an aubtoclave or continuocus reactor using water as the catalyst.
The polymer produced by this method is in équilibrium with about
10% monomer which must be removed,at least in part,as it has a
pronounced effect on the properties of the final product. [HNylon 6
prépared in this way is used to produce tyre cord, textile fibres,
filaments and bristles, isﬁseﬁ,in extrusions and mouldings and is
formed‘into films. Caprolactam caﬁ also be polymerised by an
anionic mechanism, the reéction being carried out below the melting
point of the polymer and at atmospheric pressure. This mekes the
technique attractive for the producticn of large cast drticles, but

small items will continue to be made by extrusion and injection moulding.

Laurolactam, which is starting to become important commercially,
was used as a "solvent" in the work on polymer solubility, the results
" being compared with those for caprélactam. Laurolactam can be
polymerised to nylon 12 by an anionic mechanism similar to that for

caprolactam.

Caprolactam polymerisaticn has been well studied by Witcherle and

64|65 67,68.

. 66 , .
and other workers and the reaction mechanism is known.

»

Sebenda
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Encouragement for the use of caprolactém as a polymerisable monomer
ig given in the literaturs. A Du Pont patentsg describes the use
of ﬁolycarbonate;.as:cocatalysts in the anionic polymerisation of

caprolactam but no reaction mechanism is given and the structufe of
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the polymers obtained is not described. A Russian ﬁatent deseribes
tﬂe preparation of homogeneous blendé of polyamides and polﬁformaldehyde.
Homogeneous.mixtures_weré obtained by dissolving the polyformaldehyde
in the polyamide monomer and polymcrising the monomer. Maﬁzner and
coworkérs71 have described the use of chlorine terminated polysulphone
and polysulphone as cocatalysts in the anionic polyrerisation of
céprolactam at temperatures of 160°C,and above. In both cases
. block copolymers were produced. One disadvantage in using
caprolactam as a moaomer is that as yet compatible blends containing
a crystalliﬁe polymer are unknown. On the other hand the‘formation of

block and graft copolymers'cduld produce useful polymers for wse on

their own or when blended with other polymers.

The vroperties of nylon 6 are summarised below but a more detailed
description of nylon 6, and the other polyamides is given in books

72

and in the literature. Nylon 6 polymer is characterised by a
combination of high strength; elasticity, toughness and abrasion
resistance. | It is spmeﬁhat softer and less stiff than nylon 6,6 because
of its lower crystalline melting point dbut nylon 66 has better heat
resistance. The solvent resisténce of nylon 6 is good, only phenols,

cresols, and formié acid dissolve the polymer at room temperature.

Strong acids degrade the polymer and it is also degraded by hydrolysis at
elevated temperatures., If the polymer is to be used outdoors, it

rmust be stabilised or pigmented with sarbon black as its weatherability

is only fair. All nylous réadily absord moisture from the air and the

saturation moisture content of nylen 6 is 9-10%.
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Water acts as a plasticiser; reducing the modulus and tenaile.

strength but at the same time increasing its elongation. Therefore,

although nylon 6\is a good polymer it can be improved angd there is

evidence of this in the ].:'L‘cez:r‘ature.73‘711L
The aim of this work was two fold, to stuay the solubility of a

serieé of commercial polymers in caprolactam and laurolactam and

to prepare polymer blends, and if possible copolymers, by polymersing

caprolactam in the presence of dissolved polymers.

It was felt that if a second polymer was to have an effect on thei
properties of nylon 6 it would easily be seen what they were if it was
present to an extent of 10% by weight. Accordingly,the solubility
of a series of commercial polymers in caprolactam and laurclactam at
150°C was studied by attempting to dissolve 10% by weight of each
polymer in the monomers. It was found that, although the majority
of polymers were insoluble or only slightly soluble, some did.dissolve.
The results were discussed in terms of polymer solubility parameters,

hydrogen bonding and polymer crystallisation.

When polymers._dissolved to an extent of 10% by weight the monomer
was polymerised iﬁ the presence of the polymer by an aronic mechaniste
It was found that different polymers required differen£ techniques in
order that the monomer could be polymeriseds If the polymer contained

groups which were readily attacked by the cocatalyst the lactam anions

had to be formed in a separate reaction vessel. Of the polymers studied,

it was found that polycarbonate and polysulphone acted as cocatalysts

in the anionic polymerisation of capreclactam, copolymers being formed.

L4




None of the polymers soluble in laurolactam acted as cocatalysts.
Polymer blends were formed when the lactam monomers were polymerised

in the presence of other polymers.

?olysulphone, cone of the newer, heat resistant polyﬁers which
acts as a cocatalyst in the anionic polymerisation of caprolactam,
was considered to have useful properties which might be beneficial
if combined with nylon 6. Polysulphone~polycaprolactam copolymers
were prepared in order to determine the copolymer composition, the
reaction mechénism and to determine the molecular weight of the
polysulphone component of the copolymers. Optical microscopy was
used to study the phase structure of the copolymers as the polysulphone
concentration was increased. Some of the physical properties of the
copolymers wére measured and compared with those of a commercial

nylon 6.

Polymer blends wére prepvared bj dissolving polystjrene, impact
styrene and S.B.5. thermoplastic rubber respectively in caprolactan
and polymenﬁihg the monomer by an aniqnic mechanisﬁ. The composition
of the blends was determined, their phase structure was examined by -
optical microscopy and some of their physical properties were compared
with those of commercial nylon 6 and polycaprolactam homppdlymer%.
Itlwas hoped that the results would be of use in trying to explain

why blends with crystalline polymers are incompatible.




POLYMER SCLUBILITY,

INTRODUCTION,

Predictions of the compatibility of polymers with other polybersr
or solvents, are usually attempted from thermodynamic considerations,

or less precise consideratiorsderived there from.

The driving force of any process in thermodynamic terms is the

free energy, and is given by the Gibbs free energy equation, equation (1).

In the simple case.of an ideal solution 75 LLHM is, by definition
zeros.  Whether mixing occurs depends on the entropy of the system,
The ent?opy changé on mixing can be derived from Raoult's law, or
from statistical mechanics such that

B = =R n MmN 4+n, 1aN,) =-=---(4)
where R is the gas constant

n is the number of moles of each component.

N is the mole fraction of each component.
As this expressicn is always positive spontaneous mixing will
occur among ideal systems in all proportionse. The implication is
that the free energy of mixing must be negative for the production

of a thermodynamically stable molecular mixture.

However, few systems are ideal, and the heat of mixing lkfﬁq is not
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equal to zero. Hildebrand'~ gave the name "repgular solutions' to the

class of liquids in which CLSM has nearly the ideal value but b;HM

is not equal to zero., Since the entropy of mixing is always positive

in regular solutions the heal of mixing will critically determine whether

or not two substances will mix spontaneously, and the associated limita.
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ﬁ;HM for mixing is a measure of the atiraction hetween the |
molecules to be mixed. A negative L;Eﬂ means that heat is evolved
during mixing and the molecules will attract each other more than

they attract their own kind. If Eslﬂ is negative then spontaneous

1
mixing will occur, but if it is positive mixing will only occur

under conditions where

AR & TAs

A factor affecting polymer solubility is the difference in free
volume between the polymér and the solvent. If a polymer is
considered to consist of segments connected by stiff covalent bonds_
that restrict: the thermal motion of the segments, the thermal
expansion of the polymer will be relatively small, and decreaser
with an increaée in the chain length of the polymer. Dissolving é
polymer in a solvent is accompanied by large changes in the free
volume by both the polymer and the solvent, the polymer expanding
and the solvent contracting to at@ain the average free energy of
solutions The éhange in the free volume is more important for the
solvent so that thé net change of volume during mixing corresponds
to a contraction. The overall contraction during mixing brings the
molecules close together so that mixing is an exothermic process
and there is a negaﬁive,contribution to the heat of mixing. As the
contraction also corresponds to a lessening of molecular disorder
there is also a negative contribution to the entropy of mixing.

In principle thgse negative contributions to AHM and O SM could
cancel out but it is found that the contributicn to ZSE%% is more
important than tﬁat to Zk}%ﬁ so that there is a positive contribution
to ﬂsFM. As the volume of the solvent rapidly increases with

temperature relative to that of the polymer, the free volume

contribution increases with teuperature.




‘ - Furthermore, since the solvent is more comprecsible than the _
’ polymer the application of pressure decreases the free volume
of the solvent more than that of the polymer and increases

polymer solubility.

Patterson?? has considered the effect of ﬁolecular‘shape and

size on polymer solubility. He has sﬁggested that, in additi&n
to the effects mentioned above, there is an effect arising from an
ordering of molecules of liquids composed of long chain molecules
and certain polymers. Long chain molecular liquids such as n -
hexadecane are not distributed completely at random, but, in order
to improve packing, the chains rﬁh‘parallel to each other over
short distances. Evidence for this ordering comes from measurements
of the depolarisation of scattered light from these liquids. As the
only molecules considered in this work were alkane isomeré of

. formula C6H14 or 015H34 other molecules need to be studied to

determine the significance of this effect on rolymer solubility.

Four types of interaction are generally considered in solutiaons
of non-electrolytes. These are

(D Dispersion {London)forces.

{2) Dipole-dipole interactions.

(3) Dipole~induced-dipole ineractions.

(4) Hydrogen bonding.

The change of internal energy, AE, needed to overcome such
interactions in the case of a simple liquid is related to the molar

heat of vapourisaticn AHV by equation {5)

AE = AHV = Rl = === - (5)




~36-

AL is known as the molar cohesive energy and is defined as
the energy required to break all the moleculnr contacts in a

mole of ligquid. If V is the molar volume then equation (5)

becones ™
AVE - AHV -rry L 6)
v
AE . . i . )
7 is now defined as the cohesive energy density.

Early workers considered only ideal solutions and solutions
in which there were only weak interactions. Hildebrand and
Scatchard78 noted that, when only dispersion forces were present,
the cohesive energy density of a pair of dissimilar liguids was
arproximately equal to the gecmetric mean of the cohesive
energy densities of the components. They derived an expression

for the heat of mixing using the assumption.

' 1 o A\ . -
HM=V¢1¢2 £ \? (La |

—

V1 V2

Where dP is the volume fraction

and V is the'total volume of solution.

P 4 o
" Hildebrand called the expression(%)2 the solubllity parameter

and assignred to is the symbol é.. The solubility psrameter is
in fact a measure of all the intermolecular forces present.

Bguation(?) can now be written as _
2
T . . B T
Dby = V¢1¢'2[d-1 Jz] (8)
The partial molar heat of mixing is given by

— 2 2 |
A, = y1c§>2 [d'1 -d-;J ------- (9)

Where V1 is the molar volume of the solvent

432 is volume fraction of the second component
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Although equation (9) was derived from solvents and solutes
of similar molecular volume, it has been used extensively for
predicting polymer solubility by combining it with an entropy term.

79

. 8 . . .y
Flory’” and Huggins © succeeded independently in deriving an

expreséion for the entropy 6f mixing high polymer solutiuns by
calculating the number of possible configurations for_a mixture of
polymer and solvent.molecules arranged in a lattice. The
individual segments. of the polymer chain were considered to be
similar in size to the molecules of SOlvent.
The entropy is given by

AS = = R (ny J,nx.!'-nlnx) ------ (10)
which is similar to equation (4). In equation {10) the volume

fraction has replaced the mole fraction.

Flory81 has extended this work by modifying the heat of mixing
térm in a way similar to which he modified the entropy of mixing term.
By combining the expressions for the partial molar heat of mixing
and the partial molar entropy of miking an expression for the partial

molar free energy of mixing of a polymer solution was cbtained.

It is known as the FlorynHﬁggins partial molar free energy équatién.
In deriving this.equafion Flory introduced a solvent-solute interation
parameter xX. He showed that the solubility of a polymer in a .
given solvent is controlledrby the value of X as it is a free
energy paramefer. ‘Flory82 later suggested that X should be
rreplaced by a power series in concentration. This treatment, while
iimited in detail, works reasonably well for non-polar polymers in
various ﬁonmpolar-SOIVenté. It was not until the middle sixties that

any satisfactory treatments for polar and hydrogen bonding solvents

began to appear and these will be considered later.
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When it was realised that colesive energy densities were
important in controlling solubility nethods for estimating them
became important. For non-polymeric materials this was
relatively eééy as they could be calculated from vapour pressure data
(equationlﬁ). Calculating solubility parameters from vapour pressure
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-data has recently been reviewed by Hoy. - Using the equations
of Hug,genr:i::u::hergLF and computational methods he has calculated the

solubility parameters for a broad range of solvents and chemicals.

Although the vapour pressure method cannot obviously be applied

to polymers it was noted that liquids with like solubility.parameteré

were apt to dissolve the same solutes and be mutually compatible.

It therefore seemed reasonable to extend this method to studies of

polymer solubility. Two experiméntal methods are quoted in the
literature. The first method involves the swelling of a slightly

cross~-linked analogue of the polymer being studied in a series of .

solvents. The cfp value for the polymer is taken as the d value

of the solvent in which it swells most so that the determined value
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is somewhat dependent on the cross-link densitys. Gee, and Bristow
and Watson86 have studied the swelling of various rubbers in various-
solvents. The second method involves measuring the intrinsic

viscosity of a polymer in a series of solvents. The value of d-p is
taken as being equal to the cfs value where the intrinsic viscosity

has a maximum. Generally a plot of intrinsic viscosity against

solvent solubility parameter gives a bell shaped.curva with a reascnably
| well‘defined maximum. When discussing the significance of such

results the nature of the solvent must be taken into consideration.

More or less polar and more or less hydrogen bonding solvents often

provide different curves.
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In both cases specific interactions and differencesin molar
volume make the estimation of (Sp more difficult. Both methods

have the disadvantage of being laborious and time consuming.

There are several metheds for calculating solubility parameters

87

from thermodynamic data. They can be caleculated from critical
pressure data, from the relationship of pressure and temperature,
and also from the Van der Qaal's gas constant. There is also a
methed for estimating solubility péraﬁeters at varicus témperatures
but the values are not usually gquoted above 3000. It should bé
possible to estimate solubility parameters at %K from the

coefficients of thermal expansion 0L, and the compressibility{& by

the eguation.

This equation could provide a means for the direct estiration of
d‘ for polymers because O\ and fb should be .measurable., - The method
is mainly of theoretical interest for liquids since thermal

coefficients are not available.

Small88 has described a method for calculating solubility paraﬁeters
which does not involve experimentation. Assuming that the geometric
mean rul holds, he found that the soluﬁility pvarameter contributions
of different groups in a molecule, to the overall solubility parameter,

" were additive. He determined a et of additive constants for the

N

commoner groups in organic molecules and from them calculated (EV)Z,
He called them molar atiraction coustants and gave them the symbol T,
LT summed over the groups present gives the value of (EV)% for cne

nole of substance concerned.
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The molar cohesive energy,E,; the cohesive energy density C.E.D

and the solubility parameter d are thren given by

E = (ZF)_2 S C.E.D. = (E7)° 3 d' = TP -~ - = = =(12)
] -y v

All compounds in which hydrogen bonding occurs, or which are highly
polar, Were_excluded from this work. Coﬁpounds containing hydroxyl
groups, nitrogroups, amines, amides and carboxylic acid were among

those not considered.

The compounds for which Small's formula did nct work were the
lower esters and ketones. For these compounds data for higher
nerbers of the series were used insteads The results obtained by
Small were excellent for olefins aﬁd varied from reasonable to good
for the other organic compounds considered. Steric effects,
conjugation and ring closure are some of the factors which effect
thevalue of ¥. Packing several large atoms or groups of atoms round
a central atom results in the cbserved value of (EV)% being lower
than the calculated value, For carbon tetrachloride the value
of (EV)% by Small's method is 987 cal% cc% and the observed value
is 835. Conjugation in styrene and butadiene and ring closure
results iﬁ an increasé in (E‘v"):al over that calculated by Small's
method. Small found that the lack of reliable aensity data for
well characterised polymers was a cause of sowe uncertainty in the

calculated value of <f N

Although Small made no attempt to treat compounds in which hydrogen

bonding occurs his method has been successfully extended to cover
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carboxylic acids by Hoy. In many compounds in which hydrogen bonding

occurs the experimental values ofcf and those obtained in Small's

method differ considerably.
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If, for carboxylic acids, thé calculatioﬁs are madq,assuming'_
the acid to exist as a moncmer Small's method does not give
accurate predictiohs for the value of & . Hoy assumed
that the acids existed in the dimer form and adjuéted tﬁe
calculations éf the solubility parameter accordingiy.Using the

dimeric structure

O—=> H—0,
Vs N
R —C /c—-—R
O~ «— 07
and computational analysis Hoy obtained satisfactory results for

fourteen carboxylic acids,

The solubility parameters of sowe types of polymefs which do not
contain polar or hydfogen bonding groups, such as copolymers or
crystalline polymers, may also be difficult to define. The
solubility behaviour of random, block and graft copblymers is
often quite different and it is therefore not justifiable to assign
the same overéll cohesive energy density value to such polymers.
Partially crystaliline, or crystailine polymers have a lover free
energy than the corresponding amorphous polymer and in order to -
dissolve them the free energy necessary to melt the crystals must
" be supplied. Entropy changes increase on the disordering of
rolecules and make it easier for palymers to go inte solution. However,
the amount of energy required may not be compensated for by the entropy
gain and in such cases the polymer may go into solution only if heat
is supplied. Crystalline polymers much below their melting points are
often only appreciably soluble in selvents which have some special
interaction with them.  Such interactions are usually hydrogen bonding.
For crystalline polymers such as polyethylene and polytetrafluorcethylene,
ih which there is no pessibiiity of hydrogen bonding, the heét refjuiremsnt
for melting the crystals is so high that they are insoluble in zll

solvents at room temperature.
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A crystalline polymer. which shows_Specific interactiom ia nylon 6
which is soluble in formic acid and pherols at room temperature
because it can form hydrogen bonds with them.--

~

The preceding discussion has been concerned with solutions

" in which only weak forces are involved and the equations derived

are only applicable to simple systems, If hydrogen.bonding
forces are present in a system they are usually strong enough that
they cannot be ignored. The strengtﬁ of a hydrogéh bond falls
between that of dipole interactions and chemical bonds. Water
would be a gas if it were not for hydrogen bonding which causes
the molecules to cluster together. Most polar compounds such
as alcohols and ketones associate into clusters due to hydrogen
bonding. Smali discussed the importance of hydrogen bonding and
thought that at least two parameters would bg required to express
the properties of hydrogen bonded liquids.‘KThe first is related
to the hydrogen bond accepting capability and the second to the
hydrogen bond'donating ability of the molecule_involved. He
proposed equation (13) as a measure of the contribution of hydrogen
bonding (ldth ) to the heat of mixing
A =b, &, @, -G, I (L, -, - (13)
where - & is the hydrogen bonding ;ccepting ability | |
"ﬁ. is the hydrogen bonding donating ability
¢> is the volume fraction.
He suggested that when hydrogen bonds were formed it might be more
appropriate to use mole fractions'instead of volume fractions.
Although parameterslsuch as O and ¢ have not been measured
equation (13) has been used to make qualitative prediciticns of:

the effect which can be expected for various mixtures. ' .
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One of the first practical methods for treating hydrdgen bonding
forces in solution was devised by Bur‘rell.g9 He classified solvents
by their tendency to form hydrogen bonds. His classification is

as follows:~ (a) Strongly hydrogen bonded (e.g. alcohols, carboxylic

acids, water, oyridine}, (b) Moderately hydrogen bonded (e.g. ketones,

halogen compounds, nitro corpounds, nitriles.)

Liébermanngo arbitrarily assigned number ranges to Burrell's
classification and then determined an empirical hydrozen bonding
number for each solvent from solution data. He then portrayed
polymer solubility on a plot of hydrogen bonding number versus
solubility narameter. These were the first in a series of papers
by different authors who have tried to treat polar and hydrogen bonding

esters, ethers, aniline.), {(c) Poorly hydrogen bonded (e.g. hydrocarbons,
soluticns thermodyramically. ‘

.
Blanks and Plausnit291 have given a detailed treatment of polar .

solvents in which the solubility parameter is split into two parts.

One is associated with normal Van der Waéls forces {dispersion forces)

1

and the other is associated with polar forces.

92493,

Crowley,'ﬁbagué and Lowe ave used three dimensional plots for
displaying éolymer phase diagrams, volumes of solubility 5eing drawn up
for a number of resin types from existing data. The three parameiers
chosen relate to the three types of intermolecular ferces that occuf.
These are dispersion, polnr and hydrogen bonding forces represented

as follows:

d - the classical Hildebrand solubility parameter.

6 - a measure of hydrogen bonding cbtained by the
spectroscopic technique of Gordy and Stanford.

ji - dipole moment, as a measure of dipole-dipole interactipn.
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Hansen has:done work.on similar lines to that of Crowley.
He has split the Hildeﬁrand solubility parameter into three parﬁs
on the assumption that it is a measure of all three types of |
intermolecular force, The three componénté are dispersion, polar

- and hydrogen bonding forces and are represented‘by :

(ﬁd - which describes the'dispersion forces.,

<{b ~ which describes the dipole-dipole and dipole-induced-

dipole interactions.

'6}\ ~ which describes the hydrogen bonding forces.

Hansen obtained an equation. for d‘ on the assumption that the

total energy of vapourisation was an additive quantity such that

v v R v o
E = Ed + hp + Eh (14)

dividing thréugh by the molar volume gives

2 = df «d2 +di----09
Using these solubility parameters Hansen éonstructed a thrée-
dimensional solﬁﬁility diagram. A polymer is represented by a
point round which a sphere can be constructed. Any liquid
characterised by a point lying within the sphere is a solvent
for-the polymer while a liquid represented by a point outside
the sphere is a non¥solvent for the polymer. The radius of the
svhere rust be determined experimentally. By using this approach
a suitable solvent for a polymer can be chosen without laborious
experimental work, It is alse more powerful than Flory's

interaction parameter for characterising solvent power.

One of the advantages of this approach is that it avoided the
arbitrary axes which were used by Crowley. Although lansen was able

to obtain an eguation fox-d‘ he was unsble to solve is completely. .




By usiné the homomorph conceét introduced by Blanks and Plausnit291

he was able to determine the value of sz . This left (Jpa-i-(ﬂ,f)
which he'referreq to astiag, but was only able to =olve it empirically.
Alfhough his approach has Been very successful Honsen realised that |
manf probléms remained. The hémomorph approach failed in the case

of solvents containing chiorine and sulphur atoﬁs and in other cases

the proper homomorphs were hard to chooses The effect of temperature
on the solvent parametérs was also unknown. For larger molecules where

the total energy of vapourisation was not available the solubility

parameter has to be calculated by Smzll's method.
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Bagley, Nelson and Scigliano”  have considered solubility parameters
and their relationship to internal pressure measurements in polar

and hydrogen bonding solvents. By making precise internal pressure
measurements they were able to make determinations of the characteristics
of a solvent and the effect of temperature_on them. They did this by )
considering two solubility parameters, the first a volume solubility

parameter and the second a residual seolubility parameter. These can

be related to Hansen's three dimensional solubility parameters

du=ufp = (d&+dg)  ------ (16)
de =dn "
where db is the volume solubility parameter.
&} is the residual solubility parémeter

FL is the internal pressure.
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Bagley thought it possible that 6nly two solubility parameters
ware negded to describe d‘ forra solvent; One corresponds t§
the ”physical" contfibution (bolarlan& noh polar effects) and the
other to the “chemical" contribution (hyd:ogén bonding effects).
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Bagley and Chen have studied hydrogen bonding effects in solution

using the two dimensional solubility parareter, ChenqoO haé
extended Ehis study to treat Polymer/solvent and polymer/plasticiser
systems. The solvent power of an organic liquid was consideredr
to be characterised by the parameters Jh and IH' d h is the
hydrogen bonding solubility parameter of the liguid and IH is the
term which takes into account the dispersion and polar interactions
between the liquid and the polymer and also the effects due to
temperature, Chen showedthat Hansen's solubility sphere can be
represented by a solubility circle in an JCH-(ﬂ1 vlane.

He used Hansen's solubility data and experimental and calculated
values of‘(ﬁa, é} énd cﬁ‘for the liquids and polymers considered,
He derived an expression for 3C such that

X;%[(cfd;cfdp)a*- (d’pL-d-pé)z] - - - - ~(17)

which he solved using Hansen's data.

The solubility circle for a given ﬁolymer was de?ermined by first
locating the polymer, and all the liguids considered in thélcﬁ—cfh plane
and then determining the solvent power of a few liquids at different
distances from the polymef. Hansen classified polymer/liquid mixtures
into =ix groups and Chen, assignirg a different symbol for each group
used if when plotting his graphs. - The smallest polymer-non solvent
distance is the radius of the solubility cirele for the polymer.

Solvents which lie¢ within the circle should be solvents Hf the polymer.
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Tﬁe best solvents for a polymer should be represented by points
close to the centre of the cirﬁlea

Solution the;modynamics iﬁdicate that large J;*values, or a
large difference in the th values of polymers and 1iquids; faﬁovrs
immiscibility_in a poiymer solution. Self association of the solvent
or polymer in a polymer solutioﬁ favours immiscibility while‘muﬁual

association between polymer and solvent favours miscibility.

© The ﬁsé of such.a two diménsional solubility parameter neans that
the centribution of hydrogen bonding to the heat of mixing can be
separated from the pﬁysical contribution in all kinds of mixtures.
The work also showed that the dispersion and polar contributions have

a similar nature which is indicated by equation (17).

Chen only censidered three polymers and suggested that a more
precise.relative scale between the dhh and.J:H axes could be obtaiﬁed
by extending fhe work to cover more polymers. This work could also
" be extended to polymer solubility in mixed liquids and to polymer-

polymer cempatibility in blends.

Nelson, Eemwall and Edwardsqo1 have looked at the methods for
nredicting solubility and concluded that, in the casés of soivents
capable of hydrogen bonding they were inadeqﬁate.  Methods for
eStimating hydrogen bonding forces in solution usually considered

them to act in the same way as polar and dispersion forces.
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When dispersion and polar forces are the only‘forces acting in
a system their contribution to the heat of mixing is either
Zero or positive; Hydrogen bonding forces can however, make

a positive. or negative contribution to the heat of mixing.

By using Small's equation (eguation 10) as a measure of the
contribution af hydfogen bonding forces to the heat of mixing
it is possible to predict the effects which can be expected for
various mixturess The most favourable situation for miscibility
is when a compound which can act as a proton donor is mixed with
one that can act as a proton acceptor.- In this case the contribution
to the heat of mixing is negative which enhances solubility.
Unfavourable contributions to the heat of mixing occur in systems
containing donor/acceptor molenules. This is because some of the
interwmolécular hydrogen bonds which exist in donor/acceptor systens
must be_broken if that compound is to exist in.a single phase with

another compound.

Any explaﬁation for the effects of hydrogen bonding on solution
properties must therefore take into'consideration both the positi#e
and negative contributions to the heat of mixing. HNelson has
proposed a hydrogen bonding parameter, referred to as a "net hydrogen

bonding accepting index Op which is given by equation (18)

B= 2 KVeye - - - - (18)
L=t

where Vi is the volume fraction of the ith component of the blend
Ji is its hydrogen bonding parameter.

k is a weighting factor.
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Nelson has pointed out that équation {18) is not an attempt -
to défine hydrogen bonding interactions in rigorous thefmodyﬁamic_ -
terms.. Rather it_is an improved method for predicting relative
effects due to ﬁ&drogen bonding interactions because it recognises
unfavourable contributions of the heat of mixing. It also helps'to
explain why solvents which are predictedrto be similar by other
methods, do in practice differ widely in their ability to dissolve

particular polymers.,

Nelson also points out that the popular methods for solvent
selection are based on the theory of regular solutions. In a
regular solution there are no strong associations between molecules
5o the entropy of mixing is rearly ideal. This is probably a good
approximation when only polar and dispersion forces are involved
but not so when hydrogen bonding forces are involved. Hydrogen
bonding forces can be-quite strong,and substantial association
betweéﬂ molecules can occur in hydrogen bonding mixtures s¢ that the
entropy of mixing is far from ideal. Therefore, although polar

“and dispefsiqn forces are usually adequately described by heat of
mixing parameters related to solubility, more is required when
hydrogen bonding forces are involved. He has suggested that the
hydrogen bonding parameter should be a free energy parameter to account

for the entropy deviations caused by hydrogen bonding.

Although much frogress hzs been made in the last ten years in
assessing the fundamental factors concerned with polymer solubility
mich has still to be done. As yet no thermodynamic theory can
treat situations quantitatively, nor is it able to handle precisely
the effects of polymer concentrations The behaviour of two p&lymers

in a common solvent cannot be predicted from existing theory either.
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In ﬁiew of the importénce of solubility and compatibility in
polymer solutions Rudin &nd Johnsbnqo2 have suggested a completely

.different approachs - They have suggested that a model based on
kinetic rather than thermodynamic considerations might give results
in betier agreement with experimental observations. The polymer/solvent .

mixture is treated as a colloidal dispersion that may coagulate.

They have attempted to develop a theory which is suitable for
making predicitions using only parameters which can be estimated in
advance, The basic parameters used in the theory are the constants

in the Mark Houwink equation (equation 19) for the intrinsic viscosity

of a polymer in a given solvent,.

[’?] CRME Lo (19)

where K and O are constants.
[%] is the intrinsic ?iscosity
M is the molecular weight.
The constants K and ¢4 are reascnably well tabulated although not

2ll the common polymer-solvent combinations have been studied.

Although theif'model is written in mathematical tefms some of
their derivétions.were intuitive and they expect that the theéry will
need refining in the light of experiméntal results. = At present the
calculations are somewhat involved and the results quoted in the
paper were from a computor. They hope that‘they can simplify the
model so that once the concepts are understood, calculations can be
madelhy hand. In their paper they derive the egquations necessary
for fhe prediction of the time required for an initial molecular

scale dispersion of a polymer in a liquid diluent to tecome

noticeably demixed.
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.Théy calculated the rate at which a given polymer_ "solvent"
dispersion coagulates and used the‘results to estimate the tine
for the mixture to deVelbp a noticeable turbidity. The calcuiations
required estimates of the viscosity of the mixture and the rate of
diffusion of the polymer in the particular system and methods for
computing them have been briefly described, Estimates of the
viscosity and the diffusicn coefficients required a khowledge of
‘the polymer molecular weight, amorphous density, solvent viséésity. 
and the Mark-Houwink coef{icients for the particular polymer énd solvent.
Predicitions of the turbidity of the polymer-solvent mixtures‘required,
in addition, values for the refractive indices of the liquid ;nd

polymeric components,

The results cbtained by using the model were in qualitative
apreement with practical experience and the limited laboratory
data‘avéilablé for cémpariéon. They expressed the hope that the
foundations laid by their work would be built upon to develop

better methods for predicting polymer solubility.




2:2

2:25

“5oe

EXPERIMENT AL

‘MATERIALS,

Analar benzene (Fisons Ltd.) was used without

further purification.

€ CAPROLACTAM,

€ caprolactam {Courtaulds Ltd.) was recrystallised
twice from benzene, dried in a vacuum oven at room
temperature, and stored in a vacuum descicator over

_phosphoras pentoxide,

LAUROLACTAM.
Laurolactam { ' Hiills Ltd.) was purified in the ~

same way as caprolactam.

SODIUM HYDRIDE.

Sodium hydride { Xoch-Light Ltd.) was used without
further purification. It was stored and handled in
a glove box through which a continucus stream of dry
‘vhite spot' nitrogen was passed. The glove box
contained beakers of phosphorus- pentoxide and silica

gel to maintain a dry atmosphere.

N ~ ACETYL CAPROLACTAM,

N- acetyl caprolactam {Courtaulds Ltd.) was dried by
refluxing over calcium hydride for three hours under

a ‘white spot' nitrogen pressure of 3mm Hg, distilled

at 190°/10mm Hg, and stored over calcium hydfide.
Hydrelysis with aguecus sodium hydroxide followed by

back titration with perchloric acid indicated 1C0% purity.

A gas liquid chromatograph run on a Pye Series 104

chromatograph gave a single peak.

25 .,
N, = 1.4882
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CUMENE (ISOPROPYI, BENZENE)

Cumene {Fisons S L R Grade) was used without further
purificaticn. Its vapour was used to provide a
. constant temperature, 150° C, in the polymensation

apparatus.

p__ CYMENE.

P Cymene (Fisons Technical Grade) was used without

further purification.
POLYMERS -

Commerciai polymérs, listed in Table 1, were used

after drying overnight in a vacuum oven at room

temperature.




‘ TABLE 1 _

‘ POLYVER. TRADE NAME/GRADE. © SUPPLIER.
POLYSTYRENE - LUSTREX HFSS  HONSANTO
POLYMRTHYL - | |

METHACRYLATE ~ DIAKON M0O900 I.C.I

NITRIIE RUBBER BREON 1042 B.P.PLASTICS
POLYCARBONATE MAKROLON BAYER
POLYBUTADIENE BR 1200 SHELL
POLYISOPRENE CARIFLEX | SHELL
POLYETHYLENE

HIGH DENSITY - XDG =33 _ I.C.I

LOW DENSITY " RIGIDEX TYPE 25 B.P.FLASTICS
POLYPROPYLENE PROPATHANE GWE 105 LI
POLYEPICHLOROHYDRIN HYDRIN 100 B, F.GOODRICH.
EPICHLOROHYDRIN/ , -

ETHYLENE OXIDE COPOLYMER. HYDRIN 200 3.F. GOODRICH.
POLIVINYL CHIORIDE  WELVIC 1.C,I.
" NATURAT, RUBBER SM SMOKED RUBBER . HUBRON RUBEER

RSS1 CHEMICALS.

NYLON 12 VESTANID 11801 HULLS,

NYLON 6  MARANYL F/106 I.CuIe

NYLON 66 : MOULDING GRALE - ‘I.C.I

NYLON 6, 10 MARINYL B/100 ' I1.C.I.

NYLON 11 RILSAN EMNO | I.C.I.
POLYSULPHONE - 4700 P3500 B.X.L.
POLYCHLOROPRED B NEOPRENE W Du PONT.
STYRENE-BUTADIENE INTOL 1500 T.S.R.

(5.B.Re)

STY RENE~BUTADIENE POLYSAR S§ 250 POLYMER CORPORATION
(HIGH STYRENE RESIN) :

IMPACT STYRENE  LUSTREX HT 42-1  MOHSANTO




POLYMER,

%~3 BIS(CHLOROMETHYL)
1~ OXACYCLCBUTANE
SILICONE RUBBER

S.B.S. THERMOPLASTIC
RUBBER

STYRENE -
ACRYLONITRILE

ETHYLENE VINYLACETATE
- COPCLYHERS

(1) 28% VINYL ACETATE.
(2) 409 VINYL ACETATE,

POLYETHYIENE OXIDE

POLYPHENYLENE OXIDE

POLYETHYL ACRYLATE

TARLE 1 CONTINUED.

TRADE NAME/GRADE.
PENTON |
STLICONS RUBBER

B.300

PH104 - 1001

‘TR 3202 NATURAL

TR 2104~1001
TR 5151 NATURAL

TYRIL 790

ETHYLENE-VINYLACETATE
28-05
40-50

POLYOX.
FPFO

CYANACRYL L

SUPPLIER, -

 HERCULES.

I.C.T

SHELL

DYSTRENE 1ID.

I.C.I
I.C.I.

CARRIDE.
GENERAL ELECTRIC

AVMERICAN CYANAMID CO,
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U SOLUBILITY CF PCLYMERS TN LACTAMS,

The solubility of polymers in caprolactam and laurolactan

‘was studied in a vapour heated polymerbation tube fitted with

a nitrogen hubbler and a nitrile rubber seal.

The require& weights of lactam monomer and polymer
{10% by weight) were.weighted into a polymerization tube and
dried in a vécuum oven at room temperature overnight. The
tube was then fitted with a nitrogen bubbler and placed in a
constant temperature bath (ihe vapour of boiling cumene - 15600).

Figure 1. HNitrogen bubbling through the liquid gave sufficient

agitation to help solution formation. If the polymer dissolved,

the tube was removed from the constant temperature bath as soon

as solution waslcomplete. If, after four hours, thg polymer showed
no signs of dissolving, it was considered to be .insoluble and the
polymeXsation tube was removed from the constant temperature bath.
For polymers which had parﬁiallj dissolved, more time was allowed

to zee if a solution could be obtained.

THE POLYMERISATION OF LACTAM MONOMERS IN THE PRESENCE
OF DISSCLVED FOLYMERS,

When a polymer dissolved in either caprolactam or laurolactam
an attermpt was méde‘to polymerize the mononzer in its presence.
Sodiunm hydride was used as the catalyst and, where.necessary,
Heacetyl ca?rqlactam was used as the cocatalyst. In all the

attermpted polymersations the amount of the second component was

10% by weight,



The regaired weights of polymer and lactam monomer were
weighed into a p@iymeﬁsation tube and dried in a vacwum oven
at room temperature overnight. -The polymerisation tube was
then fitted with a nitrogen bﬁbbler and placed in a constant
tempefature‘bath ( 150 4 0.5%, the vapéur of boiling cumene).
When all the polymer had dissdlved the sodium hydride was added.
The catalyst was stored in a glove box large enough to contain
a four figure balance so fhat it could be weighsd: into a weighing

bottle in an inert stmosphere. The actual weight of sodium hydride

added was weighed by difference, the weighing bottle being weighed -

before and after the addition on a four figure balance in a balance
room. This method for weighing the sodium hydride catalyst was
used for all the polymerisations described in this thesis. 1In

all the attempted polymerisations the catalyst concentration was

2 mOl'e %o

In the most simple case the catalyst reacted with the monomer
to form lactam anions, hydrogen being evolved. When all the
catalyst had reacted, indicated by the evolution of no more
bubbles 6f hydrogen, the N- écetyl caprolactam was added from a
ricrosyringes The amount of cocatalyst used in all the attempted
polymensations in which it was used was 0.3 mole %. Polymerisation
was initiated almost as soon as the cocatalyst had been added ang
the viscosity of the solution started to increase after about
four minutes. The polycaprolactam had crystallised after about

twenty minutes and the experiment was stopped after one hour.
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shen polysulphone was the dissclved polymer and caprolactam
the monomer it was feound that polymerisation occured without the

addition of a cocatalyst.

~

If the Cataiyst.réécted with the dissolved polymer nore
readily thaﬂ with the monomer, usually indicéted by the producﬁion
of an intense colour, the experiment was stovped. For these
polymers the lactam anions haﬁe to be formed in a separate vessel

for polymerisation to occur. The fequired weight of polymer,

together with part of the monomer, were weighted into a polymerisation

tube, The remainder of the monomer was weighed into a separate
polymerisation tubes  After drying overnight in a vacuum oven

at room femperature the tubés were fitted with nitrogen bubblers

and placed in a constant temperature bath. ( 150 * 0.500).
Whenlall the polymer had dissolved in the monomer the required
weight of sodium hydride.catalyst was added to the monomer in the
second polymerisation tube. When 211 the catalyst had reacted the
solution ccntaining.ﬁhe lactam anions was added to the polymeriséﬁion
tube containing the polymer solution and thoroughly mixed. The
required volume of N-acetyl caprblactaﬁ was then added‘from a
microsyringe and the viscosit& of the sclution started to increase
after about four minutes. After twenﬁy minutes the polycaprolactan

had crystallised and the experiment was stovved after an hour,

With caprelactam as the monomer and polycarbonate as the dissolved

polymer, polymerisation occured without the addition of a cocatalyst.
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CAPROLACTAM POLYMERISATION AT 176°C.

The required weight of caprolactam was welghed into a
polymerisation tube and dried overnight in a vacuum oven at

room temperature. The tube was then fitted with a'nitrogen

‘bubbler and placed in a constant temverature bath (176° C,

the vavour of boiling p cymene). When all the caprblactam
had melted the required weight of sodium hydride was adaed in
the usual way.and the solution was héld at 1?600 for two hours.
If the viscosity of the solution started to increase, indicating
that polymerisation was taking place the nitrogen bubbler was
raised above the level of the liquid. A nitrogen atmosphere
was maintained above the polymersing monomer for the duration

of the experiment to prevent oxidation. Two hours after
adding the catalyst the polymerisation tube was reﬁoved from

the constant temperature bath and cooled gquickly by plunging it

into liquid nitrogen.

FOHOVER CONVERSION.

The contents of the polymelizsation tube were placed'in a

beaker and dried in a vacuum oven at room temperature overnight,

They were thenwsighed by difference into a coxhlet extraction
thimble and the unreacted monomer was removed by extracting
for 24 hours with water in a soxhlet extraction apparatus.
The contents of the extraction thimble were then washed into
a weighed beaker with distilled water, evaporated to dryness

in an oven and diied to constant weight in a vacuum oven.
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RESULTS AND DISCUSSION.

- PCLYMER 3QLUBILITY TN LACTAM MONOMERS, -

The results of the solubility experimentis are shown in

-Tables B‘r 5.

TARLE 2.

POLYMERS SOLUBLL IN CAPROLACTAM AT 15000;

POLYSTYRENE

POLYMETHYL
METHACRYLATE

POLYCARBONATE

STYRENE-ACRYLONITRILE
COFOLYMER.

PENTON

IMPACT STYRENED

NYLON 11

FOLYSULPHONE

THERMOPLASTIC RUBZBERS.

NYLON 12

a). mobile solution, well dispersed (cross-linked butadiene

in a materials did not dissolve.

TARLE 3.

POLYMERS INSOLUBLE IN CAPROLACTAM AT 15000.'

NITRTIE RUBREX
POLYBUTADIENE
POLYISOPRENE
HIGH DENSITY
POLYETHYLENE

W DENSITY
PCLYETHYLENE

POLYPROPYLENE

POLYVINYL, CHLORIDED

SILICONE RUBBER

HYDRIN 100
HYDRIN 200
NATURAL RUBBER

POLYPHENYIENE OXIDE

NYLON 6,6

NYLON 6,10

SUYRENE BUTADIENES
(HIGH STYRENE RESIN)

POLYCHLOROPRENES

STYRENE BUTADIENEC
(SBR)

ETHYLENE VINYLACETATE
COPQLYMERS
POLYEXHYLEN. OXIDE

POLYETHYL - ACRYLATE

POLYCHLOROPRENE

a). slightly soluble, but not soluble to an extent of 10% by weight

b). decomposes at 150°C.

¢)e swollen gel.
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TABLE 4

POLYMERS SOLUBLE IN LAUROLACTAM AT '15000 .

POLYSTYRENE HYION 6 THERMCPLASTIC RUBEERS
POLYMETHYL ETHYLUWB-VIIYLACETATE
METHACRYLATE NYLON 11 COPQOLYMERS

STYRENE-ACRYLONITRIIE a
COPOLYMER PENTON IVPACT STYRENE

2 ) mobile solution well dispersed { cross linked butadiene

did not dissolve)

TABLE 5.

POLYMERS INSCLUBLE IN LAUROLACTAM AT 15(300.

 NITRILE RUBBER® EYDRIN 100 | NYLON 6,10
POLYCARBONATE HYDRIN 200 POLYETHYLENE OXIDE
POLYBUTADIENS POLYPROPYTENE: POLYPHENYLENE OXIDE
POLYISOPRENE POLYSULPHONE STLICONE RUBBLR
HIGH DENsiTY | - .
POLYBTHYIENE POLYETHYL ACRYLATE POLYCHLOROPRENE

LOW DENSITY : | _
POLYETHYLENE | NYLON 6,6 STYRENE BUTADIENES
NATURAL RUBBER STYRENE~BUTADIENE®  (HIGH STYHENE RESIN)
POLYVINYL CHLORIDE®  (SBR)

a) 8lightly soluble, but not soluble to an extent of 108 weight

b) decowposes at 150°C

¢) swollen gel
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Before the resulis of the solubility experiments are discussed
éome observations on the use.of solubility parameters in predicting
polymer solubility will be.given. Although the literature indicates
that solubility parameters are useful in predicting polymer solubility

it will be shown that the methed has limitations.

The results to compile Table 6 were taken from the Polymer Hand book87

and lists values of the solubility paramefers for some of the polymers
considered in this work. They indicate that there is a large range

for the calculated and determined values of the éolubility‘parameters,
even for well studied polymers like polystyrene and polymethylmethacryléte.

All the data in Table 6 were calculated, or measuredlat 2500.

‘Oneof the first attempts to calculate polymer solubility psarameters
was that of Sma11.88 This method is limited as it ;an only be used
, for polymers in which there are no dipole interactions and /or hydrogen
bonding. Small indicated that the biégest source of error in his
caiculations was poljmer density because there was little reliable
density data, even for well characterised polymers. With the increase
in data which has occurréd it should be possible to‘quote accurate

values for the solubility parameters for some polymers. Instead,

Small's original values are still quoted.

As Small's method has only limited usefulness much work has been
done in the last ten years to produce a satisfactory eguation for
calculating solubility parameters in which hydrogen bonding and-
dipole interactions occur. Although several equations have been

proposed a satisfactory solution has not yet been discovered,
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TABLE 6.

POLYMER SCLUBILITY PARAMETERS AT 2506.' _
ZXPERIMENT AL, CALCULATED.

| ' x Sinel i Single
POLYMER HIGH V;ggee oW HIGH | e 1OW.
only. ' only. '
‘ POLYSTYRENE, 9.7 8.5 1003 9.12
POLYMETHYL~ '
METHACRYLATE. 12.84 ' 9.0 9.25
NITRILE RUBRER. :
80 : 20 9.5 : ‘ . 9.0
75 & 25 9.50 9.38 _ 9.25
70 ¢ 30 9.60 9,38 '
POLYBUTADIENE. 8.6 8.1 8.38 . 716
CIS 1=4 POLYISOPRENE. 10.0 7.9 - 8.15 _ 7.42
NYLON 6,6 13.6
POLYVINYLJCHLORIDE 10.8 9,38 9,55 9.42
STYRENE-BUTADIENE -
85 : 15 8.55 : 8.40 8451 8.48
75 3 25 8.60 8.10 8.58 8.54,
60 : ko 8.70 8.55 8.68 8.65
POLYETHYLENE 1 8.35 ) 7,70 8.2 8.0
POLYPROPYLENE 9,2 8.1 o 9.4
POLYCHIOROPRENE 9.25 8.2 9.38 8.11
" NATURAL, RUBBER 8.35 | 7.9

. POLYACRILONITRILE -TL R -2 12475
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Although there are several methods for the experimental
determiﬁation of solubility parameters none of them are shtandard
methods. The methods do not take into account differencasdue_
to molecular weiéht, temperature and pressure, Because of this
rost of the values quoted in books are average values, no mention
being made of the method of determination or the mo}ecular ﬁeight
of the polymer. If they are to be of any valﬁe polymer solubility
parameters should be measured using a well defined test method which

fully describes the polymers being studied.

In theory a polymer should.dissolve in a solvent if their

- solubility parameters are similar. Caprolactam and laurolactan

melt at 690 and 15000 respectively, and in this work the solubility
experiments were performed at 150°C.  If the published solubility
parameters are to be used to predict polymer solubility,experiﬁents
should be performed at 2500. The uséfulness of the solubility
paraneter déta is therefore restricted to a émall temperature‘range

as little indication is given in the literature of how the values
vary with temperature. If solubility experiments are fo be performed
at 150° the date used to predict polymer solubility should also be

at this temperature..

Theré are several reasons why the solubility experiments wefe
performed at 15000.. If the results for caprolactam and laurclactam
are to be compared'thén they should be performed at the same temperatﬁre.
The melting points of éaprolactam and laurolactam are 690 and 15000
respectively so that the lowest temperature at which the experiements

can be performed is ?5000.
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rt will bve shown ( page?%) thﬁt at 17600 caprolactan can be
polymerised by an anionic mechanism without the use of a
cocatalyst, the degree of polymerisation depending on the
catalyst concentration and polymefisation time.,  Also, if
caprolactam is polymerised below 15000 the polymer precipitates

6lt,103

~in the monomer.- As laurclactam can be polymerised
successiully at ﬁ5D°C-by.an anionic mechanismm£+ this was
chosen as the temperature at which the solubility experiments

were performed.,

The results of the solubility experiments can be discussed in .
terms of polymer solubility parameters, hydrogen bending and '
polymer crysfallisationo Although the values of the solubility
parameters which are given in £he literature cannot be used
directly to explain the results of the solubility experiments
they can be uged to show trends. The results give an indication
of tﬁe'range of values of the solubilit& parameters for which the
polymers are soluble in the monomers. As the results of the
soiubility experivents are similar they will bé discussed for
caprolactam and then, where differences occur, they will be discussed

separately.

The value of the solubility parameéers for monomers and solvents
will be expected to decrease markedly with an increase in temperature.
The factors affecting the solubility parameter, the vapour preséure
and the density, change quite appreciably with temperature. The
value of the scolubility parameter for caprolactam at 2500 is 12078?
and it might be éxpected that this will drop below 10 at 150°C,

Althouzh there will be changes in the solubility parameters for

polymers they will not be as large as for the monomers and solvents.
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The solubility experiments show that most hydrocarhon pol&mers
are insoluble in caprolactam. The value of the solubility
‘parameters for polymers such as polyethylene and polybutadiene
are usually at the lower end of the scale. Lven though the value

of the solubility parameter for caprolactam will be decreased at

15000 more than for the polymers menticned, the values will never
be close enough that the polymers will be écluble. Also, there
is no possibility of hydrogen bonding for polymers of the type
mentioned above. Hydrogen bonding aids solubility and can be

a deciding factor if a polymer is on the limits of solubility.
Caprolactam made no impression on the thermoplastics but the

rubbers were slightly swollen,

The values of the solubility parameter given in Table 6 indicate
how unrealistic.some of the quoted values are. If polyisoprene
really did have a solubility parameter of 10 it would be expected
to be at least partially soluble in caprdlactam at 15000. The
vaiue of 8.2, which is the value usually Qupted at 2500 is much

more realistic and in line with the observed experimental results,

Polychloroprene, with a solubility parameter of 9.2 at 2500, would
be expected to be partially soluble in caprolactame The polymen
although considerably swollen and partially soluble,never gave signs

of being soluble to an extent of 10% by weight. The hydrogen bonding
105

capacity of chlorinated hydrocarbons is poor s0 it will be expected

106

|
|
|
|
|
that chlorinated hydrocarbons will have a small but negligible,
hydrogen bending index.

|
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Recauce of this there will be little contribution from hydrogen
bonding to aid 5olubility. A factor which could also affect

the golubility is that polychloroprene cross-links on stﬁnding.
Altho{xgh this can be removed on milling the results showed that

it was still not possible to obtain a 10% soluticne.

The introduction of certain componeﬁts in the fornm of copolymers
aids solubility even though the polymers are still rubbers.
As an example, the Qalue of‘thé_solubility parameters for styrene~ |
butadiene rubbers are only slightly greater than those for the
hydrocarbon polymers yet they are considerably swollen by the rmonomer.
The polystyrene component of ﬁhe rubber is dissolved by the caprolactam

causing swelling and partial solubility.

Nifrile rubbers, because of the much higher value of the
solubility parameter for acrylonitrile than polystyrené, are more
solﬁble in caprolactém than styrene—bdtadiéne rubbers. As the
solubility parameter is increased there is solubility rather than
swellings - The solubility experiments indicated tha£ if the
butadiene content is high, solubility to the extent of 10¥ by weight
will never be achieved. It.ié known that when nitrile rubbers are
prepared107 a "two phase systen' resulfs and copolymers Qith high
and low acrylonitrile contents are formed. The paftial solubility
‘might therefore be due, in pgft, to the greater insolubility of the

copolymer fraction with the high butadiene content.

As indicated in the introduciion to this section, solubility is
expected to occur when the solubility parameters of the polymer and

solvent are similars.
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PolyStjrene,‘polymethyl-methacrylate and sﬁyrene-acrylonitrile are
all readily soluble in caproclactam. The values of the'solubility
parameters for golymethyl methacrylate and polystyrene are about |
9.3 and 8.5 respectively at 2500. The value for styrene-
acrylonitrile copolymers varies with their composition but is
expected.to be zbout 9.7 at 2500. For polymethyl.methacryléte
h&drogen bonding will be expected to aid-solubility but this.will
not be the case for polystyfene and styrene-acryloniirile because
of the small value of their hydrogen bonding index. The wlues
of the solubility parameters will be slightly reduced at 15000
so that it would be expected from the observed solubilities that
the value of the solubility parameter for caprolactam would be

about 9.2.

Polycarbonate and polysulphone are both soluble in caprolactam
at 15000. Solvents which readily dissolve these polymers have
solubility paramsters of about 9.2 at 2500. IJf the values of the
solubility parameters for polysulphone and polycarbonate are between
9.3 and 9.7 at 250C both would be expected to be scluble in caprolactam

and this is what is observed.

The results of thé solubility experiments discussed so far can
be used to indicate allower limit to the value of the solubility
parameter for which polymers are soluble in caprolactams Taking into
account the decrease in the value of the solubility parameter with

tenperature it would appear that a wvalue of about 8.8.at 15000 is a

suitable lower limit.
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Some of the copolymers considered contained a considerable
amount of & rubbery component, such as polybutadiene.and it
is difficult to predict what would happen if the polymérs
contained only a small amount of rubber., It is suggested that
there will be a butadiene content such that solubility will be
critical in caprolactan at 150°.

As styrene-acrylonitrile is soluble in céprolactam at 15000
it would suggest that the upper limit of the value of the

solubility parameter is above 9.7, and a value of about 10 is

indicated,

The solubility of the nylon polymers in caprolactam is
interesting. The ability of nylons 11 and 12 to dissolve ié
due to the nearness of their melting points to the tempnerature
at which the solubility experiments were performed. The melting
points of nylon 11 and nylen 12 are 1?40 and 17800 respectivelj.
The temperature at which the solubiliﬁy experiments were performed
is high enough to reduce the crystalliniiy and make them ssluble,
The solubility is of course aided by hydrogen bonding. For.nylon 6,6
and 6,10, with crystalline melting points of 267° and 226°C |
respectively, the difference in temperature is such that the reduction
in crystallinity is small and the polymers are insoluble. TEven though
there is hydrogen bonding in the solution its effect is not strong -

enough to cause solubility.

Polyphenylene oxide, with a solubility parameter similar to thst

of polystyrene, is a polymer which would be expected to be soluble if

only solubility parameters-are impertant.
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. From the observations made during the solubility experimenté it
appeared that the polymer‘dissolved and then crystallised out.
-Itrmight be that the polyphenyiene oxlide uzed in the solubility'
expeériments, the original polyphenylene oxide prepared from

2,6 Xylenol, is unsuitabvle bécause of its high softéning point.
The newer polymers with lower softening points might be more

suitable and give interesting syétems.

Although polyvinyl chloride decomnoses at 15000 it is unlikely
that the polymer would be soluble because its crystallinity must
be destroyed before solubility can occur, Also, as the hydrogen
bonding index for polyvinyl c¢hloride is small there will be 1little

hydrogen bonding to aid solubility.

When laurolactam was used as the solvent the results were similar

to those for caprolactam, with the following exceptions.

Polycarbonéte and polysulphone are insoiuble in laurclactam
whereas they are soluble in caprolactam. It would be expected that,
because of its structure, the value of the solubility parameter for
1aurola§tam will be lower thén that for caprolactame. The rangé‘of
polymer solubility pérameters for which polymers would be expected to
be soluble is therefore lower for laurolactam. Polﬁcarbonate
and polysulphone, with soiubility parameters of about.9.54 will be
close to the unper limit for laurolactam and it was found that the
polymers were only partiaily soluble in the monomer. The lower range
of solubility parameters would also explain why the ethylene-ethyl
acrylate copolymers are soluble in 1aurolactam_but not caprelactame.
The values of tﬁe solubility parameters for polyethylene and ethyl
acrylate monomer at 25°C are 8.0 and 8.9 respectively so that th;

value of the solubility parameter of the copolymers is expected to

be about 8.5 at 150°C.
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From the crystalline_melting points‘of the ﬁylon homopdlgmers
it would be expected that nylon 6 would be inscluble in laurclactam
aﬁ 15000‘whereas it dissolved readily. Nylon 6 haé a crystallihe
nelting point similar to that of nylon 6,10 which is insoluble in
laurolactam so that éther factors must be involved for nylon 6 ﬁo
be sbluble, It would be expected that the reduction in cryétailinity
and hydrogen bonding of nylon 6 would not be enough to cause sclubility.
The reason for the solubility of nylon 6 in laurclactam must therefore
" be specifically associgted with the similarity of the monomers.
N¥ylon 6 is soluble iﬁ its own monomer at ’15000.64’103
It is nbt surprising therefore, that nylon 6 is soluble in laurclactam

at the concentrations employed.

Although the range of solubility parameters for which polymers
are soluble in laurolactam is lower than that for caprolactan it
is not expected that copolymers such as nitrile rubber and styrene-
_butadiene'rubber would be solublé because of their insoluble rubber

component s.

The results suggest a range of solubility parameters for
which polymers are soluble in caprolactam and laurolactan. They :
show that diene rubbers, or copolymérs in which one of the componenté
is a diene rubber are usually insolﬁble_in the monomers. The
golubility of crystalline, or partially crystalline polymers is
usually dependent on a reduction in crystallinity and hydrogen bonﬁing.
Amorphous polymers, especially those containing polystyrene, appear
to be particularly soluble in botl:i monomers. The value of the
solubilify parametérs fér styrene~acrylonitrile copolymers would
suggest that they might not be soluble in lzurolactam at 15000, whereas

they are readily soluble to 10% by weight. . .
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The unexpected solubility suggests some special influence

of the styrehe or acrylonitrile units.

Although the values of the solubility parameters of polymers

. ¢hange with teﬁperature the results indicate that for high
molecular weight polywmers the change‘can be small. It could

be held that the factor which has the most iﬂfluehce on the value

of a polymer soluhility parameter is molecular weight. This

would explain the large range of values of solubility parameters

for a given polymer which are quoted in the literature. The results
also show that in certain cases hydrogen bonding and polymer

crystillinity can have a marked effect on polymer solubility.

Therefore, although polymer solubility parameters are useful,
more accuraté experimental data and understanding of solubility are
needed to explain the obsérVations descfibed above., In the absence
of a fuller understanding of SOlubility the following table lists
the "best! values of solubility.parameters‘of several polymers

at 150°C.
TARLE 7.

ESTIMATED POLYMuR SOLUBILITY PARAMETERS AT 15000.

POLYMER POLYMER SOLUBILITY POLYMER POLYMER SOLUBILITY
PARAMETER PARAMETER

POLYSTYRENE 9.3 STYRENE 9,7
POLYMETHYL 9.1 ACRYLONITRILE

: ' COPOLYMER
METHACRYLATE : ETHYLENE~ -

EFHYLACRYLATE 8.5

POLYSULPHONE 9.4 COPOLYVMERS
POLYCARBONATE 9.6 : POLYCHLOROPRENE 8.8

. POLYISOPRENE 8.1 POLYBUTADIENE 8.2
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THE POLYMERISATION OF LACT AM MONOMERS IH THE PRESENCE OF
DISSCLVED POLYMERS,

It was found that four methods were needed in order to polymerise
the lactam monoimers in the presence of zll the polymers that were
soluble in them. The methods are summarised below and the results

are given in Tables 8 and 9.

METHODS OF POLYMERISATION.

Sodium hydride is added to a solution of the polymer in the

monomer, bubbles of hydrogen are evolved but no polymerisation
occurs.  When Nwacetyl caprolactam is added to the solution rapid
polymerisation occurs.

Sodium hydride is added to a solution of the polymef irn the monomer,
bubbles of hydrogen are evolved and polymerisatidn occurs without
the‘additioﬁ of a cocatalyst.

When the catalyst reacts with the dissolved polymer the lactam
anions are formed in a separate vessel and £hen added to the polymer
solﬁtion. Rapid polymerisation occurs when the N-acetyl caprolactam .
cocatalyst is édded.

Lactan anidns, formed in a separate vessel, are added to the polymer

solution and polymerisation occurs without the addition of a coéatalyst.




TABLE 8.

CAPROLACTAM POLYMERISATION IN THE PRESENCE
QF DISSOLVED POLYMERS, ‘

POLYMER! " METHOD OF POLYMER. METHOD OF -
POLYMERISATION, POLYMERTISATION.
POLYSTYRENE A NYLON 11 | A
POLYMETHYL
METHACRYLATE BC NYLON 12 A
POLYCARBONATE D | POLYSULPHONE B
PENTON | A IMPACT STYRENE A
THERMOPLASTIC STYRENE-ACRYLONITRILE
RUBBERS A COPOLYMER 2 C
TABLE 9.

LAUROLACTAM POLYMERISATION IN THE PRESENCE
OF DISSOLVED POLYMERS. '

POLYMER, METHOD OF - POLYMER  METHOD OF

POLYMERISATION., POLYMERISATION.
POLYSTYRENE A NYLON 6 A
IMPACT STYRENE ‘A ~ NYION 11 A
PENTON : A ~ THERMOPLASTIC
RUBBERS
POLYMETHYL _ STYRENE-ACRYLONITE
METHACRYLATE BC COPOLYMER

ETHYLENE-~-VINYL
ACETATE COPOLYMERS BC
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When sodium hydride is added to CAbéoléctam at 150°C sodium
caprolactam is formed and bubbles of hydrogen are seen to be evolved.
If the solution is maintained at 15006 polymerisation doca.not
appear td take piace, even when high catalyst cohcentfations are
used and the solution is held for several houfs. The faét that the
contents of the polymerisation tube are still soluble in water
confirhs that no polymerisation has occurred._r
When N-acetyl caprolactam is added fo caprclactam which contains
lactam anions. at 15000 rapid polymersiation occurs. This is tﬁe
anionic polymeriéation_of carrolactam usiné a catalyst and a

cocatalyst, the mechanism of which is described in Appendix 1.

If caprolactam is polymerised in the presence of a dissolved
polymer using a catalyst and cocatalyst as described in Method A
the result is-a polymer blend. The results in Table 8 indicate
that it is possible to prepare blends with many of the polymers
by this methods Method A is used when ghere is no reaction

bétween {he catalyst and fhé dissolved polymer.

If the method of polymerisation used is Method B.it indicates
that caprolactam can be polymerised in the presence of a dissolved
polymer without the addition of a cocatalyst. When sodium hydride
is added to a solution of canrolactam containing dissolved polysulphone
rapid polymerisation is observed to take place, the rate of reaction
being devendent on the catalyst concentration. As it had already
been shown that caprolactam would not homopolymerise at 15000
witﬁout the addiﬁion of a cocatalyst it seemed likely that the

polysulphone was acting as the cocatalyst.



As the original experiment was performed with polysulphone which
had not been purified in any way it was possible that an additive
was acting as a ?ocatalyst. An experiment was devised to show
thgt it was the dissolved polymer which was acting as the cocatalyst
in the reaction. A sample of reprecipitated polysulphone was.
dissolved in caprolactam and the solution was maintained at 15000.
To it was aéded caprolactam containing lactam anions which had been
formed in a sefafate‘vessel, care being taken {o ensure that all
tﬁe sodium hydride had reacted. The solutiop containing the
polysulphone polymerised in a time which was comparable with the
original experiment ( crystallisation occuring within 15 to 20
rminutes depending on the catalyst concentration). Polymerisation
can only occur if the polysulnhone is acting as the cocatalyst

for the reaction.

If the catalyst reacts more readily with the dissolved polymer

than with the monomer the lactam anions must be formed in-a separate

vessel for polymerisation to occur. In Method C a cocatalyst

must be used to polymerise the caprolactam and a polymer blend is formed.
If D is the Method of polymerisation the dissolved pol&mer

acts as a cocatalyst in the polymerisatioﬁ.ofcaprolactam and the

lactam anions must be formed in a senarate vessel. Caprolactam

can be polymefised in the presence of polycarbonate by thisrmethod.

The use of polycarbonates as cocatalysts in caprolactam polymerisation
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has been degcribed in the patent literature ” but no indication of

the composition of the polymers or the reaction mechanism is given.




(a)
(b)
(c)
(@)

P8
Laurclactam can be polymerised in the presence of all the.
polymers soluble in it by Methods A and C, none of the polymers

acting as cocatalyst for the reaction,

The results show that there are two factors determining the

" method of polymerisation of the lactam monomers. The first_is

the reactivity of the catalyst'towards the dissolved polymer and

the second is the ability of some polymers to act as-cocatalysts

in the polymerisation of caprolactan,. If the catalyst reacts more
rapidiy wifh the dissolved polymer than with the monomer, the lactan
anions must be formed in a separate vessel for polymerisation to occur.
However, the major significance of the polymerisation experiments

is the ability of the dissolved polymer To act as cocatalyst in the
volyrerisaticn of caprolactam. As the dissclved polymers act as

cocatalysts it seems probable that copolymers will be formed.

After considering the results of the polymerisation experiments

it was decided to follow two separate courses of work.

The first, and most imporfant, was the pdlymeriéation of
éaprolactém in the presence of dissolved polysulphone as the
results of some solubility experiments indicated that polycaprolactam-
polysulphone copolymers had been formeao Polymers were prepared in |
order | |
to determine the copolymer compositioﬁ
to attempt to determine the reaction mechanism
to make a microscopic study of the structure of the copolymers
to study some of the physical propertiés of the copolymers and to

conpare them with a commercial nylon 6.



(a)
(b)
(c)

2
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Secondly, polymer blends of polycaprolactam with polystyrene,
impact styrene énd 5BS thermoplastic rubber were prepared. The
blends were prepared in order
to determine the polymer blend composition
to make a microscopic study of the structure of the blénds.'
to.study some of the physical properties of the bhlends and compare

then with polycaprolactam.

It was hoped that the preparation of blends with polystyrené
present in different forms might provide information by which it
would be possible to determine some of the factors governing

polymer compatibility.with crystalline polymers.

CAPROLACT AM POLYMERISATION AT 176°C.

The aim of this experiment was to show that 15000 was the

most suitable temperature at which to perform the solubility

experiments and that increasing the temperature would produce

a mere complicated system. Attempts were made to polymerise
caprolactam at 1?600 using various catalyst concentrations but
without the use of a cocatalyst. The contents of the polymerisation
tubes were extracted with water in a soxhlet extraction aprvaratus

and the amount of monomer converted to polymer for the various
catalyst concentrations was calculated. Thé results given in

Table 10, and illustrated in Figure 2, show that appreciable

polymerisation can occure
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TABLE 10.

CAPRCLACTAM POLYMERISATION AT 1?600 WITHOUT

THE USE CF A COCATALYST,.

No. ' CATALYST MONOMER

CCNCENTRATION : COKVERSION
(KCLE %) _ | (%)
A1 2.15 39,2
A2 1.38 _ 39.9
A% 1.15 51.5
Al 0.58 374
A5 : 0.40 PR
A6 | 1,15 A
A7 | ' 0.88 14.8
A8  2.53 86,7
A9 ' | 1473 8641
- The lowest temperature at which the solubility of polymers :

in lactam monomers can be studied is 15000 because this is the
melting point of laurolactam. - Increasing the temperature at which
the experiments are performed is expected to increase polymer
solubility. However, when the monomers are polymérised in the
presence of dissolved polymers reactions might occur which will
complicate the interpretation of the results. Caprolactam cannot
be polymerised at 150%C by an anionic mechanism without the use

of a cocatalyst. The results of these expériments show that at
17600 caprolactam can be polymerised without the use of a cocatalyst,

the amount of monomer converted to'polymer depending on the catalyst

concentrations
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-Although the results are scatiered there is a steady incréase

iﬁ monomer conversion as the catalyst concentration ié increased.
The results-of the experiments at 15000 show that some dissclved
volymers can acf\as cocatalysts in the polymerisation of caprolactam
with the formation of copolymers. If copoiymers were prepared at
17600 they would be expected Lo contain some polycaproléctam dﬁe to
homépolymérisation wheres, atl150°C all the polymer chains are
initiated by the dissolved polymer. Any polycaprelactam homopolymer
_ present in the copolymers prepared at 15000 will be formed by the
degradation.reactions described in the mechanism of the anibnic._
polymensation of caprolactam {Appendix 1) but this is expected to

be negligible under the reaction conditions used. 15000 is therefore

the most suitable temperature at which to perform the solubility

and polymerisation experiments.,
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BENZENE, J

POLYSULPHONE - PQLYCAPROLACTAM COPOLVIERS,

EXPERTMENTAL,

VATERIALS,

'€ CAPROLACTAM.

SODIUM EYDRIDE,

were purified as described previously
3 ' page 5
CUMERE, | | _ (page 52 )

METHANOL,
Filtered technical grade methanol (Fison's Ltd.) was used
for polymer vrecipitation,

1.2 DICHLORCETHANE. _
1.2 dichloroethane {(Hopkins and Williams G.P.R.) for molecular

weight determinations, was distilled once, the fraction boiling between

82.5 and 83.5°C being collected.

- CELOROFORM.

Chloroform (Fisons SLR Grade) for use in the soxhlet extraction
of uncombined polysulphone, was used without further purification,

m CRESOL.

nm Cresol (Fison's SLR Grade) was purified by distilling once
under vacuum at 70°C/3mm Hy and stored in dark bottles out of sunlight.

CHLOROFORM.

Chloroform ( Fison's "Analar" Grade) for use in determining
the solution properties of polymers containing polysulphone, was
used without further purification.

FORMIC ACID,

Formic Acid ( Fison's 'Analar! Grade 98%) was used without

further purification,

- TOLUENE.

Toluene ( Fison's 'Analar' Grade) was used without further

purification.
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4,4 DICELORODIPHENYI, SULPHONE,

4.4t dichlorodiphenyl sulphone ( I.C.I.Ltd) was
reprecipitated once from henzene, dried in a vacuum over at
room temperature, and stored in a vacuun descicator.

DIPHENYL SULPHONE.
Diphenyl sulphone { Kodak Ltd.) was used without

further purification. It was dried overnight in a vacuum oven
at room temperature before use.

4,4 DIAMINODIPHENYI, SULPHONE.
Loh' dgiaminodiphenyl sulphone ( I.C.I.Ltd.) was

used without further purification.

DIPHENYL ETHER.

Diphenyl ether ( B.D.H.Ltd.) was used without further

purification.

POLYSULPEONE,
Two grades of polysulphone, P1700 and P3500, were

kindly supplied by B.X.L. They were dried ovérnight'at room

temperature in a vecuum oven before use.

THE PREPARATION OF POLYCAPROLACTAM~POLYSULPHONE CCOPOLYMERS.
Copolymers wére prepared by polymerising caprolactam at 15000
in the presence of polysulphone, using sodium hydride as the |
catalystaurﬁﬁcﬁssolved polymer as the cocatalyst. Two types of
rolycaprolactam-polysulphone copolymers were made. ‘The first typé
were prepared containing 10% by weight of polysulphone, with various
catalyst concentrations, and nolymerisation times of 1,2 and 4 hours.
The second type, containing 5,70 and 15% by weight of polysulphoné

respectively, were prepared with fixed catalyst concentrations and

polymerisation times.
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The required amounts of polysulphone and capralactam-were
weighed as solids into a glass polymerisation tube and,dri;d
6vernight in a vacuum oven at room temperature. The polymerisaticn
tube was then fittéd with a nitrogen bubbler and placed in a constant
termerature bath ( 1SOOC i:O.SOC, the vapour of boiling cumene).
‘While the palysulphone was dissolving some of the caprolactam
vaéburised and then condensed on colder parts of the polymerisation tube.
Not all of this couid be réturned to the melt so the amount of
caprolactam weighed into the polymerisation tube was such that,
when the'final polymer was weighed, the polysulphone content would
be within certain spccifications. When all the polysﬁlphone had

dissolved the sodium hydride catsalyst was added by the method described

previously (page 57).

As the polysulphone acted as the cocatalyst it was essential
to ensure that the catalyst was thoroughly mixéd in as soon as
possible after it was added. Polymerisation could; in theory,
start as soon as the sodium salt of canrolactam had Eeen-formed.
When all the sodium hydride had reacted, indicated by the evolution
of no more bubbles of bydrogen, the solution visécsity appeared to bhe
unchanged; When the viséosity of the polymerisation mixture started -
to increase the nitrogeﬁ bubbler was raised so as to maintain an inert
atmosphere in the upper part of the tube for the dufation of the experiment.
The polymefisation tube was removed from the coﬁstant terperature bath
‘after the prescribed length of time and cooled within one minute.
The polymer 'plug' was weighed as soon as possible éfter the polymerisation

tube had been removed from the constant termperature bath.
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CONVERSION OF MONOMER.

_ The amount of caprolactam converted to polycaprolactam was
found by extracting shavings of the polymer with water in a
soxﬁlet extraction apparatﬁs. The shavings were obtained by turning
the polymer on a lathe and had a thickness of about O.2mm.
About 2g of the polymer shavings were placed in a beaker and driea
in.a vacuum cven at room temperature overnight., The shavings had
to be dried before the unreacted monomer was extracted because they
absorbed water on standing in the atmosphere. The polymer was then
weighed, by difference,into a soxhlet extraction thimble and the
unconverted mﬁterial was removed by extracting the shavings for 24
hours using water as the solvent. The contents of the extraction
thimble were then transferred to a welghed beaker, evaporated to
dryness in an oven, and then dried in a vacuum oven at'6OOC'overnight.'
The polymef was first weighed when the temperature of the oven had
dropped to room temperature. The polymer was then dried for further

periods of 6 hours at room termperature to constant weight.

DETERMINATICN CF THE AMOUNT OF PCLYSULPHONE COMBINED.
WITH POLYCAPROLACTAM.

For the polymers prepared containing 5, 10 and 15% by weight
of polysulphone it was found necessary to use two techniques to

extract the uncombined polysulphone.

- For the polymers prepared ébntaiﬁing 10 and 155 pblysulphone
the uncombined polysulphone could be removed by simple chloroform
extraction. Dried polymer shavings ( about Lg) from the monomer
conversion experiments were veighed by difference into a soxhlet
extraction thimble and then extracted for 3 days using chloroform
as the solvent. The polymer shavings were then dried and weighed'in

the same way as in the mononmer conversion experiments.
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When the polysulphone concentration was &% by weight it was
impossible to extract the uncombined polysulphone by simple
chloroform ektraction. A detailed discussion on the reasons
for this is given. in thelsection on ontical microscopy, Polymer
shavings from the monomer extraétidn experiments were weighed and

then dissolved in a mixture of formic acid and chloroform. ' After

' reprecipitation in methanel the polymer was filtered into a soxhlet

extraction thimble and extracted for 3 days with chlorofornm. The
polymer was then dried and weipghed in the way described for the oﬁher

extraction experiments.,

HYDROLYSIS OF THE COPOLYMERS.

The copclymers to be hydrolysed had first been extracted with
water to remove any unreacted caprolactam and.then with chlorcform
to remove any uncombined poelysulvnhone. About bg, of the copolymers
were refluxed with hydrochloric acid (80ml. 50/50 by volume of
concentrated acid) for L0 hours.. After kO hours the reaction mixture
was tooled and the contents of the flask washed into a litre beaker

with a large volume of distilled water. The contents of the beaker

~were filtered through a No.4 sintered glass crucible, washed with more

distilled water and then dried in a vacuum oven. The solution was
evapourated to dryness and the compound obtained dried in a vacuum oven

at room termperature to remcve the last traces of water.

A sample of polysulrhone homopolymer was also refluxed with
hydrochloric acid for 40 hours. The water insoluble ccrponent
was filtered and dried as described above; the solution on evaporation

to dryness showed there to be no water soluble compounds.
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MOLECULAR WEIGHT DETERMINATICONS,

The molecular weights of the polysulphone components
of the copolymeys wefe determined at-B?OC using a Hewlett-
Packard { Type 302 B) vapour pressure osmometer,
The solvent used was 1,2 dichloroethane and benzil was used

as the calibration standarde.

Before any determinations were made. sampies were dissolved
in chloroform, filtered, precipitated in methanol, filtered again
and then dried in a vacuum oven at room femperature. Solutions
were then prepared by dissolving 150-200mg of the polymers in
1,2 dichloroethane, making the volume up to 10ml, and then diluting
part of this solution to give solutions with polymer concentrations
in the ratio 1: 2: 4: 8; ~ The molecular wéights were then determined

by the method laid down in the instrument manual.

In order to calculate the molecular weights the instrument had
to be calibrated using a compound with an accurately known molecular
weight. A solution of benzil in 1,2 dichloroethane was prepared,
diluted and measurements made in exactly the same way as for the

polysulphone polymers.

ATTEMPTED CAPROLACTAM POLYMHERISATION USING DIFFERENT COCATALYSTS.

Attempts were made to polymerise caprolactém at 15000 using sodium
hydride as the catalyst and compounds which might act as cocatalysts.
The compounds used were &4,4' dichlorodiphenyl sulphone, diphenyl-

sulphone, 4,4' diamino diphenyl sulphone and diphenyl ether.
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The required amount of caprolactam was weighed into a

polymerisation tube and dried overnight in a vacuum oveﬁhat
room temperature. The polymerisation tube was then fitted
with a nitrogen bubbler and pléced in é constant temverature
bath., When all the caprolactam had melted zpproximately

2 mole % of the sodium hydride catalyst were weighed in

in the usual way. When all the catalystlhad reacted, shown
to have taken place when bubbles of hydrogen ceased to be
evolved, one of the compounds béing examined as a cocatalyst
was added. The amount added was approximately 0.6 mole %,
more than sufficient to initiate polymerisation if the comﬁound
was a cocatalyst for the reaction.s Affer two hours the
polymerisation tube was removed from the constant temperature

bath and its contents examined. The experiment was repeated

for the remaining compounds.

3:1¢ COPOLYMER DENSITIES.

The densities of the copolymers were measuredusing a
potassium carbonate solution-water density column with a

density gradient of 1.1 to 1e3.

The marker floats which fell within the range of the column
were cleaned and theﬁ rlaced in a sweep basket with.the aid of
tweezers. The sweep basket was then lowered gently to the
bottom of the column using the sweep motor. The floats were
checited té make sure no air bubbles were attached to them.

" After the floaté had reached equilibrium, a minimum of 2 hours
was necessary, their positions were determined with the aid of
a cathetometer. The spheres were measured at their centre of

I3

volume and a graph of density versus cathetometer reading was plottede
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_ Three or four speciméns were cut frow ecach sample
using a sharp scalpel. The cut edres were then checked to
ensure that they were free from bits which might cause aix bubbles
?o adhere to their surface, After the samples had been cleaned
they were dropped gently inte the column with the aid of tweezers.
When the samples had reached equilibrium, a minimum of 2 hours
was arain required, their centres of volume were determined
using a cathetometer. If there was a spread of results for
a particular polymer other sarples were tried to see if the
spread was real or splurious. MAMr bubblés were found to be the

most common scurce of error giving rise to low density values.

As the column was to be used more than once, the motorised unit
was used to sweep out the flecats and samples. | Any attempt to withdraw
the basket by hand would have resulted in the density gradient being

disturbed.

SOLUTION PROPERTTES OF THE COPOLYMERS.

Attehpts were made to dissolve sampies of the copolymers, which
had been extracted with water and chloroform, at room temperatures
in pure solvents and mixtures of solvents., Shavings of.thé copolymérs
were weighed into a test tube, the required volume of s&lventwas added,
and a ground glass stopper was fitted. The test tubes were gently
shaken for 30 minutes on a mechanical shaker and the results observed.
If the polymer had not dissolved it was shaken for a further periocd,
overnight if'necessary. Polymers which had not dissolved after shaking

overnight were considered to bhe insoluble in that particular solvent.

Attempts were made to dissolve polyecanrolactam and polysulphone

in the solvents used for the copolymers. ) .
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3:11Q. THERMAL PROPERTIES OF THE COPOLYMERS.

The thermal properties of the copclymers were examined with

the aid of a Du Pont SCO thermal analyser.

A sample of the copolymer, approximately 10mg.in weight was
placed in an aluminium sample pan and covered with a lid. The
pan was then placed on the sample position in the D.S.C. cell.

. The reference position contained an empty pan and lid. The
samnle and reference pans were always placed in pcsition at room
femperature. _ If the starting temperature was below room
temperature the cell was cooled with liquid nitrogen. If the
starting temperature was shove room temperature Fhe cell was
heated at the experimentsal rate, the pen being set to record the
results when the temperature was reached. A steady stream of
nitrogen was passed through the cell during the course of the
experiment. Increasing the temperature at a rate of 1500 per
minute with a nitrogen flow rate of 0.3 litres per minute gave

satisfactory results.

23111 SPECTROSCOPY.

%:111.1 INFRA RED SPECTROSCOPY.

Infra red spectra were run on a Pye Unicam SP200CG infra red

spectrdmeter. The samples were in thef®rm of films cast from solutiona

33111«2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY.

N.M.R. spectra were run on a Perkin Elmar N.M.R. spectrometer

using CICL, and DBO as solventss. This techniQue was used to analyse

3

the water and chloroform soxhlet extraction products and the water

insoluble part of the hydrolysis reaction.
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OPTICAL MICROSCOPY,

A standard sledge microtome was modified so Lhat sections
could be cut below room temperature. A cross section through

the sample holder is shown in Figure 3a.

The specimen was parallelapiyed in shape with a cross section
gimilar to that shewn in Figure 3b as this was found to make |
cutting easter. . The original steel knife was replaced by @ glass
knife holder and a glass knife, the advantage of a glass knife being

that it can easily be changed when the edge becomes dull,

Cooling specimens well beiow their Tg.is necessary to cbtain
thin secticns, but overcooling must be avoided as it makes the
specimens - too brittle. For the copolymers it was found that
an acetone/solid carbon dioxide bath cooled the specimens sufficiently

to allow sections 2)1 thick to be cut.

Once cut, a secticn was floated on.the surface of a small
bath of glyceroll(bécause of its high surface tension) which was
heated to about 100°C. This allows it to stretch and relax and
eliminates deformations brought about by ithe cutting actions. This
treatment does of course have to be dispensed with if one is interestéd
in the crystalline'structure of the polymer. It is found that by
taking a polymer above its Tg in this way modifies its crystalline
étructure. .The sample was then washed in a small bath of distilled
water and mounted on a glass slide beneath a cover slip.using a
commercial mounting 0il with a refractiv¢ index of 1.53. The sections

were transferred from ene bath to the other ucing a loop of thin wire.
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FIGURE 3
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The prepared slides were examined using a Reichart Zetépan
microscope fitted with a phase contrast condenser and objecti#es
for transmitted light. This instrument enabled a microscopic
ekamination of éhe sectioﬁs up to a magnification of 1250 tirmes,
Photomicrography was possible using a KAM ES photomicrographic

system » Several different areas of the sections were photbgraphed

at various magnifications for further detailed examination.

31113
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The film used for the photomicrography was a fine grain negative
film ( Pan F) which was developed normally in Ilford ID 11, or,
where high contrast was required, with Kodak D8 high contrast

developer.

Assistance in this work was kindly provided by Mr. G. Ravioli,

PHYSTCAL PRCPERTIES OF TiHy COPOLYMERS.

MOULDING THE COPOLYMERS.

The polysulphone-polycaprolactam copolymeré were compression
moulded in an elgctrically heated préss ( Moore 20 ton press)
fitted with.water cooling. Two moulds were.used, cne which gave
a "sheet" from which tensile specimens: could be cul, and one whichl
gave a "slab" from which irpact specimens could be cut,
The mould sizes were 6" x 6" x 006" and 6" x 2' x 0.2" respectivelyes
The samples ﬁere moulded between stainless steel plates. Aluminium
plates were placed between the stainless stéel plates and the platens
of the press to prevent the latter from veing damsged. The stainless
steel ﬁlates were coated with a P.T.F.E. spray just before use and

this acted as a mould release agent.




The press was heated to the required temperature which was
between 2§O.and-24506, depending on the polymer being moulded.
It was found that a higher temperature was needed as the amoﬁnt
of polysulphoné in the copolym;r was increased. The polymers
obtained from the polymerisation tubes were c¢ylindrical, and as
such unsuitable for moulding. If the polymer was to be moulded

inte a ''sheet" fronm which tensile specimens were to be cut it

was turned on a lathe to give shavings which were used to £i11

the mould. ) If the polymer was to be moulded into a '"slab!

from whichlimﬁgzt?specimens were to be cut, the polymer was cut

“into pieces with a saw. The amount of polymer fequired for the tensile

and impact'specimen moulds was 15 and 12.5 pms respectively.

The - mould was assembled, filled with polymer, and then placed
on the lower platten of the press which had been preheated to
the required temperature. The press was closed until the top
set of plates were in contact with the top platten of the press.
As the polymer melted the press was closed at such a rate that hoth
sets of plates were in contact with the platters all the time.
When the mould was first placed in the p£ess the temperature of
the plattens dropped by about 10°C. When the temperature of
the plattens had returned to the moulding temperature and the polymer
ﬁad completely melted the mould was closed to a pressure of 20 tons.
The moulding time for all polymers was 10 minutes. After the
prescribed length of time the heating was turned off. asnd the platters
cocleds The mould was removed from the press_when the tempersture

of the plattens had dropped to below 1OOOC,
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The "eheets" {from which tensile specimens wére cut had
good surfacé finishes and were free from sink marks., When
polymers were mﬁulded into "slabs' from which impact specimens
could be cut,cére had to be taken to ensure that when they
melted they flowed and filled the mould. If this was not
achieved the "slabs" contained holes and sink marks.  In all

cases the '"slabs" had good surface finishes.

TENSILE STRESS-STRAIN MEASUREMENTS.

‘Tests were rade on dumbell test pieces ( Figure % ) which
were cut from compression moulded sheets using a die punch

cutter,

The tensile and elongation properties of the copolymers
were studied in a constant temperature room ( 23° + 0.500,

65% RH).

An Instron Universal Testing Tensometer ( Model TT-ClM) fitted

with a CTM load cell, was used to measure the tensile properties

‘of the copolymers. The instrument was fitted with pneumatic

jaws, the pressure on which was set to prevent sample slippage,

but at the same time keep jaw breaks to a minimum.

Before any of the samples were tested the instrument was
calibrated by the method laid down in the manual. Dach test plece
was then measured for thickness, to 1 x 155m, using a micrometer,

These measurements were made about the portion to be tested and the

results averaged.
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Two_lines,055 incheé apart, were marked on the middle of the
portion to be tested. The specimen was then inserted centrally
into the pneumatic jaws and the jaws closed. The instrument was'_
started and the test commenced. The following test conditions.

were usade.

TEST SPEED 0.05m/minute
INITIAL JAW SEPARATION 0.0kz
CHART SPEED 0.05m/minute
TEST TEMPERATURE 23° + 0.5%
FULL SCALE DEFLECTION 20 or 50 kg.

The test was continued until the saﬁple broke. The way in
which the sample elongated was observed throughout the test.
During the testrthe distance between the marks on the test portion
vas followed and the distance between them when the sample broke
was recorded. This was achieved by holding a stiff piece of paper,

graduated in C.1 ins, alongside the specimen as it was being tested.

CHARPY IMPACT TEST.

The impact strengths of the éopolymers were determined using
the Hounsfield Impact testing machine. The machine consists of
a means of supporting the test pieces and a calibrated pendulum
or "tup". The machine will accept a series of interchangeable
tups which cover the range of impact strengths likely to be tested.

The energy stored in the tups varies from 21b. down to 1/321b.

The energy of fracture is equal to the initial energy stored in the

tup, less the energy remaining after impact.
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Test specimenc 4 inch in depth were cut from the compression
moulded '"slabs'" and a standard notch was. cut into each sample
using a Hounsfield notching machine. The thickness of the sample

behind the notch was measured using a micrometer,

The sample was placed in position on the machine and the
tup raised. The tup was chesen %o give‘a residual energy
reading between 35 and 7C% of the initial energy. The tup

vas allowed to fall and strike the sarple, the residual energy

being recorded. Occasionally a sample did not break cleanly

5:1&4

and when this happened the sarple was discarded. After testing,

the depth of the sample behind the notch was measured.

BRABENDER PLASTOGRAPH,

Commercial nylon 6 and polysulphone were mixed in a Brabender
plastograph. The machine was heated by pumping hot oil through
the jaws, one of which contained the mixing scfews which rotated
in the opposite directions. The two ﬁolymers were mixed at ZQOOC
for various times. I{ was fognd tﬁat after about 10 minutes the
nylon 6 started to degrade even when the mixing chamber was flushed
out with nitrogen prior to mixing;_ After the polymers had beeﬂ
ﬁixed for a prescribed length of time, which was not more than
10 minutes, the machine was stopped and the blendedlpolymers quicikly
renoved. The polymer blends were compression moulded into''sheetd’

from which tensile test pieces were cut.
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BESULTS -AND DISCULSTON,

COPCLYMER COMPOSITICN,

The effect of time_and catalyst concentration bn the
polymerisation of caprolactam in the ﬁréaence of dissolved
polysuiphone wag studied, | Three series of copolymeré were
prepared, each containing 4C% by weight of polysulphone, with
polymérisation times of 1,2 and 4 hours respectively. For
each series copolymers were prepared using various catalyst

concentrations,

It was ssumed that the amount of polysulphone lost during
the polymerisation was negligible so that when the weight of
the final polymer was known the percentage of éblysulphone in
it could be calculated, TFor eacﬁ copolymer the ambunt of

caprolactam converted to polymer was determined by extracting

" shavings of the copolymer with water for 24 hours in a soxhlet

extraction apparatus. Knowing the amount of polysulphone in
each copolymer it.was possible to calculate the pefcentage
monomer converted to polymer.g The results, given in Tables 11-13,
are the average of at least two determinations and were found to

be consistent to within 1%. They are illustrated in Figures 5-7.

After the shavings had been extracted with waber-they were
extracted for three days in a soxhlet extraction apparatus using
chloroform as the solvent. Any free polysulphone was extracted
so that, knowing the original weight of polysulphone in the

shavings, the amount combined with the polycaprolactam could be

calculated.
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The fesulﬁs, the avgfage ol at least two determinations,are
given in Tables 11-13 and are consistent within a few percent,
They are illustrﬁted in Figures 5-7s The data is as measured,
the consistencyl;f any one determination being approximatély

+ 0.5%, hence the determination of the amount of polysulphone

attached to the polycaprolactam can onrly be accurate td wifhin

* 2.5%.

Figure 8 shows the conversion of monomer to polymer with
time for various catalyst concentrationé. Fipure 9 shows the
percentage of the original polysulphone attached to the
polycaprclactam as the catalyst concentration is increased for

the various polymerisation times.

FONOMER CONVERSION,

Figures 5-7 show the conversion of monomer to polymér at
various catalyst concentratiohs for polymerisation times of
1,2 and & hours respectively, The curves are typical for
caprolactam polymerisation using a catalyst and a cocataiyst.
At very low catalyst concentrations, below 0.15 mole %, no
polymerisation occurs because degradation reactions destroy

all the catalyst and lactam anions formed.
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TABIE 14,

POLYCAPROLACTAM=POLYSULPHONE COPOLYMERS,

B BERIES: POLYMERISATION TIME 1 HOUR. S . : | ‘

o, CATALYST % POLYSULPHONE ¢ MONOMER  %POLYSULPHONE
CONCENTRATION IN FINAL POLYMER, CONVERTED TO  ATTACHED 7O
- (MOLE % ) POLYMER POLYCAPROLACT AM
. \
B1 1,78 10403 | 95.73 - 89
B2 1.86 9.97 95 .1 89
B3 0.28 10.06 6.50 -
BL 0,30 10.05 G.50 _ -
B5 040 10.05 66,67 k1
- B6 1438 .98 95.73 84
B? 0.91 9.93 95.81 72
B8 0+55 9.98 95.56 59
B9 0.48 : 10,04 94,39 56
B10 1416 | 10,01 - k0 78
B11 Ooh2 10412 93456 54
B12 1454 10.03 95.56 85
B13 2.19 10,06 95,58 91
B4 0.6k 9.97 95 o 63
_TABLE 43,
POLYCAFPROLACTAM - POLYSULPHONE COPOLYMERS.
¢ SERIES: POLYMSRISATICN TIME 2 HOURS.
ne. CATALYST % POLYSULPHONE % MONOMER % POLYSULPHONE
CONCENTRAT ION IN FINAL POLYMER CORVEHRTED 70 ATTACEED TO
(MOLE % ) : POLYMER POLYCAPROLACTAM.
1 0467 10.13 | 96.83 . 68
c2 1028 9.90 96.70 82
C3 0«34 9.97 2746 37
ch 0.95 - 10416 T 96473 7h
5 2407 10,14 97.63 88
c6 2,08 10,09 96,4 90
c7 177 _ 10012 96.58 86
c8 0.54 10.02 96.69 61
C9 0.26 10.41 T 2495 8
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TABLE 13,

POLYCAPROLACTAM - POLYSULPHONE COPOLYMIRS.

D SERIES: POLYMERISATION TIME 4 HOURS.

NO. CATALYST % POLYSULPIONE o MONOMER ¢ POLYSULPHONE
CONCENTRATION IN FINAL © CONVERTED TC - ATTAGIED TO
(MOLE ¢) POLYMER POLYMER POLYCAPROLACT AY,
D1 2.12 - 10.2hk 97,73 89
D2 1.02 10,10 97.93 7
D3 1.3 10,08 97441 83
Dl 0.60 10414 97458 65
D5 0.38 10.40 | 87.22 - 48
D6 0.20 10.12 1.67 | -
D7 1.82 10415 97.38 89
D8 0,84 10,08 97,48 71
D9 0.28 9.98 18439 -
' D10 0.21 10.19 6.7% -
D11 5411 1009 950 34 94

For catalyst concentrations between 0,15 and 0.25 mole % there is a
small but gradual incfease in the conversion of monomer whicﬁ is eSpeciélly
noticeable for the D series where the polymérisation time is % hours.

For catalyst concentrations between 0.25 and 0.6 ﬁole % the conversion
of monomer rises rapidly to 90% and then more slowly to a limiting vglue,
constant within 1% for each series, and dependenit on the polymerisation
time. The values are 95.5 % 0.5, 96.5%0.5 and 98.0 % 0.5% for
polymerisation times, 1, 2 and & hours respectively, In this range

of catalyst concentrations more lactam anions are formed which initiate
more polymer chains with a resultant increase in the coﬁversion of -

¢
%

monomer to polymer. For catalyst concentrations between 0.6 and 2.5 mole

the conversion of monomer to polymer remains constant for each series,

the values being those given'above.
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A polymer was prepared with a catalyst concentration of 5 mole %
amla polymerisation time of 4 hours, At this very high catalyét
éoncentration there is a decrease in the cbnversioq of monomer to
polymer but thié is readiiy explained in terms of degradation
reactions which are.the same as those which occur in normal

1actam'polymerisatioh by an anionic mechanism ( page 217).

Figure 8 illﬁstrates the conversion of moncmer to polymer
witﬁ time for various cataljst concentrations. At catalyst
concentrations between 0.2 and 0.5 mole % monomer conversion.
is highly dependent on the concentration and on the polymerisation
timé. ' Increasés in the catalyst concentration.above 0.5 mole %
results in only a small increase in monomer conversion. The
polymers will contain little monomer but there will be changes
in the molecular weight distribution.ofrthe rolycaprolactam

compnonents of the copolymers.

AMOUNT OF POLYSULPHONE ATTACHED TO POLYCAPROLACTAM.

It is pousible to calculate the amount of polysulphone attached
té the polycaprolactam in the copnlymers by extracting any uncombined
polymer with chloroforms Figures 5-7 show the amount of polysulphcne
attached to ﬁolycéprolactam at various catalyét concentrations for
polymerisation times of 1,2 and 4 hours respectively. Because of
the small differences .in weight involved the errors are gréater than

for the monomer conversion experiments and this accounts for the

scatter of points on the curve, ¥ven with catalyst concentrations

as high as 5 mole % there is still almost €% uncombined polysulphone

in the polymer.
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The tangential nature of the curves shows that there can never
be 100% incorporationandis mdicative of a chauin scissicn reaction.
Figure 9 indicates that the curves are superimpossible which -

means that, as in the normal anionic polymerisation of caprolactan,

the reaction is controlled by the catalyst concentration.

I—zj

or the polymerisation times considered the percentage of polysulphone
attached to polycaprolactam is independent of time. Support
for these conclusions is provided by the results of the experiments

to determine the reaction mechanism,

From these results it was decided to wrepare copolymers to the

specificaticns given in Table 1h. .

COPOLYIER COMPOSITION AND KEACTICK MECHANISH.

Palycaproiactam-pelysulphone copolymers were prepared to study
the effect of catalyst cohcentration and polysulphone content on
copolymer commosition and some vhysical propefties of the copolymers.
The polymerisation time was two hours and the polymers were prepaﬁed"

to the snecifications given in Table 14,

SERIES. ' ¢ FCLYSULPHONE CATALYST
IN POLYMER CONCENTRATION
(JOIE ¢)
E 5 <4 0,05 1 % 0.05
H 5 & 0,05 2 & 0.05
F 10+ 0.05 : 1 &4 0.05
J 10 £ 0.05 2 £ o.'o5
G 15 % 0.08 1E 0.08
ke 10 & 0.05 1+ 0.05

*Prepared using polysulphone with a higher molecultr weight.
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For each series sufficient copolymers were prepared under
the above conditions in order that some of their physical
properiies coul@ be measured and their composition determined.
Two polymers from each series.were chosen at random in order
to determine their corposition, measure the molecular weight
of the polysulphcne attached to the poiycaprolactam and to study
other properties to be discussed later. The rémainder were
subjected to physical testing. Details of all the copolymers
prepared, and to thch test each waé subjected are given in

Avpendix 2.

Caprolactam pelymerisation was attempted with sodium hydride
as the catalyst agd other compounds which nmight act as cocatalysts.
Iﬁ was hoped tﬁat the results from these attempted.polymerisations,
together with the results 6f the copolymer composition experiments,

a reacticn mechanism could be proposed.

312241 COPCLYIER COMPOSITION,

The copolymers were extracted with water and chloroform to
remove any unreacted monomer énd uncowbined polysulphone respectively.
The results of the extraction esperiments are given in Table 15.
It was found that if the polysulphone content was 5% extraction
.with chloroform would remove little, if any, uncombined polysulphone.
This can be explained in terms of thé phase structure of the copolymers
and is discussed in more detail in the section of optical microscopy.
For polymers preparéd with 5% polysulphone the uncombined polysulphone

was reroved by extracting reprecipitated copolymers with chlcroform.
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The extraction products were analysed by infra-red and N.M.R.

- spectroscopy. By comparing the curves with those for caprolactam

and polysulphone it is clear that the separations were clean

and satisfactory,

MONOMER CONVERSION .
The results show that it is possible to make accuraté
determinations of monomer conversion whatever the catalyst

concentration or polysulphone content of the copolymers.

TABLT 15.

POLYCAPROLACT AM- POLYSULPHONE COPOLYMERS
COPOLYMER CCMPOSTTION.

CATALYST POLYSULPHONE CONVERSION OF POLYSULPHONE
Ne, CONC. IN FINAL POLYMER MONOMER TO POLYMER  COMRINED WITH
(MOLE % (%) (%) POLYCAPROLACTAM
(%)
E1 - 1,01 - 4,99 ' 96,99 82
ES 0.98  5.02 97,12 - 84
H? 2.00 5.03% 96,18 91
H12 2.01 4,09 96.29 93
F10 0,97 10400 9705 76
F13 0.97 9.99 $96.83 75
38 199 10,02 L 9627 88
J9 1.98 9.99 96.20 89
G2 1.00 1,93 96.90 63
G9 1.01 1500 96.83 61
K1 0499 S 9499 97.03 78
K2 1,07 10,02 97.05 79

For all the copolymers the results were consistent to within 1%.
If the values for the copolymers prepared with 10% polysulphone were

to be plotted on Figure 6 they would lie exactly on the curve.
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AVOUNT OF POLYSULPHONE COMBINED WITH POLYCAPROLACTAIM,

For the polymers containing 10 and 15% polysulphene the
amount of polysulphone combined with polycaprolactam can be

determined by extracting shavings of the polymer with chleoroform.

‘The values cannot be determined wiith the same accuracy as for the

nonomer conversion because of the small differences ih weights

involved. The average of three determinations was considered

to give accurate results. If the values for the polymers prepared
with 10% polysulphone were to be plotted on Figure 6 they would lie
close to the curve. When polymers are prepared with only 5%
polysulphone it is impossible to extract any uncombined polysulphone

by simple chlerofornm extractiony The polymers had to be reprecipitated
in order to preduce a structure which allows chloroform to extract

the uncombined polysulphone. There is a change in the phase

structure of the copolymers as the polysulphone concentration is

increased from 5 to 10% by weight.

YYDROLYSIS OF TH COPOLYMERS,
The extracted copolymers were hydrolysed by refiuxing for
fourty hours with a solution of hydrochlaric acide It has been

shown 108’109

that nylon 6 is almost completely hydrolysed by

this solution to € aminocaprionic acid hydrochleride which is water
soluble. If the molecular weight of the polysulphone segments in
the copolymers are to be measured it is essential that they are

not affected by the hydrolysing sclution. Polysulrhone was

refluxed with hydrochloric acid for fourty hours and recovered

unaffected.
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After the copolymers had been hydrolysed the insoluble part

was Filtered off, reprecipitated from chloroform and analysed.
Infra red énd N;H.R. spectroscopy and differential thermal
analysis showed it to.be pure polysulphone. The water éoluble
part was recovered-bj evaporation and its melting point was
determined by thermal ahalysise. The melﬁing point of the
product was 125-127°C and the literature melting point of

€ Amino capricic acid hydrochloride is 12200.

Hydrolysis of the copelymers gave two preducts, a water soluble one
and one that is insoluble_in water. The analysis of the watér
inscluble part of the hydrolysis product showed it to be pure
polysulphone.  None of the analytical techniques used were
able to detect the presence of polycaprolactam. The molecular
welghts deterﬁined are therefore the molecular weights of

the polysulphone combined with polycaprolactam in the copdlymers.

No attempt was made to recrystallise the water soluhle part
of the hydrolysis product. The melting poinﬁ of the product
obtained was considered to Be sufficiently close to the literature
value of € amino caprioic acid hydrochloride for it te be that

compound.

MOLECULAR WEIGHT DETERMINATiONe

The molecular weights of the polysulphone polymers from the
hydrelysed copolymers were determined by vapour pressure osmomeiry.
Plots of V}CVC, where V is the bridge output voltage and C is the -
cdncentration are shown in Figure 10. The molecular weight is given

by the following equation.

. K |
Ma = Rlewo  =----- (20)

where 1y is the number average rolecular weight

K 1is the calibration Iactor.
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Benzil, a compound with an accurately knowﬁ molecular -
weight was used as the calibration standard, and pave a
value of 16,080 for the calibration constant. The molecular
weights of the polysulphone polymers have been calculated from

equation 20 and listed in Table16.

TABLE 16,

MOLECULAR WEIGH!S OF THE POLYSULPHONE
COMPOLLNTS O s COPOLYIIIRG.

SERIES. % POLYSULPHCNE IN MOLECULAR AVERAGE NUMBER OF
ORIGINAL POLYMER. WVEIGHT (My) POLYSULPHCNE UNITS
E 5 1148 2.60
H 1047 2.37
1o 1247 2.82
J _ _ 1128 255
G _ 15 1398 3.16
K 10 1574 3511

The importance of these results is that they confirm that chain
scission of the polysulrhone molecﬁles occurs during the polymerisation,
a feature which must be explained by any proposed reaction méchanism.
The resulﬁs of the copolymer compésition experiments had suggested ?hat
the polysulphone molecule was broken during the polymerisation but
these results were needed in order to prove it. The low molecular weights
of the polysulphone fragments indicates that the polymer is an efficient
cocatalyst for the anionic polymerisation of caprolactam. As expected,
an increase in the catalyst concentration resulted in a decrease in the
molecular weight of the polysulphone fragments.  Also, the molecular
weight increases as the polysulphone concentration is increased.
Although at first the values seem to be very similar the differences
hetween them are of the right order of magﬁitude, taking into cgnsideration

the results of the copolymer composition experiments.
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From the results it is also possible to moke some comments
on the structure of the copolymers. It would appear that the
copolymer. molecules consist of long chains of polycaprolectam with

one, and possibiy more, low molecular weight polysulpheone fragments

attached to them. It was hoped that the experiments with the

attempted alternative cocatalysts would make it possible to
propose a reaction mechanism and to determine whether block or

graft copolymers are formed.

These results will be referred to agadinin the discussion of
the copolymer density results and the photographs in the section

on optical microscopy.

ATTEMPTED ALVERNATIVE COCATALYSTS.

As poljsulphone acts as a cocatalyst in the polymerisation of .
paprolactam,attempts were made‘ﬁo polymerise the monomer using
compounds which might act as cocatalysts. The cqmpounds tried
were small molecules which resembled parts of the polysulphone molecule

and gave the following results.

When 4,4* dichlorodiphenyl sulphone was added to caprolactam

containing lactam anions polymerisation occured. ''he colourless

"solution turned white as the polycaprﬁlactam started to crystallise.

After a time, which depended on the cocatalyst concentration, the colour
of the polymer changed from white, through yellow and . orange, to red.

When shavings of the polymer were exposed to air and moisture their

colour changed from red to white.
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When.diphenyl sulphone was added to a solution of lactam
anions no chance in the viscosity of the solution was observed to

have taken place after two hours at 150°C.  DExtraction with

water showed that no polymerisation had taken place. _ ‘
b,4* diaminodiphenyl sulphone did not act as a cocatalyst

in the polymerisation of caprolactam. When the contents of the

polymerisation tube were examined it was found that no polymer

had been formwed.

Diphenyl ether, when added to caprolactam containing lactam anions,
failed to initiate polymerisation afier two hours at 156°C.,  When
sodium hydride was added to a solution of caprolactam containing
diphenyl ether the solution turned bright red but polymerisation

did not occur.

0f the compounds tried as alternative cocatalysts in the anionic

initiated polymerisations. A reaction mechanism is pfop&gﬁ which
agrees with other work71 published subsequent to the present study.
It expléins why 4,47 dichlorodiphenyl sulphone initietes polymerisation

and why other compounds tried do not.

The first step, as in the anionic polymerisation of caprolactam,
is the formation of lactam anions A by the reaction of the monomer

with sodium hydride { equation 21).

polymerisation of caprolactam only 4,47 dichlorediphenyl sulphone
\

O o
TR B O®
N + NgH —> C—NWNo. + He . _ __ . . (21)

R/ \\R/

 Re(om), A

C
\
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When the 4,4* diphenyl sulphone cocatalyst is added it reacts
with the lactam anions with the formztion of mono and difunctional

amides ( equation 22 ).

Z~—N @cc , ce”

Cﬁw.- -@Cﬁ ‘WZC‘N 3 B. . m = (22)

and or
‘%—g@ O e

At lower catalyst concenirations it woﬁld be expected that
more monsfunctional amide would be formed. With chlorine the
inductive énd mesonmeric effects are in opposite directions but the
overall effect is that chlorine is an electren w1thdra41nr group.
The electron withdrawing chlerine atems have a hizher electron
density than the carbon atoms in the 4 and 4' positicns and this

makes them labile to nucleophilic attack.

The difunctional amide C, due to the strongly electron apylene
group attached to the amide nitrogen is extremely labile to base

and undergoes very facile ring ovening reactionsr( equaticn 23).

The sensitivity to base of compound C is such that it has

71 Instead, high molecular weight

eluded all attempts at isolatione.
polymer always resulted whenever free caprolactam monormer was present

in the system. The formation of C is slow and determines the

rate of reaction, once it is formed polymerisation is very rapid.




Anicn D, being more basic than a caprolactam molecule,
abstracts a hydrogen atom from the monomer and reforms a lactam

anion  equation 24).

3 c=o0
MHRCN |
© C|)| /C:O /C=O ) + \R o
NRCN\L +HN\\R e . s
. S
[) ‘\FQ .

Caprolactam polymerisation then proceeds with transamidation
by lactam anion, folbwed by hydrogen abstraction as described in

the mechanism of the anionic polymerisation of caprolactam (Appendix 1).

Corpound € is analagons to the same class of imides as

N~acetyl caprolactam E

% ,c=0
CHaQN\'IIR
E

It can be seen that both A and E possess a carbonyl group within
a lactam ring which is activated towards attack by lactam anion.

This activation is a function of tﬁe electron withdrawing péwer of
the group attached to the nitrogen atom, and this sensitivity te
base is why_both act as cocatalysts in the anionic polymerisation of
canrolactam,.

Other activated arcomatic halides which initiate polymerisation
hﬁve also been investigated by Matzner.?1 His results show that
there is a definite e¢nhancement in the rate of polymerisation when
the helide is changed from chlorine to fluorine. As the first
step in the polymerisation is the formation of the diamide this Qould
be expected as it is well known110 that the nucleophilic substitution.

of fluorides proceeds much faster than the corresponding chlorides.
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An interesting aspect.of this work was the formation of cross
linked and gelled polymer when 4,4' difluorodiphenyl sulphone
was used as the cocatalyst. The gellsd and insoluble material-
was formed at the higher cétalyst concentrgtionso No cross-linked
polymer was cobserved when p fluoro phenyl.sulphone was used as the
cocatalyst. The ease with which the cross-linking reactions take
place in the case‘of the diflucro derivatives is undoubtedly related
to the enhgnced rate of nuclecphilic substitution of these compounds.

' T
A reaction was propesed to explain these observations.

L ,4* diamino diphenyl sulphone and diphenyl sulphone do not act
as cocatalysts in the polymerisation of caprolactam. In the former
the overall electron donating efféct‘of the amino group reflects the
ease with which the nitrogen_atom reléases its lone pair electrons
which is more than sufficient to outweigh the inductive effect of
the group. The amino-groups are thercfore not susceptible to
nucleophilic substitution. VWhether or not diphenyl sulphone will
initiate polymerisation depends on the effect of the sulphon¥yl:. group
on the T electron density in the phenyl group, and in particular
on the carbon atﬁms in the 4 and 4' positions. The sulphonyl
group is an electron withdrawing group‘with a large part of its
electron attracting power being dué to its inductive. effect. The
carbon atoms in the % and 4' positions will have a reduced electron
density but the effect is not strong enough to cause diphernyl sulphone

to initiate polymerisation.

Diphenyl ether does not act as a cocatalyst in the anionic
polymerisation of caprolactam because the lactam anions are not

basic encugh to cause cleavage of the ether linkage, even at 1500Q.
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When sodium hydride is added to caprolactam containing diphenyl
ether it reacts with is in preference to the menomer, by the

reaction shown below ( eguation 25 ),

.©o-@ +Ho ———>©6l‘:&+ @ ______ | (25)

red coloured

The colour &6f the solution changes from colourléss to red,
the intensity depénding on the concentrations of sodium hydride
and diphenjl.ether. Althougzh the sodium hydride, which is
a strong base, is capable of cleéving the ether linkage no
polymerisation occure because the species'formed is not basic

enough to react with caprolactam to form lactam anions.

3:22.7 PROPOSED REACTION MECHANISM,

By taking into consideration the results of the experiments
to determine the copolymer composition, the molecular weight of
thepoljsulphone components of the copolymers and the attempted
polymerisation with alternative cocatalysts it is possible to
propoce a reaction mechanism which explains all the observétions._
The reaction mechanism for the anicnic polymerisation of caﬁrolactam
using polysulphone as the cocatalyst is shown schematically below
(equation 26) |

O

Sha 987
~OHr0T- ] —
3 .

@] =

1 /$°° o CHs i
Lt N + O C - - = =(26)
i \R |

o . CHs .

F | G
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The first step in the polymerisation is the formation of lactam
anions by the reaction of sodium hydride with the monomer (equation 21).

The ether linkare is then ¢leaved by the lactam anion because the effect

on the oxygeﬁ make 1t liable to attack.

It is readily seen that species F is equivalent to the one which
is obtained with b,4' dichlorodinhenyl sulphone. Once forrmed it
reacts repidly with a lactam anion anpd polymerisation vroceeds by the

usual mechanism to give high molecular welght polymer.

Tnis mechanism would be expected to give block corolymers in which
a long polycaprclactam chain is attached to part of a polysulphone
rolecule, the length of the volysulphone component being dependent
cn the positicn of the cleavage. Because of the number of reacticn
sites in a polysulphone mﬁlecule it is expected that any one
polysulphone molecule will be cleaved more than once and that hoth

AB and ARA tjpe block copolymers will be formed.

A reaction mechanism involving a chain scission reaction explains
why it is possible to extract uncombined polysulphone and why there
is never 1006 incorporation, whatever the catalyst cnncentratione
It also explains why the molecular weights of the polfsulphone corponents

of the conolymers are small,

Additiconal evidence supwvorting this reaction mechaniom is obtained

from other properties of the copolymers studies and from the eptical

microgcony studiese

of the eiectrdn withdrawing sulvhonyl group and the lone pair of electirons '
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OTHER PROPERILTES CF TIL COPOLYMERS,

SOLUTION PROPERTIES.

The solubility of the homopolymers and copolymers in pure

and mixed solvents at room temperature was studied,

are shown in Table 17.

TABLE 17,

SOLUTION PRCPLRTIES.

The results

SOLVENT. SOLUBLE INSOLUBLE
POLYFERS PCLYMERS
TORMIC ACID NYLON 6 POLYSULPIONE o
T COPOLYMERS
M CRESOL NYLON 6 POLYSULPLONE b
THL CCPOLYMERS
CHLOROFORM POLYSULPHONE NYLON 6
: THE COPOLYMERS
TOLUENE POLYSULPHONE NYLON 6
- THE COPOLYMERS
FORMIC ACID/ NYLONG _ c
CHI OROFORM POLYSULPHONE FONE
121 THE COPOLYMERS
FORMIC ACID/ NYLON 6 .
TOLUENE POLYSULPHONE NONE
1:1 THE COPOLYMERS

as The polycaprolactam components of the copolymers are very

swollen by the formic acids

be The copolymers are very slightly soluble in m cresol but are

insoluble at the concentrations chosen.

¢e The homopolymers are soluble in the mixed solvents at the-

cancentrations chosen but are not as soluble in them as they

are in the respective pure solvents.
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All the polymer solubility experiments were made on nolymers
which hzd been extracted with water and chloroiorm to remove

any monomer and uncombined polysulphone respectively.

In formic acid the copolymers became very swollen but did not
dissolve. Increasing the volume of solvent caused further swelling
but not solution. As nylon & homopolymer is readily soluble in
formic acid the results provide additional evidence that a copolymer
is formed during the polymerisation of caprolactam in the presence
of disseolved polysulphone. If the polycaprolactam were not in the
form of a copolymer it would have dissolved in the formic acid
and the polysulphone, being insoluble, would have settled out at the

bottom of the tube.

In m~cresol the cqpolymers are very slightly scluble providing
more evidence of copolymer formation. As nylon 6 is readily soluble
in m-crescl the pdlycaprolactam formed should have dissolved if it
was present ashomovolymer.  Polysulphone is insoluble in both formic
zecid and m-cresol bhut it appears that ﬁ-crésol is capable of dissolving
small amounts of low molecular weight polysulphone as the copolymers

are soluble in very dilute sclutions.

In toluere and chloroform, the two solvents for polysulphone used,
the copolymers appear to be completely insoluble. The polysulphone
components of the copolymers probably dissolve in the solvents but there

is no observable evidence for this,
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In the two.mixed solﬁents, one for cach oomponent of the
copolymers, the copolymers are soluble at the concentrations
employeds  Although they are soluble in both solvents the
copolymers dissolve-more rea&iiy in the formic acid/chioroforn
mixture because chloroform is a better solvent for polysulphone
than tcluene. Although nylon 6 and polysulphone homopolymers
are soluble in the mixed solvents at the concentrations employed
they are not nearly as soluble as they are in their respective

pure solvents.

COPCLYMER DENSITY,

The copolymer densities were measured using samples cut
from unused impact specimens which were free from flaws.
A straight line graph was obtained when a plot of cathetowmeter
readings versus float density was plotted so that the polymer
densities could -be calculated from it., The density of the
polysulrhone homopolymers useq to prepare the copolymers
was also measured. ﬁach result shown in Table 18 is the average

value from at least four samples.

The results show that the densities of the copolymers

are similar which is what would have been predicted from the work

to determine the cecpolymer corposition and reaction.mechanism,

The molecular weight determinations show that during the polymerisation
the polysulphone molecule is vleaved by a chain scission reaction
50 thnt the amount of pelysulphone incorporated into each polymer

molecule 1s small.
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TARLE 18,

- POLYHER DENSITIES.

POLYMER, - | % POLYSULPHONEI ' DENSITY
' ' IH POLYMER. (Ke/1)
E6 E | k97 o qa1be
E2 k.99 _ 1149
78 B 10,02 3 1kl
J12 - 9,98 - - 1.152
310 15,00 | . 1145
K9 - 9.99 - 14151
PI700 _ 100.0 14237
P3500 - 100,0 1,240,

This indicates that the densitiés of the copolymers should be little
different from that of nylon 6 and this is whét was found. The
literature value for the dénsity @f njlon'6 ig usually qudted as
11l Kg/1 slighﬁly less than that deterrined for the copolymers.

The slightly higher density for the copolymers prepared with the
higher catalyst concentrations is probsbly due to better packihg

of the molecules because of their lower molecularwight and

crystallite size,

The crystalline melting point of a.éample of nylon 6 homopolymer
nrepared by anicnic polymerisation, end the relling »oints of the
poiycapfolactam cbmpdnents of the éopolymers were measured and the
results are shown in Table 19, Figure 11 shows the traces obtained for

the copolymers; all of which were similar, and for the nybn 6 homopolymér.
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TABLE 19,
CRYSTALLINE MELTTING DOINTS OF NYLON &
THE POLYCAPROLACTAM POLYSULPHONE COPOLYMERS.

POLYMER ¢ POLYSULPHONE CRYSTALLINE
. “ _IN POLYMER . MELTING POINT
- | (%)
KYLOW 6 0 S 225
E8 ‘ 5.02 ' 222
H12 o 4,69 | 220
F10 10,00 | - 223
J9 _ o 9.99 220
G9 | 15,00 : 221

1 999 220

Although Figure 11 illustrates only part of the melting curve
of the nylon & homopolymer and all the copolymers they were

subjected to thermal ahalysis between -100 and 280°C.

The most important information obtained from these.cufves is
the crystalline melting poiﬁts‘of the pol&capfolactam corwonents
of the copolymers and the nylon 6 homopolymer. The melting poihts
gquoted in Table 19 are taken as the lowest poinf on the melting
eadotherm. _ The.shape of the melting curves for the copolymers
indicates the presence of a sécénd component . The ﬁflon 6
homepolymer has.a shérp meltingeﬁﬂotherm while the polycaprolactam
components of the copolymers have broad meltingendetherms. The
termperature range of the meltingendotherms of the copolymers was
- 14-18 degrees C compared with 6 degrees for the.homopolymer. The
melting points of the copolymers are slightly lower than those of
the homopolymer. Taking into consideration the éaﬁple weighté,
the areas enclosed by the meltingendotherms indicatesthat the deéree
of crgstaliinity of the copolymers is slightlj less than that 6f_the

nylon 6.
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‘It is not unexpected that copolymer formation will reduce the

degree of crystallinity by a small amcunt. This reduction could

-
x

account for the small differences in density between the copolymers
prepared with the, different catalyst concentrations, Increasing
the catalyst concentration should increase the amount of aﬁorphous
polymer which will arfange itself better and give poljmers with
higher densities. There should a&lso be a slight reduction iﬁ

the crystalline melting point of the polycaprolactam‘component

of the copolymers and this is what is observed.
There is no evidence of monomer in the copolymers.

It is known that crystalline polymers are in fact only partially
crystalline.. The two phase structure of a partially érystallane
polymer is considered to consist of geometrically perfect regions,
erystallites, surrounded by amorphous regiﬁns. The maximum
crystallinity that can be obtained varies with the nature of the
repeating unit. High crystallinity, %0-50% is obtained with

polymers such as nylons because their regular structures permit

“chain alignment and a high degree of hydrogen bonding.

The lower melting temperature and broader melting range of
low.aensity polyethylene compared with that of high deﬁsity
| polyethylene is a direct result of the wide distribution of
crystallite sizes. Also, the gradual melting point depression of
copolymers‘containing a small percentage of a second component is

internreted as being due to interference with the crystalline strwcture

by this component.
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It would therefore seem probable that the broader melting

curve for the copolymers is due to a combination of these effects.

"Photographs of sections of the copolymers and nylon 6 homo?olymers
(page 134) shows the latter to have ﬁore regular spherulites. DBecause A
there is only a small difference in the molecular weight of the segments
of polysulphone attached to the polycaprolactam it would be expected
that there would only be a small decrease in the crystalline melting

point and this is what was found.

APFPEARANCE OF Tve COPQLYMERS.

The colour and‘appearance of the copolymers prepared with various
catalyst concentrations, polysulphone concentrations and polymerisation
times were noted. ~ *he change in colour of shavings of the copolymers
when they were exposed to air and moisture was also noted. lMoulded
copolymérs anpeared to have better thermal stability than the
polycaprolactam homopolymefs.

Copolymers'prepéred with catalyst concéntrations of less than 0.75 mole % _
were almost colourless, or a very pale pink colour.  VWhen the catalyst
concentratién was increased to 1 mole % the copolyﬁers_had a definiﬁe
pink colour but there also seemed to be a thin white sheath arcund the
polymer. At catalyst concentrations of about 2 mole % the copolymers
had a yellow-orange colour which became moré orange aé fhe cataiyst
concentration was increased., The copolymer  prepared with a catalyst
concenﬁration'of 5 mole %.Was an intense orange colour. Shavings of
most of the copolymers were found to give a white éolymer after standing

in the atmosphere for a period of time.
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Copolymers preparéd with catalyst concentraﬁions of 1 mole % were
usualiy.white after standing overnight, those prepared ﬁith a
cztalyst concentration of 2 mole % took a little 1onger.' The
copolymer - prepared using a very high catalyst concentration did

not give a really white colour, even after extraction with water.

The most probably cause of the colour in the copolymers is
ions which were not able to terminate when the polycaprolactam
crystallised. The higher the catalyst conceniration the greater the
number of ions formed and more intense is the colour of the polymer,
When exposed to air and moisture these ions react‘readily with

a resulting loss of colour.

The better heat resistance of the copclymers compared with
“the nylon 6 homoﬁolymer is undoubtedly due to the polysulphohe
which has gocd heat reéistant properties. These properties
appear to be retained by the polymer even though it undergoés

chain scission reactions during the polymerisation.
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OPTICAL MIGROSCOPY,

Sections of the copolymers and a nylon 6 homopolymer were
prepéred as described (page ) 4nd the results are shown in

plates 1 - 9. Conditions appropriate to the plates are given

in Table 20,

TABLE 20.

PLATE NUMBER POLYSULPHONE MAGNIFICAT ION HODE
CONTENT (%) X
1 5 ' 64 PHASE CONTRAST.

2 10 : &4 t
3 15 64 "
4 10 160 © CROSS POLARS
5 15 160 i
6 0 - 160 ou
7 10 160 PHASE CONTRAST.
8 15 . 160 "
9 0 : - 160 "
Plates 1-3 are phase contrast vhotomicrographs of polycéprolactam—

pélysulphone copolymers cbntaining 5,10 and 15% by weight of polysulpﬂone
regpectively., Plate 1 shows that the.copolymers containing 5% by weight
have a continuous phase of polycaprolactam and a dispersed phase of
polysulphone. The piate shows‘the dispersed phase particle size

to bé very small, which is what would be expected if the polysulphone

molecule is broken during polymerisation, The small size ¢f the dispersed

haserparticles explains why any.uncombined olysulphone cannot be removed
. P _ 3

by simple chloroform extraction. It is impossible for the chloreform,

which is a non solvent for polycaprolactam, to penetrate the continuous phase.
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Copolymer
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Plate 9 “%u"

Nylon 6
Homonolymer




-136=

As the amount of pqusulphone in the éélymers is increased from

5 to 1C% by weight there is a definite change in the phase structure;
When the polysulphone concentration is 10% by weight it appears to
form a définite 6qntinuous phase with the_polycaproiactam forming the
dispersed phase. However, by using a staining technigue it has been
sﬁown that the "continuous" phase does in fact contain polycaprolactam.
The polycaprolactam will penetrate the "continuous" phase because

the molecules are attached to the polyéulphone. The''continucus
phase alsc contains any fragments of rpelysulphone molecules which ' :
are not attached {o polycaprolactam. Because the Mcontinuous™

phase is a polysulphone rich phase it is possible to extract any

uncombined polysulphdne by soxhlet extraction with chioroform.

When the polysulphone content is increased to 15% there is a
further, but less dramatic change in the phase structure. Thg
phase structure of the copolymers appears to be changing from one
with definite continucus and dispersed phases to one where the two
phases are interpenetfatingo Staining again showed that the.
polysuiphéne vhase contained polycaprolactam. Because of the phase
structure of the polymer it was agéin possible to extract the

uncombined polysulphone by simple soxhlet extraction with chloroform,.

Plates 4-6 weré taken with the samples viewed throdgh cross
polarisers and show tﬁe spherulitic structure of the copolynmers
and a.typical nylen & homopolymer. Plates & and 5 are of polymers
containing 10 and 15% by weight of polysulphone respectively and
plate 6 is of nylon 6 prepared by direct casting. Thee samiesasidsuintems _
;e el S - am — sl e S @2 gy S .

1.
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The ordering could‘be due to the resiraining effect of the ﬁolysulphone
which has been forced into the continuous phasé even though thers

is no evidence of a two phase structure from these plates.

As the polycaprolactam in the copolymers penetrates the continupué
phaosge it is not unexpected that evidence for.thc pregsence of
polysulphone is only obtained from the plates taken gnder phasé

contrast conditions. - Plate 5 shows that, because the molecular

weight of the polysulphone in the 'continuous" phass is very low,

it cannoct be seen under cross polars even when the concentration is

N

15% by weight.

Plates 7-9 are the same sections as plates 4-6 but were taken

using & nhase contrast condenser. Because of the higher magnificatiocn

"plates 7 and 8 show the phase structure of the polymers containing

1C and 15% of polysulvhone in more detail., Plate 9 is of nylon 6

and is used for compariscn purposes only.

PEYSICAL PROPERTIES.

Some physical properties of the copoiymers were determined and
compared with those of a gommercial nylen 6. The copolymers were
prepared to the specifications given in Table 13, Tables 1-6
Apgendix II give details of 21l the copolymers p:epargd and the test

to wnich each was subjected.
J

TENSILE STRESS-STRATN TEST.

From each compression moulded sheet twenty durmbell test vieces coulad

be eut. Half were stored in a vacuum descicator over phosphorus ventoxide
b ) I

for at least a week before testing and were known as the Ydry'" samples.
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The remainder were allowed to come to equilibrium in a
40 On.
constant temperature room (23 & 0.5°C; 65% RH) and were known

as the'equilibrated’'samples.

Figure 12 shows a typical tensile stress strain curve

for a hard, tough polymer.

YIELD POINT
The yield point is the first stress level on the stress-strain

curve at which the slope of the curve becomes zero. The term

is an arbitary oné, in general, since deviations from Hookian

behaviour take place before and after the point.

YIELD STRENGTH.

The yield strength of a material is the apparent stress at the
:?yield pdi;£; as.defined above. At this point a specimen is
considered to be.damaged, though fhe damaging effects aré
considered to be negligible at stresses slightly below the value,
The apparent siress, calculated by dividing_the load by the original
minimam cfoss sectiqnal area of the test piece, is itself s;ightly

lower than the true siress. The results are expressed in mega Newtons

per sguare metre.

PERCLINTAGE ELONGATICH AT BEREAK.

The percentage elongation at break is the percentage elongation
at the moment of rupture, It is calculated by dividing the
extension at the moment of rupture of the specimen by the original -

distance between the gauge marks and multiplying by 100. As such

the values are slightly lower than true strains at the moment of rupture.
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ULTTMATE TEN3ILE STRENCTI,

The true ultimate tensile stress of a material is the
tensile stress required to break it, calculated by dividing
the load by the cross sectional area of the test specimens: at

the moment and point of rupture.

In this work the apparent tensile strength at break was
determined. The tensile load was divided by the original cross
sectional area of the specimen, the results being expressed

in mega Hewbons per square metre.

RESULTS AND DISCUSSION,

. The yield strengths, apparent tensile strengths at break and
elongation at break for "equilibrated" samples of the copolynmers

and nylon 6 homopolymer are given in Table 21,

Thé yield strengths of all the copolymers were lower than
the yield strength of the commercial nylon €. The yield strgngths
of the copolymers prepared with catalyst concentrations of 1 mole %
were similar, as were those for the copolymers prepared with
catalyst concentrations of 2 mole $%. The copolymers prepared with
thé higher catalyst concentration had slightly higher yield strengths
than those prepared with the lower catalyst concentfation. The
- yield strength of the copolymers prepared with the higher molecular
weight polysﬁlphéne was similar to that of other cepolymers prepared

with a catalyst concentration of 1 mole %.

The tensile strengths at break for all the copolymers were greater

than that of the nylon 6 homopolymers
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The copolymers prepared with the 1owef catalyst.ccncentration
had the higheét tensile strength at break. As the amount of
polysulphone in the copolymers was increased there appeared to be
a slight decrease in the tensile strength at break. The copolymers
prepared with the higher catalyst concentration appeared to have
similar tensile strengths at break. Increasing the molecular
welght of ﬁhe polysulphone used to prebare the copolymers_resulted

in an increase in the tensile sirength at break.

As expected, the elongétionsat break for the copolymers and
nylon 6 homopolymer followed a similar pattern to the tensile

strength at break results.

The tensile properties of the nylon & homopolymer and the
copolymers were also measured for samples which had heen stored
in a vacuum descicator. The results are shown in Tabvle 22.
For these polymers it was only possible to measure the yield
strength and élongation ét breaks For the copolymers prepared
with a catalyst concentration of 1 mole % there apveared to be a
small but.gradval increase in the yield strength as the polysulphone
concentration was increased. The yield strengths of the copolymers
prepéred with the higher catalyst concentration appeared to be similar.
The yield strength of the copolymers appeared to increase as the
molecular weight of the polysulphone used tb prepare them was increased.
The nylon 6 horopolymer had a yield strength similar to that of the

copolymer prepared with a catalyst concentration of 1 mole % and a

polysulphone concentration of 10% by weight.
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TABLE 21.

POLYSULPHCONE~ POLYCAPROLACTAM COPOLYMERS,

TENSILE PROPERTIES OF "EQUILIBRATED!'SAMFLES,

CATALYST POLYSULPIONE  YIELD TENSILE' ELONGATION

NO,  CONCENTRATION CONTENT STRENGTH STRENGTH AT AT BREAK

(MOLE%) (%) © (MN/Sq m) BREAK. (%)

' ' (MN/Sq m)
E3 - 1.04 5,02 30,64 73,92 305 -
Bl 1.00 5.01 21,43 72451 | 306
E5 0.96 5.01 30441 68.71 . 285
E9 1.02 . 5.00 30421 76,88 318
1 1.01 10,01 . 30.70 65,80 286
F2 0.96 9,95 32468 68,57 297
F11 0.99 10,02 33,49 66.67 280
F12  0.97 10,02 3%,36 74,98 220
a3 0.97 15.00 31,98 67.66 . 291
G4 1.01 14,96 32,33 62.66 275
Gas 0.98 15.02 20641 66.7% 294
G8 1,00 15.08 31,85 66,64 286
H3 2.00 5,00 23,63 56.82' 253
Hh 1.97 .97 35442 67,67 295
H6 195 L.97 34,83 66430 312
E10 2,00 4,98 25422 57«71 261
J1 1,98 = 9.98 _ 34,89 64,07 293
J5 2.05 10.04 32.96 65,57 292
'}‘6 ) 1.96 9097 34-57 . 63021‘}' 281
J10  2.02 10,00 38055 55439 286
K3 1.02 . 10404 31.63 7141 310
Kl 1.02 10,0C 31,20 73,53 318
K5 0.97 10,01 30,28 68.26 298 -
X8 1.00 10,01 : 31.76 73419 310
N6/ - - L, 69 5he92 20k

N6/2 - - 43,84 67,28 "206
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- TABLE 22,

POLYSULPHONE-POLYCAPROLAGTAM COPOLYMERS
TENSTILE FROPERTIES OF # DRY " SAMPLES,
o CATALYST POLYSULPHONE - YIELD ELCHGATION
. CONCENTRATION COMIENT STRENCTH AT BREAK,
(MCLE %) (% (¥1/sqm) )
E3 1,04 5,02 76476 189
B4 1,00 5,01 . 75,86 227
BS 0,96 5.01 75.62 240
E9 1.02 5,00 75451 143
P 1,01 10,01 81.49 98
F2 0.96 9.95 83.71 170
11 0.99 10.02 82.68 160
2 0,97 10,02 ' 81.11 186
- G3 2.00 | 15.C0 84,05 167
Gh 197 14,96 82,55 103
G5 1,95 : 15.02 83,04 179
G8 . 2.00 T 15,08 . 85.66 12k
K3 2.00 5400 o - 79.02 122
BA .97 N 84 7794 109
H6 1.95 4,98 78.22 76
H10 - 2.00 4,98 7742 80
J1 1,98 9.98 28,74 119
J5 2.05 | 10,04 88.87 74
J6 1,96 9,97 78,3k 139
J10 : 2.02 10,00 8h b7 28
K3 1,02 10,04 84.55 157
Kb _ 1402 10,00 82.16 139
K5 0,97 10,01 . 84,17 125
K8 1.00 C10.01 83,85 153

82415 59
83,04 84
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FIGURE 13 |
TENSILE STRESS-STRAIN CURVE

~ Polysulphone- Polycaprolactam Copolymers

"Equilibrated” Samples
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o FIGURE 14
TENSILE STRESS-STRAIN CURVE
Nylon 6 Homopolymers

. "Equilibrated” Samples
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: FIGURE 15 :
- TENSILE STRESS-STRAIN CURVE

Copolymers and Nylon 6 Homopolymers .

"Dry" Samples.
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The elongations at break for the "dry" sampleé were more
scattered than for the ‘tguilibrated" samples.  The copolymers
prepared with.the lower catalyst conéentrétion had the highest
elongations at bfeako The elongation at break decreased as the
polysulphone concentration was increased. The copolymers prepared
with a catalyst concentration of 2 mole % had similaf elonéations
at break. Increasing the molecular weight of the pqusulphone
used to prepare the copolymers did not appear to affect the
elongation at break. The elongaticn at break for the nylon 6

homopolymer was less than that of all the copolymers.

Figures 13 and 14 show typical stress~strain curves for
‘%quilibrate&'samplescffhe copolymers and nylon 6 homopolymer
respectively., After the samples had been stored in a vacuunm
descicator the homopolymer and copolymers gave similar stress-

strain curves, as illustrated in Figure 15.

When a tenéile stress was applied to "equilibrated" samples
of the copolymers (Figure 13) they came urder tension and then
yielded (point A). The samples yielded by necking and then
elongated by drawing in a regular manner towards cne of the jaws
until the width of the dumbeld test piece started to increase,
A%t this point there was a slight increase in the stress before
the sample ''yielded" again { point B) and elongated by drawing
towvards the opposite jaw. 'When the whole of the test area
had elongated the sample came under tensionragain and finally
broke (point C). None of the samples’?ielde&'again after the

test area had become fullyelongated.
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Although the overall shape of the stress-strain curve

for the Mequilibrated" samples of the homopolymer (Figure 14)

were similar to those for the copolymers there were. several noticeable
différences. The yield, roint {point A) for the homopolymer was
more pronounced that thoée for the copolymers but it did not draw

s0 easily, When the sample had elongated to the point where the
width of the test piece started to increase there was a sharp
increase in the stress before it yielded again (point B). There

was another sharp increase in the stress when the test plece

became fully extended and the sample either broke, or “yielded"

again (point C) at any point along its elongated length, Samples
which."yielded" again only elongated a few more percent before |

breaking (point D).

Drying thelpolymers had a marked effect on their tensile
properties as illustrated in Figure 15. The tensile siress-strain
curves for the copolymers and homopolymer were similar. The .
yield strengths of the "dry'" samples were much greater.than_thosé
of the Mequilibrated" samples but their elongations at break were '
less, especially for the homopolymer and the copolymers prepared
with the higher catalyst concentrationt,. Because of this the
Npy ! samﬁles were only occasionally fully extended as illustrated

in Figure 15.

Samples which became fully extended when a tensile stresslﬁas‘
applied, yielded (voint A) and “yielde@'twice more (points B ard C)
before breaking (point b). Most Of.the‘samples broke before becoming
fully extended and, as expected, there were several points where this

occurred. It turned out that the points at which the samples broke (1-6)

appeared to fall into two groups.
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They either broke as soon as the sawple had yielded (1,3 and 5)

or at the point where the sample had become fully extended ﬁowards

 oreof the jaws and the stress started to increase (2 and 4).

When pointCwas réached, and the sample"yielded”again without breaking,

‘it only elongated a few more percent before it did so.

The tensile stress-strain curves for the''equilibrated"samples
show that the copolymers are hard, tough materials. The areas
under the stress-strain curves indicates that they have greater
tensile strengths at break than the homopolymers. The shape of
the stress strain curves shows that the coﬁolymers yield and |
elongate more readily than the commercial nylon 6 and indicates

that they could be suitable for fibre forming.

The results given in Table 21 show that, although the copolyrers
have yield strengths which are lower than that of the commercial
nylon 6, their tensile strengths and elongations at break are greater.
The tensile strengths at break given are in fact apparent tensile
strengths at. break because they do not take into account changes
in the cross sectional area of the samples as they elongate.
Because of this the trends indicated are more pronounced and the tensﬁle.

properties of the copolymer are improved with respect to those of

the homopolymers

The results indicate that the degree éf crysﬁallinity aﬁd molecular
wéight of the polycaprolactam component of the copolymers are the
factors which have mdst influence on the tensilé pr0per£ies of the
copolyﬁers. Thermal analysis indicates that the polysulphone causes
a slight reduction in the wrystallinity of the polycaprolactam component

I3

of the copolymers.
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It would e expected that the polycaprolactam cormponents of the
copolymers prepared with the lowesr catalyst concentration would
have the highest molecular weight. The results show that these

copolymers have better tensile properties than those prepared

with the higher catalyst concentrations.

Although the tensile stress-strain curves for the copdlymers
indicates that they COuld'forﬁ fibres with a high tensile strength
it cannot be assumed that the copolymers with the best tenéile
properties will form the bhest fibres. Thiﬁ can only be assessed
by actually séinning fibres and all the factors which could affect
the fibre forming properties of a polymer must be taken inteo

consideration before any ccnclusions are dravne.

The 'dry" éamples were tested in order to determine the effect
of the volysulphone on the tensile properties of the copolymers
in the absence of water which acts as a plasticiser for the nylon.
Sebenda and <:o'.\n:11'1<<31r'51/l’I have studied the effegts of water.and
unreacted monomer on the‘phjsical properties of nylom & and

showed then to be considerable,

The'results show that the molecular weight of the polysulphone
gomponents of the copolymers is too low to have any significant
effect on their tensile properties. The copolymers in which the
molecﬁlar weight of the.polycaprolactam components is highest are most
affected by drying with regpect to ﬁhe yield strength. These long
pblycaprolactam éhains still elongate more readily than sheorter oﬁes
when subjected to a tensile stress and as a result have higher

elonzations at breake.
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%:25,2 IMPACT STRENGYH.

Impact strengths were measured on a Hounsfield Impact testing
machine which measures the work done in brealking a notched test
piece. The machine measures the Charpy Impact strength of a

. . . 2
material and the results are quoted in MKS units, K Joules/m

‘pehind the notche

From the compression moulded Mslabs8Mit was possible to cut
twelve test piecess ALl the test pieces cut from one "slab" were
‘either allowed to equilibrate in a constant temperature room

-.:t =C 66’,“ . . .

(23 0.5°C 65% RH) or stored in a vacuum descicator for at least
a wesk before testing. The samples were referred to as the
"eguilibrated" and "dry" samples respectively and the results are
shown in Tables 23 and 24, together with those for a commercial

nylon 6,

~ For the ﬂequilibrated”lsamples all the copolymers prepared
with a catalyst concentration of 1 mole ¥ had better impact strengths than
thevcommércial nylon 6._ An increase in the amount of polysulphone
in the copolymers resillted in a decrease in the impact strength.
The copolymers prepared with catalyst concentrations of 2 mole %
had impact strengths which were less than those of the nylon 6
homopolymer. - Increasing the molecular weight of the polysulphone
used to prepare the copolymers resulted in a decrease in the impact

strength.
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TABLE 23,

POLYCAPROLACT AM-POLY SULPHONE COPOLYMERS.
- IMPACT STRENGTHS : 'EQUILIBRATED'SAMPLES,

CATALYST ' POLYSULPHONE CHARPY

NO. CONCENTRATTON CONTENT TMPACT STRENGTH _
(MOLEY, (%) - (K JOULES/m“SEHIND NCTCH)
. E2 - 0,98 . 5,02 - 16.56
. E6 0695 - b9y 16,48
oA - 0.98 | +,98 16431
E11 0.98 . B 5,00 15.38
F3 ' 1,04 10,00 15.85
Fh ' 1.01 10,02 15.45
F5 0.99 10.01 15.56
G10 0.99 15,00 13.12
G611 0.99 - 15.0% 13,74
G2 0499 15.02 ' 13433
H2 1.98 k.99 10,04
H5 1,98 5.00 ' 10.83
H11 1.99 ’ 4,98 10,49
H13 . 1.98 4,99 10.51
J2 2,03 10,01 o 7 o iy
J3 1499 . 9.99 8+15
Jh 2.0% 10,00 7.56
K6 1,02 10,01 13.22
K7 0.98 10.0% 12.79
K11 1.00 10,02 12.81
N&/S - ohy ' - © 12611

N6/6 - 02 - 12.08
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TABLE 2k,

POLYCAPROLACT AM=POLYSULPHONE COPCLYKMERS.
IMPACT STRENGTHS '+ "DRYY SAMPLES.

CATALYST POLYSULPHONE CHARPY
W, CONCENTRATION © CONTLNE IMPACT STRENGTH
(MOLES) (s5) (X JOULES/m2 BEHIND NOTCH)
£10 098 L,99 k26
E12 097 5.03 ' 3,06
13 1,03 |  5.00 3420
6. 1,00 9,97 4,21
F7 105 10,00 .21
¥8 0,99 : 10,02 i k.20
F9 1.02 9,99 3.61
G1 1.01 14.99 343
G6 0.96 ' - 15.02 %.12
G? 1,03 - 15.01 3.20
H1 : 2.01 L,99 2.99
fofs] 1.98 5,00 2.87
H9 1.97 4,99 2457
J7 2.03 39.99 2.08
J11 S 2.01 ‘ 10,C0 2.11
J12 2.0% 9.93 2425
K9 1.03% ' 3,98 309
K10 1.00 10,04 3.18
%12 1.00 10.02 2.56
6/3 - - 5.26
NE/h - | - _ 5031
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-‘For'the‘"dry" sampleé‘the impact sﬁrengths df all the copolymers
were lower than that of the commerdial nyldn‘G.. The écpolyﬁers
preparéd with the lower catalyst concenﬁfation had better impact
strengths than those prepared with the higher catalyst concentration.
- The impact strength decreaséd a5 the concenfration of poljsulphone
in the copolymers was increased. . Increasing the moleéular Qeight

of the polysulphone used to prepare the copolymers resulted in a

decrease in their impzsct strength.

A rough guide to the impact properties of a polymer can often be
obtained froﬁ calculating.the area under its stress-strain curve.
4s the area under the curve is increased the impact strength or
toughness is expected to increase. It might be expected.therefore,
that the impact strengths of thé "equilibrated" samnles of the copolymers
will be greater than the impact strength of the hormopolymer. |
While this may be the cape - for many polymers it is important to
renmember that the tensile test is a slow speed test compared with

the impact test and the results need not necessarily be in agreement.

_ The results indicate that the main fadtors‘affecting the irmmact
strengths of the copolymers are the polysuiphone concentration and
the molecular weight of the polycaprolactam component'of the copolymers.
Increasing the polysulphone concenfraticn has an adverse effect on the
'impact properties of the copciymers,.increasing the molecular weight of
the polycaprolaétam component has a favourable effect, The effects act
in such a way that the éopolymefs brepared with the lower catalyst
concentration have bhetter imgact'properties than the homopéiymer,
those prepared with the high catrlyst concentration poorer impact

properties.
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The small amount of unreacted monomer present in the copolymers
doeé net affect their impact properties. Because of the adverse
effect of polysulphone on impact properties the area under the
tensile curve is only partially successfﬁl in predicting the

irpact properties of the copolymers.

The "dry" samples were arain tested in order to determine the
effect of water on the impact properties of the copolymers compared
to the homopelymer., Drying has a creater effect on the impact
properties of the copolymers but it appears that the adverse efféct
of the polysulphone is not as great. The homopolymer has better
impact oreperties than the copolymefs because of its e
mnminh dsnsbimcions maW s1izhtly higher degree of crystallinity.
The »resence of small amounts of additives such as antioxidants maj

have a small effect on the impact prorerties of the homopolymer.

The results indicate that copolymers with better tensile and

impact properties than a ccmmercial nylon 6 can be prepared.




¥ECHANICAL MIXING.

BRABENDER PLASTOGRAPH.

When the blends were compression moulded it was found that

fhe "sheets'" contained two phases, indicating that the two polymers'
had ﬁot been thoroughly-mixed. The ''sheets" contained small "lumps"
up to 1mm2, embedded in them. The "lumps'", when cut out with a
scalpel, were found to be completely soluble in chloroform. An
infra red spectram of a film cast from the chloroform solution showed
the soluble material to be polysulphone., The Brabender plastograph
traces did, however, indicate that the two polymers were reasonably
well mixed. It was noted that the surface appearance of the''sheets"

WZS pOOT.

7 Nylon 6 and polysulphone will not mix in a Brabender plastograph
at 240°C because their relative melt viscosities are not close
enoughrat the mixing temperatures. | Rai&ing the temperature and
increasing thé mixing time resulted in severe degradation of the
nylon. Adding the polysulphone and allowing it to reach the
mixiﬁg terperature before adding the nylon 6 still zave a two phase-
system. The poor surface appearance of the moulded "sheets" was
undoubtedly due to the inrcompatibility of the poljmgrs under the

mixing conditions., Other attempts at.blending polysulphone and
112

polycarroclactam have also been unsuccessful.
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POLYMER BLENDS WITH POLYCAPROLACT Al.

EXPLRTMENT AL,

MATERIALS,

CAPROLACTAY
were purified as described

SODIUM HYDRIDE previously { page 52).

N-ACETYL CAPROLACTAM

POLYMERS,
POLYSTYRENE (LUSTREX HFSS. MONSANTO LTD.)
IMPACT SPVRUNE (LUSTRES HT 42-1. MONSANTO LiD.)
THERMOPLASTIC RUBBER (TR 3202 SHELL)
These polymers, used in the preparation of the polymer blends,
were dried overnight in a vacuum oven at roon temperature before use.

NYLON 6 (MARINYL F/106 I.C.T.)

The physical properties of this polymer, a typical nylon 6
homopolymer, were measured and compared with those of the polymer

blends and polycaprolactam homopolymers prepared in the laboratory.

- PREPARATION OF POLYMER RLENDS.

The required weights of polymer and caprolactam were weighed:
into a polymerisation tube and dried overnight in 2 vacuuﬁ oven at
reom temperature. The polymerisation tube was then fitted with a
nitrogen bubbler and vlaced in a COnstaﬁt temperature bath (150 = 0.500).
Az in the case of the popolymers, the initial weight of caprolactam |
took into account 1qsses dué‘to sublimation during the course of the
polymerisation. ﬁhen all the polymer had dissolved the required
weight of sodium hydride catalyst was added by the method described

previously (page 57).
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WEen ali the cétalyst had reﬁcﬁed, indicatéd bf the evolution
of no more bhubbles of hydregen, the required ﬁolume of Neacetyl
- caprolactam was added  from a microsyringe. The nifrogen bubbler
was raised abové the level of the mixture when the viscosity
started to increase markedly. A nitrogen atmosphere was .
maintained above the polyﬁerising mixture during tﬁe course
of the polymerisation. At the end of the polymerisation period
which was 2 hours, the tube was removed from the constant temperature
bath and cooled quickly. The final polymer was weighed as scon as

. possible after the polymer had cooled.

4313, CAPROLACTAM HOMOPCLYMERISATION,

After drying overnight in a vacuum oven at room temperature, a
polymerisation tube contaiﬁiqgthe required weight of caprolactam
was fitted with a nitrogen bubbler and placed in a constant
‘temperature path ( 150 & 0.5°C), The sodium hydride catalyst
was added in the usual way, and when it had all reacted the reguired veolume of
N-zcetyl caprolactam cocatalyst was added from a microsyringg. A
nitrogen atmosphere was mainfained above the polymerising mixture for
the duration Qf the polymerisation which was 2 hourss. The polymer -
was weighed as soon as possible after the polymerisation tube had been

removed from the constant temperature bath.

<41l MONOMER CONVERSION,

Tﬁe anount of ceprolactam convérted to polycaprolactam in the polymer
blends and homopélymers was determined by extracting shavings of the
polymers in a soxhlet extraction apparatus using water as ﬁhe solvent.
It as found that 2% hours was sufficient to remove all the unreacted
moneomer and low molecular weight polymer. The shavinrs were welghed

and dried by the method described previously {(page 86 ).
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HOULDING Tif POLYMER BLENDS AND POLYCAPROLACTAM BOMOPOLYMERS,

The polymer blends and polycaprolactam homopolymers were

moulded in a way similar to that for the polycaprolactam~polysulphone

copolymers. The main difference was that all the'polymers could be

moulded at 230°C, whereas some of the c0polymefé had to be moulded
at higher terperatures. It was found that, as the arount of

the secoﬁd component in the blends was increased the surface
appearance -of the moulded polymers becane rougher and more
};eterogeneous° The pelymer blends and homopolymers flowed té

fill the moulds in a way similar to that for the copolymers.

THERMAL ANALYSIS.

The thermal rroperties of the polymer blends and polycaprolactam
homopelymers were examined on a Du Pont 9C0 thermal analyser

using the technigue described for the conolymers ( page 91).

CPTICAL MICROSCCPY.

Sections of the polymer blends were prepared and examined

by the techniques used for the corolymers ( page 92).

PHYSTCAL PROPENTIES,

The test methods used to determine the tensile stress-strain
and impact properties of the polymer blends and polycaprolactam
homopolymers were the same as those described.for the comolymers

{pages 96 and 97).
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Li2 . HESULTS AND DISCUSSTION,

22, ;_POLYMER BLEND COMPOSTITION,

The effect of catalyst coﬁCentration, bocatalyst concentration
and time on the polymerisation of caproléctam in the presence of
polystyrene was studieds Two series of poiymers, each containing
10% by.weight of polystyrene, were prepared. For e#ch series
the polymerisation time and cocatalyst concentration were kept
constant but the catalyst concentration was varied. In the’
first series the polymerisation time was two hours and the
cocatalyst concentration ( based on monomer) was 0.17 mole %.

In the second series the polymerisation time was foﬁr hours and

the cocatalyst concentration was 0,28mole %. The amount of
moniomer converted to polymer was determined by extracting shavings
of the blends with water in a soxhlet extraction apparatus for

24 hours. The results are given in Tables 25 and 26 and illustrated

in Figure 16.

Before any blends were prepared to determine the effect of
a second component on the properties of polycaprolactam two series
of polymer blends with polystyrene were prepared in order to determine

suitable conditions for their preparation,

Figure 16 shows the conversion of moncmer to éolymer fof the
tvo series. 'It shows that for catalyst concentratioﬁs above O.b4 mole %
there is little difference in the cenversion of monomer to polymer
with cocatalyst concentration and time. Between 0,15 and C.40 mole %
there is a slightly better conversion of monomer for polymers prepared

with the higher cocatalyst. concentration and polymerisation time

of 4 hours.
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TARLE 25,

POLYSTYRENE~PCLYC APROLACTAM POLYMER BI.E?FJS.
POLYMERISATION TIME 2 HOURS,

CATALYST . COCATALYST POLYSTYRENE CONVERSION OF

L SERIES  CONCENTRATICN  CONCENTRATION 1IN FINAL POLYMER  MONOMER TO
Noo (VOLE %) (VOLE %) ) POLYMER (%)
L1 0468 Co1? 10,21 95.28
L2 Oe 41 0e17 " 10.19 95,11
L3 1.53 0. 17 10.15 - 93.76
LL 0.48 0.17 10,09 95493
L5 1,68 | 0.17 ' 10.02 95,73
L6 2.53 0617 10,13 94,56
L7 065 0a17 10.08 94,95
18 1.15 0017 10.03 95,57
L9 0.9% 0,17 10,02 95.21
L10 .25 0.17 10,03 95.59
L11 0.52 0.17 - 10,02 94,93
L12 2.C0 0017 10,03 9k, 21
TABLE 26, -

POLYCAPROLACTAM-POLYSTYRENE POLYMER RLENDS.
POLYVERISATION TIME & HOURS. _
CATALYST COCATALYST POLYSTVRENE CONVERSION .OF

¥ SERIES  CONCENTRATION  CONCENTRATION IN FINAL PCLYMER ~ HOKOMER TO

Noe - (KOLE®) (MOLE %) (% POLYMER (%)
M1 1.73 0,28 10,12 94,97
M2 Ce81 0.28 10,03 ok, 54
M3 Co7h 0,28 10,06 95,01
Ml 1064 0.28 10.05 94,69
M5 0.48 0.28 10,09 : 975
M6 1.27 0.28 10,07 .62
M7 0.33 0s28 10,03 Qo b7
M8 1,11 0.28 10,13 ‘ 95.81
M9 1.40 0.26 10,02 ' 1 95.27
¥i0 2.63 0.28 10,06 L 93.74
M1 0.99 0028 10,03 95,50
M12 0458 . 0.28 10.09' ' 95,87

13 0.21 0.28 " 10,01 31.21




MONOMER CONVERSION WITH TIME AND
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At very.iow éétalyét édncentrations, below about 0.15 mole %
no polymerisation occurs because degradatién reacéiohs destrdy
all the catalyst and lactam anions formed. For catalyst |
concentrations between 0.15 and 0.60 mole % the conversion of
monomer rises rapidly to 90% and then more slowly to a limiting
value which is 945 4 1%, As the catalyst concentrafion is
increased from 0.6 to 2.2 mole% the conversion of monomer fo
polymer remains constant within the values given above.

For blends prepared with high catalyst concentrations, above 2.5

mole$, there is a decrease in the conversion of monomer., This

‘decrease can readily be explained in terms of the degradation

reactions which occur in lactam polymerisation ( APPENDIX I)

From these results it was decided to prepare the polymer

blends to the specifications given in Table 27,

POLYMER BLENDS ARD POLYCAPROLACTAM HOMOPOLYMERS.

Polymer blends with polycaproléctam were prepared in order to
compare them with a commercial nylon 6 and pclycaprolactam
homopolymefs prepared in the laboratory. ~Polymer blends were
prepared using polycaprolactam as the main COmponént with polystyrene,
impact styrene and styrene-butadiene;styrene thermoplastic rubber
as the second component. Limits were set on the amount of the éecond
component of the blend and the catalyst and cocatalyst concentrations.
For all the polymer blends the polymerisation time was two hours.

: ¥
The blends were prepared to the specifications given in Table 27,
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TABLE 27

t .

\ SECOND % SECOND CATALYST COCATALYST

SERIES COMHONENT COMPONENT IN CONCENTRATION CONCENTRATION
. IN THE DLEMD. TH: BLEND. (10LE %) (MOLE %)

5 5 4 0,05 1 & 0.05 0.10 4= 0.02
m E
1 POLYSTYRENE ° T QaOS 2 & 0.05 0,27 & 0.02
U : 10 4+ 0,05 2 4+ 0.05 0,22 + 0,02
v 15 + 0,08 2+ 0.C8 0.25 £ 0.03
W 5 4 0,05 1 4+ 0.05 0e10 + 0,02
X TMPACT 5 4+ 0.05 2 £ 0,05 C.21 & 0,02
Y STYRENE 10 4+ 0,05 2 4 0.05 0.22 3 0.02
7 15 £ 0,08 2 4+ 0,08 0.25 4 0.02
AA —— 5 4+ 0,10 2 4+ 0,05 0.21 4+ 0.02
BB PLASTIC 10 4 0,10 2 4 0,05 0.22 + 0.02
cc RUBEER 15 & 0,10 2 + 0,08

0.25 & C.03

‘given in Table 28.

SERIES

TARLE 28,

CATALYST
CONCENTRATION
(KOLE %)

COCATALYST
CONCENTRATION
{(MOLE %)

b S v 4

1 4 0.05
2 & 0.05
1 & 0.05
2 + 0.05

0u1 4 0,02
001+ 0.02

Ce2 & 0,02
0.2 % 0.22

subjected, are given in Tables 1-4 APPEMDIX III.

Polycaprolactam polymers were prepared to the specifications

Details of the polymers prepared, and to which test each was
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ks22. FOHCHER COUVERS TG .

For each sories of polymer blends énd polycaprolacﬁam
homopolymers thé-amount‘of monoﬁer converted to polymer was
determined by extractihg'shavings'of the polymefs with water
in a soxhlet sxtractlion arparatus.  %he résults shown in Tables 29

and 30 are the average of at least two determinaticns.

TARLE 29,

MONOMER CONVERSION - POLYMER BLENDS.

No. % SECOXND SECOND COMPORENT % VONCIMER CCNVERTED

COMPCNENT I THE BLEND TO POLYMER
IN BLEND :

Sh 5.0 . ol 69

B 5+0 POLYSTYRENE 9547
Us 100 | 95.16

V3 - 15.0 . o 94,38

W3 5.0 | | 94,57

\ . IMPACT ;
12 5.0_ STYRENE 9+f93
¥7 1040 . ' ' 95,06

25 15.0 ' - . 95.56

AR 2:0 PHERKOPLASTIC - 92405
BB1 0.0  RUBBER 92.43

CCh 15.0 - ' ‘ _ 91.66

YABLE 30,

MONCUHER CCNVERSICH ~ POLYCAPIOLACTAM HOMOPOLYKERS.

nNo, oL MOROMER CONVERTED
T POLYMER,

Nt 95.83
P1 Ok, 9k
Q3 96,49
R5 ' 9he61,

Before the physical properties of the polymer blernds and
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polycaproiactam homopolymers were determined the amount of
ﬁonomer converted to polymer was calculated.

Yor all the poly;aprolactam,homopolymers the coﬁvérsion of
monomer is high, but slightly better for the polymers

prepared with the lower catalyst concentration,. This can.
readily be explained in terms of degradation reactions

discussed in the mechanism of the anionic polymerisation of
caprolactam (Appendix 1). For the blends with pelystyrene

and impact styrene the resulis are almost the same and similar

to those for the homopolymers. There is no apparent decrease in
the conversion of monomer as the concentration of the second
component in the blends is increased. The conversion of monomer
for the polycaprolactam-thermoplastic rubber blends is lower

than for the other blends and decreases as the arount of the second
component in the blend is increased. Before the blends were
moulded they were extracted with water in a soxhlét extraction
apparatus for 24 hours. After the polymer blends aﬁd nylon 6
homopolymers had been moulded representative samples were ahalysed

by differential thermal anzlysis and showed no trace of rionomer.

THERMAL ANALYSIS.

The crystalline melting points of the polycaprolactam components

of the polymer blends and the nylon 6 homopolymers are given in

. Tables 31 and 32.
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TADLE 31.

CRYSTALLING VELTING POINDS COF THE POLYCAPRCLACTAM COMPONLNTS OF
THE POLYMEE BLENDS.

POLYIER CATALYST SECOND COMPOMENT % SECCID CRYSTALLINE
SERIES CONCENTRATICH IN BLEND . COVPONENT MELTING
(MOLE %) IN BLEND ~ POIND (°C)
P , 5 223
U 2.0 POLYST'YRENE 10 220
v 15 220
X | 5 223
Y 2.0 TMPACT STYRENE 10 219
Z | : ' 15 219
AR . _ 5 221
B3 2.0 THERNOPLASTIC 10 220
RUBBER _
CcC . ' 15 217
TABLE 32,
CRYSTALLINE MELTING POINDS OF THE POLYCAPROLACTAM EOMOPOLYMERS.
POLYMER CATALYST COCATALYST . CRYSTALLINE
SERIES CONCENTRATION  CONCENTRATICHN NELTLNG
(oL %) (MOLE %) POINT (°C)
0ot 225°%C
0.11 225°C
0.21 225°¢C

0,21 225°¢
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The shape of the neltingeadotherms for the polymer blends

are similar to these of the conolymers, and those for the
polﬁcaprolactam homopolymers are similar to that of the commercial
nylon 6. Agaig the important information gained from the thermal
analysis is the crystalline melting points of the polycaprolactam
homopolymers and the poljcaprolnctam components of the blends.

The melting points quoted in Tables 37 and 32 are the lowest points
of the meltingeadbtherms. The only indication of a second component
in the blends from the thermal analysis is the shape of their meltiﬁg
eedotherms, The meltingemdotherms of the polycaprolactam in the
blends are broad while those for the polycaprolactam homopolymers

are sharp. The temperature range of the meltingendotherms df

the blends is 14-1800, compared with 6 degrees for the homopolymers.
The melting points of the polycaprolactam components of the blends
are a little lower than those of the homopolymers and decrease slightly

as the concentration of the second component in the blend is increased.

For the blends with polystyrene there is no indication of a glass
transition temperature around 100°C for either the moulded or
unmoulded samples; This is because the polystyrene forms the
dispersed phase of the blend and the polycaprolactam component has

such a high melting point compared with the glass transition of the polystyrenes

The broad meltingeadotherm for the polymer blends is due to the
seqénd component which causes a large distribution in the #oiycaprolatam
crystallitie size. The inéompatibility of.the second component might
interfere wifh the crystallisation which will in turn affect the melting

point.
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Taking into consideraiion the sample weights, the area enclosed
by the meltingemdotherms'indiéates that the c¢epgree of crystallinity
of the homopolymers is slightly greater than that for the polycaprolactam

componénts of the blends.

APPEARANCE OF THE POLYMER BLENDS AND HOMOPOLYMERS.

As’ the amount of the second cormponent in the blends was increased.
their appearance gave the impression that the components were.
becoming more incompatible. The apnearance of a particular blend

depended on the second component, and also on its concentration.

When the concentration of the second component wés 5% by weight
blends prepared with polystyrene and impact styrene were similar
in appearance and much better than those prepared with the
therrmoplastic rubher. In fact the aprearance of these blends was
almost as good as that of the polycaprolactam homopolymers, As the
concentration of the second component was increased to 10% by weight
the blends with polystyrene and impact styrene were just beginning
ﬁo show signs of incompatibility. For the blends with the thermoplastic
rubber there were definite signs of incompatibility, When the
concentration of the second component was increased to 15% by weight
the surface appearance of the blends containing the thermoplastic rubber
were very rough and heterogencous. There were also dcfiﬁite signs
of incompatibility fer the bleﬁds with polystyrene and impacﬁ éfyrenea
The chanze in the appearance of the polymer blends waé greater when

the concentration of the second component was increased from 10 to 15%.
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When the blends were moulded their surface appearance became
rougher and more heterogeneous as the coucentration of the second
component was increased. Because of the high conver;ion 6f
monomer in the biends with polystyrene and impact styrene fhey were
moulded without extractiop with water. No improverent in thé
surface appearance of the moulded polymers was obtained by
extracting the last traces of unreacted monomer. On the other
hand the apvearance of the blends with the thermoplastic rubber
were sligﬁtiy improved by extracting the unreacted monomer and low

molecular nolymer before moulding.

The appearance of all the polycaprolactam homopolymers was
good and, after moulding, 1t was difficult to tell them from the

commercial nylon 6.

OPTICAL MICROSCOPY,

Section of the polymer blends were prepared and photographed
and the results are shovwn in plates 10-17. Althéugh all the
plates afe of polycarrolactam-impact styrene blends sections of
the other blends were very similar. Some details of the plates

are given in Table 33.

TABLE 33.
of i \ TE )
| UNMOULDED ) (TIPACT STYRENE) A;'EION HODE.

10 UNMOULDED 5 6 CROSS POLARS (CP)
11 UNMOULDED 5 - 6 PHASE CONTRAST (PH
12 UNMOULDED 5 160 PH

13 UNMOULDED 10 e PH

1 MOULDED 5 gk PH

15 MOULDED 10 ' 100 PH

16 MOULDED 5 400 PH

17 MCOULDED 5 400 CP
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The piates of the polycaprolactam-impact styrene blends
will be discussed and, where they differ from the other blends,

reference will be made.

Plates 10-13 are of unmoulded samples taken under phase
contract and cross polar illuminaticn at different magnifications.
Plates 10,11 and 13, which were tsken at low magnification, give an
overall view of.sections of the blends, They show that, when caprolactanm
is polymerised in the presence of impact styrene it does not form
two distinct vhases as might have been expected., Instead there is
a continuous polycaprelactam phase which contains two kinds of
partigles. The first are impact styrene particles, usually small
in size ( 1 to G)L ), the second are impact styrene “particles'
which contain polycaprolactan. 'The dispersed vhase particles
vary in size { 1 to 15}; ) ‘and both types of particles are randomly
distributed in the polycaprolactam. Plate 12 is a section of
photograph 11 taken at higﬁer magnification and shows the
polycaprolactam.surrounded by impact styrene. It is interesting
to note that &uring the preparation of impact styrene by.the
volymerisation of styrenermonomer in the presence of dissolved

113

rubber a similar phase structure is obtained. There is however,

a fundamental difference between the impact styrene system and the
polymerisation of caprolactam in the vresence of dissolved polymers.

In the former some copolymerisation occurs which produces good adhesion

between the components of the blend. That this does not occur with

the polycaprelactam~irpact styrene blends is illustrated by plate 13.
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Plate 10
Polymer Blend Containing
5% Impact Styrene

Plate 11
Polymer Blend Containing

5% Impact Styrene
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Plate 12 <=po

Polymer Blend Containing
5% Impact Styrene

Plate 13 B
Polymer Blend Containing
10% Impact Styrene




Plate 14 “7&‘5
Polymer Blend Containing
5% Impact Styrene

Plate 15 e
Polymer Blend Containing
10% Impact Styrene




Plate 16
Polymer Blend Containing

5% Impact Styrene

Plate 17 .

Polymer Blend Containing
5% Impact Styrene
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During the pfeparation of the sections the two phases became
separated because there were no interactions, such as hydrogen
bonding, to hold them toéether, Separation also occurred in
other sections éxamined anq this.observation helps to explain
the deterioration in the physical properties of the blends as

the concentratiorsof the second components e increased,

Plates 14-17 are of sections of mpulded polymers telen under
phaseICOntrast and cross polar illumination at different
magnificétions. | During the moulding process the components of the
blend melt and form a more definite two phase structure. As
expected polycaproléétam forms the continuous phase and irpact
styrene the dispersed phase. The dispersed vhase particles vary
in size and are randomly distributed. Plate 14, taken at low
magnification, shows the variation and distribution of the dispersed
pﬁase particles and also shows that none contain polycaprolactam homonolymer.
Plate 15, which is specific tc the hlends with‘impact styrene, is
of a larger particle of impact stiyrene in a mouided polymer and
clearly shows the crazes due to cutting the section. Plates 16 and j?
are of the same section taken under phase contrast and cross polar
illumination respectively. Plate 16 shows some of the structure of the
dispersed phase impact styrens and piate 17 shows the polycaprolactam

crystallites. It is not as apparent from the plates of the moulded

sarples that the components of the blends are incompatible.
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PHYSICAL PROPERIIES.

Some physical proverties of the polymer blends were determined
and -compared with those of a comrercisl nylon 6 and polycaprolactan

homopolymers prepared in the laboratory,

TENSILE STRESS~STRAIN PROPERTIES.

From each Compressioh moulded sﬁeet twenty‘dumbell £est
rieces were cut. Half were stored in a vacuum descicator over
rhosphorus pentoxide before testing, the remainder were allowed
to come to egquilibrium in a constant temcerature room (234 O.SOC 6595 RLWH).
They were known as the "dry'" and "equilibrated'" samples respectively,
The results for the polymer blends, wolyceprolactam homopolymers
and the commercial nylon 6 were calculated in exactly the same way

as for the.copolymers.

The tensile étress-st:ain results for the polycaprolactan
homopolymers and the commercial nylon 6 are shown in Table 3h.

The "eguilibrated" samples prépared with catalyst con;entrations
of 1 mole % elongated evenly buﬁ did not yield with necking.
The hemopolymers prepared with catalyst concentrations of 2 role %

yielded with necking, at similar stresses, hut these were leéss than

that of the commercial nylon 6.

The tensile strength at break for the homeopolymers depended
on the catalyst and cocatalvst concentrations, The homopolyners
prepared with the lower catalyst and coatalyst concentrations had the
greatest tensile strength- at break. Increasing the catalyst
concentration to 2 mole %, but keeping the lower cocatdayst

concentration, resulted in a decrezse in the tensile strength at

break.




There was & greater‘décfeaae in the tensile strength at break
when.the catalyst concentration waé kept at 1 mole % but the
cocatalysf concentration was increaseds The poiymers prepared
with the.higher‘cétalyst and cocatalyst concentrations had the
lowest tensile strensth at break. The tensile strength at

break of Lhe commercial nylon 6 was intermediate with those of the

homopolymers prepared in the laboratory.

The elorngations at break for the polycaprolactam horopolymers
and thre comrercial nyleon 6 follow a similar pattern to the

- tensile strength at break results.

For the "dry" samples, which yielded Qith necking, it was
only poesible to détermine the yield strengths and elongaticns
at break, The hémopolymers prepared with the lower catélyst
and cocatalyst concentrations had the highest yield strength.
Increasing either the catalyst or cocatalyst concentration.
resulted ip'a decreasé in the yield strength. The biggest
decresse was ohserved when the catalyst concentfation was
increased; For homopolymers prepared with higher catalyst
concentrations there was no apparent change in the yield strength
as the cocatalyst concentrationws increased. - The corrercial
nylon 6 had a yield strength similar to thét of the.polycaprolactam
homopolymers prepared with the lower catalyst and cocatalyst

concentrationse

The polycaprolactam homopolymers prepared with the lower

catalyst concentrations had higher elongationé at break than those

prepared with the higher catalyst concentrations.
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Increasing the cocatalyst concentration resulted in a decrease
. in .
in the elongztion at break., <‘he elongation at break for the

commercial nylon 6 was between the values for the polycaprolactan

homopolymers prepared with the higher catalyst concentration.

‘Table 35 shdws the tensile siress-strain results for the
polymer blends prepared with the hicher catalyst and cocatalyst
concentrations, together with the appropriate polycaprolactam

homopolymer.

Under test conditions all the Yequilibrated" samples of the

-polymer hlends elongated but did not yield with necking.

Blends contaiﬁing 5% polystyrene or.impact styrene had
tensile strengths at break which were similar to the polyﬁaprolactam
homopolymer. _All other blends had tensile strengths at break
which were less than that of the homopolymer. As the concentration
of the second component in the blend was increased the tensile
strength at break décreased. At the concentrations considered
blends with polystyrene aﬁd impact styrene had similar tensile
strengths at break. TFor a partiCula: concentration of the second
components, blends containing thermbplastic rubber had the lowest

tensile strength at break.

The elongation at break results follow a similar pattern

to the tensile étrength at break results.




TARLE 34,

TENSILE PROPERTIES :  POLYCAPROLACTAM HOMOPOLYMENS.

MEQUILTBRATEDMSAMPLES . "DRYY SAMDLES.
CATALYST COCATALYST YTELD TENSILE STRENGTH — EIONGATION . YIELD ELONGATION
No.  CONCENTRATION  CONCENTRATION STRENGTH = AT BREAK AT BREAK STRENGTH AT BREAK
(MOLE %) (MOLE %) (Mi1/Sq m)  (MN/3q m) (%) (M/8q m) (%)
N5 0.98 0.10 | - 76.56 334 79,0k 226
NG 0,98 011 - 75411 %19 80.54 227
N7 1,01 010 . 704 .96 207 85,15 187
Pl 1.98 0411 - 5720 | 289 51,95 195
P? 2.01 S R | - 55493 263 49,02 182
o1 1,02 | 0,21 ' 39.12 62,23 275 75465 147
Qb 0,98 0.21 34,04 69.87 285 71496 172
R 1,99 0.21 37,06 16,59 190 66.26 44
R3 2,05 0.21 38.06 42,35 15k 81,99 12
N&/4 - - ‘ k69 54,92 20k 82.15 59

N&/2 - : - 43,84 67.28 .06 83.04 84

-ogL-




TAHLE 35
TENSILE PROPERTIES OF POLYMER BLENDS.
CATALYST CONCENTRATION 2 mole %.

YEOUILIBRATED" SAMPLES

HYDRYY SAMPLES.

¢ BECOKD YIELD TENSILE STRENGTH ELONGATION YIELD STRENCTH  EILONGATION
POLTMER COMPONENT No,  STRENGTH AT BREAK AT BREAK (MN/Sq m) AT BREAK
IN BLEND (MN/Sq m) (}N/8q m) (% ' (56)

POLYCAPROLACTAM R1 27,06 L5459 190 66.26 b
HOMOPOLYMER - R3 28,06 L2,35 154 81.99 12 1
_ , y
POLISTYRLNE/ 5 o - 13,19 173 63.75 99 '

- POLYCAPRCLACTAM .4 U3 - 3345 86 46,92 14

POLYMER BLENDS o U4 - 3914 172 53,88 19

15 Vi 28.73 55 e, 27 11

. - 5 X1 - L, oh 186 68,46 1k

LMPACE STYRENE/ o 1 - 34, b6 147 52,10 15

POLYCAPROLACT AM 4 - Zhe 79 122 53.51 1k

POLTHER BLENDS o . 23 - 30,22 110 49.68 12

Zi - 33,03 63 47.38 11

TN am AM3 — b4 4,80 83 53.79 20

TREMOPLASIIC 5 Mk - 395k 118 58.83 23

10 BG4 - 21457 kg 33471 - 17

POLYCAPROLACTAM B35 - . 2%.30 30 35493 10

POLYMER BLENDS 15 CCc1 - 14,93 21 19.26 7




TENSTLE PROPERTIES OF POLYMER BLENDS.
CATALYST CONCENTRATION 1 NOLE %.

|
| ' . ' TABLE 364

"EQUILIBATED" SAMPLES. MDRY! SAMPLES,
% SECOND TENSILE STRENGTH =~ ELONGATION — YIELD STRENGTH ELONGATION |
POLYMER COMPONENT No. AT BREAK AT BREAK (MN/Sq m) AT BREAK ’
IN BLEND - (MN/Sq m) (%) {96) |
POLYCAPROLACTAM N5 76,56 334 79.0k 226 o
HOMOPOLYMER : - N6 73411 ' 319 80.54 227 b |
' N7 7Ha96 . 307 85.45 187 %?
. POLYSTYRENE/ | - |
POLYCAPROLACT AM 5 51 63.43 311 62425 168 |

POLYMER BLENDS

IMPACT STYRENE/
POLYCAPROLACT AM 5 W1 - 47.05 237 55.89 79
POLYMER BLENDS |
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For the "dry“samples, which again yielded with necking, it was

only possible to measure the yield strength and the elongation at break.

The blends_containing 55 polystyrene or impact styrene had similar
yield strengthsto the polycavrolactanm homopolymer. The yield
strengths of all the blends decreased as the concentration of the
second componént was incressed. Blends with polystyrene and impact
styrene had similar yield strengths which, at the concentrations
of the second component consideregd, were greater than these for

blends with the thermoplastic rubber,.

The elongations at break for the polycaprolactam homopolymer
g : . poly

and the polymer blends were similar.

Table 36 shows the tensile stress-strain results for the.
polymer blends and polyceprolactam homopelymer prepared with the

lower catalyst and cocatalyst concentrations,

Under test conditions the "equilibrated™ samples elongated but
did not yield with necking. The polycaprolactam homopolymer
had a greater tensile strength at break than the polymer blends.
The blend with polystyrene had a greater tenéile strength at break
than that with impact étyrene.‘ The eiongation at break results

followed a similar pattern Yo the tensile strength at break resulis.

For "dry" samples it was again only possible to measure yield
strengths and elonpgations at break, The_yield strengﬁhs of the
blends were less than that of the homopolymer. The blend with

polystyrene had a greatryleld strength than the blend with impact

styrene, ' _ ,
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The homopolymer had the greatest elongation at break, the value

_fbr the blend with polystyrene being grealer than that with

impact styrene.

 The tensile stress-strain curves obtained from “equilibrated'
‘samples of the polymer blends and polycaprolactam homopolymers

are shown in Figures 17 and 18 respectively.

Figure 17 shows & typical curve for test pieces which elongated
evenly but did not yield with necking. Polymers which gave this type
of stress~strain curve were the polycaprolactanm homopolyners prepaged
with catalyst concentrations of 1 mole % and all the polymer blends.
When the test pieces were subjected to a teﬁsile stress the whole
of the test area elongated in a unhiform manner until they broke.

Test pleces from polymers with poor tensile properties had broken
before they had elongated to point A, those with better tensile

properties broke between points A and B.

Figure 18 shows a tyuical curve for polycaprolactém homopolymers
vrepared with catalyst concentrations of 2 mole %. When test pieces‘
of these polymers were subjected to é tensile stress they yielded, |
point A, and then elongated by draﬁing'towards one of the jaws.
Polymers prepared with the higher cocatalyst concentration: usually
broke before they had elongated to point B, the point where the width
of the durbell test piece started to increase. When test'pieces of
the polymers prevared with the lowercextalyst concentration reached
this pointlthere.was a slight increase in the stress before they

"vielded" again, point C.
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N FIGURE 17
TENSILE STRESS-STRAIN CURVE
 Polymer Blends With Polycaprolactam And
Polycaprolactam Homopolymers Prepared
Wlth A Ca‘talyst Concentration Of 1 Mole %
"Equilibrated’ Sczmples |
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FIGURE 18 _
TENSILE STRESS-STRAIN CURVE

Polycaprolactam Homopolymers Prepared -
With A Catalyst Concentration Of 2 Mole%
"Equilibrated” Samples




 ';ﬁ8?;"

The tesf pleces then elongated by afuwing towards the opposite
jaw until they broke or the test area had become fully‘extende&.
When the whole of the test.area had become fully extended the test
- pieces either broie, or "yielded" again, point D, bvefore finally
breaking, point B. Test pieces which "yielded" more than‘once

only elohgated a few percent more before breaking.

The tensile stress-strain curves for 'dry" samles of the

homopolymers and polymer blends are shown in Fipures 19,20 and 21.

The curves for "dry" samples of all the polycaprolactamn
homopolymers, except these prepared with the higher catalyst and
cocatalyst concentrations, are shown in Figure 19 and are similar
to those described for the copolymers ( page 148). ~ The average
elonpgations at break-given in Table 34 gives an indication of the
types of curves to expect for polymers prepared with the various
catalyst and cocatalyst concenirations. Test pieces of polymers
with good elongations at bresk broke in similar positions o those
of the copolymers. Polymers with poor elongations at break usually

broke before the test pieces had elongated to roint B.

Figure 20 shows a typical curve for the polycaprolactam homépolymers
prepared with the higher catalyst and cocatalyst concentrations. The
vield:points (point A) for these polymers were ncver as sharp as
those for the other homopolymers and the sarples always broke before
they had elonrated to the point where the width of the test piece started
to increase.' Most pf the test pieces broke as they were elongating

by drawing towards one of the jaws, point B.
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| FIGURE 19 |
TENSILE STRESS-STRAIN CURVE
~ Polycaprolactam Homopolymers:
~ "Dry"Samples

A

B8
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FIGURE 20 |
Polycaprolactam Homopolymers Prepared
- With High Catalyst And
- Cocatalyst Concentrations
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~ FIGURE 21 |

Polymer Blends With Polycaprolactam
~"Dry" Samples '
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The stress—strain-cur?e shown in ¥Figure 21 contains features
of 21l the different ty#es of curves chtained for the polymer
blends. Figure 21 is in fact a typical curve for blends
containing 5% poi&styrene or impact styrene. Although the
yield point, point A, is not as sharp as for the homOpélymers
shown in Figure 19 the remainder of the curve is similar to point
B and the pelymers werc elongating in a similar manner. The test
pieces for these blends usnally breoke at points 3 or 4. Blends
containing 10 and 15% polystyrene or impact styrene and all the
blends containing thermonlastic rubber had poor tensile properties
and broke as séon as they had yielded, or shortly afterwards,

points 1 and 2.

The results show that the catalyst énd.cocatalyst concentrations
have a significant effect on the tensile ﬁroperties of the polycaprolactam
homopolymers and the polymer blends. The properties §f the blends
are also affected by the particular second component and its
concentratign. The tensile stress-strain curves give an indication
of the crystallite structure of the polycaprolactam homopolymers

and the polycarrolactam compounents of the blends.

When tést pleces of the homonolymers prepared with the lower
catalyst concentration are subjected to a tensile stress they
elongate in a uniform manner but do not yield with neéking.

The homopolymers preﬁared with the lower: catalyst and cecatalyst

concentrations have the highest molecular weight and best tensile

vroperties.




When.ﬁhe cocatalysf concéntration is increased 1owef molecular
weight polymers with bfoader molecular weight distributions are
formed and this has an adverse affect on their temsile properties.

Increasing the cocafalyst_ccncentration makes initiation more - |

efficient so that no very high molecular welght molecules are formed.

Test pieces of the homopolymers prepafed with.the ﬁigher
catalyst con&entration yielded with necking, and then elongated
by drawing when subjeéted to increasing tensile étraSs. As the.
reaction mechanism is dependent on the formation of lactam anions
an increase in the catalyst concentration will mean that more are '
formed and lower rmolecular weight polymer will result. As
expected, an increase in the cocatalyst concentration has an

adverse affect on the tensile properties. '

The shape of the stress-Strain curves indicates that it is
eésier to elongate the higher molecular weight homopolymers.
It is easier.to pull the molecules out of the crystallites so tha£
the test pieces do not yield with necking when a teﬁsile stress
is applied. Because of their high molecular weight fhe polymers

have good elongations and tensile strengths at break.

The values given in Table 3% are only apparent tensile strengths
at break beczuse they do not take into consideration changes in
the cross sectional area of the test pieces as they elongate.

The true tensile properties of the higher meclecular weight polymers

are therefére better than the table indicates. The homopolymers prepared
with the higher cocatalyst concentrations do rot have such good '

properties because there are no really long polymer chains -to

confhect the shorter ones.when the polymers are elongating.
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In polymers‘prepared with the higher catalyst éoncentration'
there are more "tie'" molecules and a higher stress is required to
puil the molecules out of the crystallites. This is why the test
éieces yield when subjected to a tensile sﬁress. As the stress-
strain curves are not smooth it indicates that even when the test
pieces are elongating by drawing the molecules do not pull

uniformly cut of crystallites,

A rlot of the frue tensile stress against elongation can give
an indication of the crystallite structﬁre of the polymers. If it
is easy to pull molecules out of the crystallites test pieces will
not vield with necking when subjected to a tensile stress. Figure
17 shows a typical stress-strain curve for such polymers.
For such polymers it would be expécted that a plot of the true
tensile stress against elongation will be such that a tangent
cannot be drawn to any part of the curve. For polymers which yield
with necking and then elongate by drawing it would be expected
that a tangent could be drawn, from the -1 point on thé negative

strain axis {Considire's construction)ﬂq’115

to a point on the
curve of the true stress againsﬁ elongation, A typical stress-strain.
curve for this type of polymer is shown in Figure 18. An atterpt

was made to plot these curves but was only partially successful

because the scale for the elengation is not linear.

The results show that drying has an adverse affect on the tensile
properﬁies of all the homopolymers. The shapes of the tensile
curves indicates that for all the homopolymers it is difficult to pull

the rmolecules out of the crystallites and all yield with necking when

subjected to a tensile stress.




Figufc 20 indicates that for the homopolymers prepared witﬁ the

higher catalyst and cocatalyst conceantrations more "tie" molecules

must be broken and as a result these polymers do not have sharp

vield points. Removing thé water, which acts.as a plasticiser, has

the greatest effect on these polymers and they have very pecor tensile
nroperties when dry. As expected, the high molecular weight polymers
have the best tensile properties because the long polymer chains can still

extend a considerable distonce before breaking, even in the absence of water.

None of the "equilibrated" samples of the polymer blends.prepared
with the higher catalyst and cocatalyst concentrations yielded with |
necking when subjected to a tensile stress. Instead theyelongated
uniformly over the whole of the test area in a manner similar to that
of the homopolymers prepared with the lower catalyst concentration.
The introduction of a second compenent into polycaprolactam causes
a reductioﬁ in the degree of crystallinity but this alone will not
account for thé observations. The.secohd components of the blends
must therefore affect the structure Qf the crystallites in such a way
that there is a reduction in the number of "tie" molecules.  There
wust be a reduction in the number of such links if the molecules are

to be pulled easily out of the crystallites.

fone .of the blends had tensile strengths and elonsations at break
as high as those of the corresponding homopolymer. The reason for
this is that the second comvonents of the blends, though soluble in

and compatible with caprolactam, are incompatible with polycaprolactam,
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Theré is evidence that there are no physical bonds such as

polar forces or hydrégen bonds acting between the tvo phases.
Optical microscopy shows that cuﬁtingrsamples on a microtoné_

can cause pﬂase éeparation and that during the moulding process

a more definite two phase structure is formed. There are no
chemical bonds between the two components of the blendé because

no copoiymerisation occurs during their preparation. This is

shown by the fact that all the second component can be extracted
from the‘polycaprolactam by the use of suitable s¢lvents. An
increase in the concentration of the second component in the blends
therefore has an adverse effect on their tensile properties.

At the varicus concentrations of the second component considered the
tensile properties of the blends with polystyrene and impact styrene
are similar, and better those with the thermoplastic rubber.

As the butadiene in the impact styrene is partially cross linked

its incompatibility with polycavrolactam is reduced so that there

is little difference between it and polystyrene at concentrations

up to 15% by weight. The butadiene-in the thermoplastic rubber

is not cross linked and though the polymer is soluble in caprolactam,

it is incompatible with polycaprolactam.

The results for the blends prepareé with the lower catalyst_
and cocatalyst éoﬁcentrations are noticeably different from
those desecribed above. Intreducing a second cormponent into‘high
molecular weight polycapr@lactam has a definite adverse éffect, even
at concentrations-of 585 by weight. There is also a difference between
blends with polystyrene and impact styrene, those with polystyrene having

the better properties in the nresent context.




=106

This difference could be due in part to the fact that the

fensile properties of polystyrene are better than those of

impact styrene. Dven though the second comﬁonent has an

adverse effect on the tensile preperties of the blends they

still have betteé preperties than those prepared with the higher
catalyst and ceccatalyst concentfations. Aithough the

polycapfolactam moleculés pull easily cut of the crystallites

there comes a point when the strength of the blend depends onrn its second
corponent and this is when they fail. In order to give better
teﬁsile pfaperties than blends with impact styrene the polystyrene

must be more compatible with the high molecular weight polycaprolactém.

Tris is in addition to the better tensile properties of the polystyrene.

As expected, drying has an adverse affect on the tensile properties
of the blends. The results indicate thét the properties of the blends
are affected by the removal of the ﬁlasticising water and the
incompatibility of their components. Because polymer incempatibility
has an adverse affect on their properties the blends are affected

more than the homopolymers by dryinge

Figure 21 would indicate that none of the blends shov sharp
vield points when subjected to a tensile stress but this is only
partially true. Blends with the worst tensile properties snapped
zlmost as scon as the test pieces had come under tension, those with
slightly better properties often tore instead of snapping when they

broke and this accounts for the shane of the stress-strain curve,
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For blends with better tensile properties the yiéld points.
are not sharp and this is an indication of the difficulty in
pulling molecules out of the crystzallites. Once they have

~

vielded the test pieces elongate by drawing until they fail at

-a weak point which may be due to the second component. This

was often the voint where the width of the test specimens started

to increase and there was a chanre in the tensile stress situation.

IXPACT PROPERTTES.

¥rom each compression moulded "slab" twelve test pieces were
cubs All the test pieces from one polymer were either allowed
to equilibraﬁe in a constant temperature room ( 23:t=0.5°C,65% RH),
or were stored in a vacuum descicator over phosphorus pentoxide.
The samples were referred to as the "equilibrated" and "dry" samples

respectively. The results were calculated in the same way as for

the copolyners and are given in Tables 37-39,



TABLE %7,

TMPACT STRENGTIIS OF POLYCAPROLACTAM HOMOPOLYM B3

MEOUTLIBRATED SAMPITE" TORTMSAMPLES o

. CATALIET COCATALYST CHARPY TMPACT CATALYSTD COCATALYST CHARPY IMPACT

Noo CONCENTRATION — CONCENTRATION — STRENGTH No. CONCENTRATION CONCENTRATION — STRENGTH ,
(MOLLY) { MOLE %) (K JOULES/M™ : (MOLE %) (MOLE %) ( K JOULES/M™

BEHIND NOTCH) BEHIND NOTCH)

N3 Ce99 0617 16.73 N2 1.01 011 4,68

iy 1,03 0e11 17,18 N8 1,00 0.11 L ko

P2 1,98 0.1 16,54 - PS5 2.01 0.1 1A

P3 1.98 0a11 18.62 P6 1499 0.11 5.08

Qb 1.02 0.2% 15.64 Q2 1.02 0e27 3.56

Q7 0.98 0.21 16402 a5 0.99 0.21 %.58

R 1,99 0e21 16450 R2 2.03 - 0.21 3,43

R? 2.02 G221 “I6o£}£+ le 2.03 0u21 3.1‘}‘9

NE/5 - - 1211 N6/3 - ~ 5.26

NG/6 - - 12.08 Ny - ' - 5431

#Q6L



POLYMER

9 SECOND

IMPACT STRENGTHS OF POLYMNR BLENDS,.

TARLE %8,

CATALYST CONCENTRATION 2 NOLE %,

WEOUTLIBRATEDSALPLES

CHARPY IMPACT STHENGTH

IDRY' SAMPLIS.

CHARDY T}P

T STRENGTH

COMPONENT No. - ( K JOULES/™ No. (K JOULES/M“ BEHIND ,
IN BLEKDS HOTCH) NOTCH) '
POLYCAPROLACTAM - 6 16,50 R2 3,03
HOMOPOLYMER - 7 16,44 Rk %, k3
POLYSTYRENE/ T4 13,08 Té 2446
POLICAPROLACT AM U1 10471
10 u2 10.540
POLYMER BLENDS. : R
15 2 G35
Vi 9.84
5 X3 b7k X5 2.46
_ Xh 11437 X6 2.58
IMPACT STYRENE/ :
] o 2 9471 Y5 2.36
POLYCAPHOLACT AM 10 v3 10,05 vé 531
A W
POLYMER BLENDS - 7 8.14
7.2 7.90 .
5 Al 16423
3.B.S.THERMO~ Aaz 16.27
PLASTIC RUBBLER/ 10 ap2 - 12,93
POLYCAPROLACTAM BB3 13,67
POLYMER BLENDS, 15 cc2 11.52
cCs - 1174




TABLE 39,

IMPACT STRENGTHS OF POLYMER BLENDS.

CATALYST CONCENTRATION 1 MOLE %.

MEQUILIBRATEDY SAMPLES,

UDRYUSAMPLES,

POLYMER % SECOND No. CHARDY NoW CHARPY
COMPONENT IN INPACT IMPACT
BLEND STRENGTH STRLNGTH
K SOULES /M- K JoULES M/
POLYCAPROLACTAM - 3 16473 N2 4,98
HOMOPOLYMERS N4 1718 N8 4,66
S T q l i .
POLUSTYRENE/ s 55 15,84 52 5419
POLYCAPROLACTAM
SOLYMER BLENDS 86 16.07 S5 5.1k
AC ENE :
TMPACT STYRENE/ 5 Wl 15.98 W2 5.05°
T - i

POLTMER BLERDS
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The_impact.properties of the polycaprolactam homopolymers and
the commercial nylon 6 are shown in Table 37.

For tﬁe "eqilibrated"_samﬁles the impact ;trengths of the
volycaprolactam homopolymérs were similar, anﬂ better than that
of the commercial nylen 6, The catalyst and cocatalysf concentrétions
appeared to have little effect on the impact proverties of the

homoncelymers.

For the "dry!" samples the impact strength of the commercial
ﬁylon 6 was greater than that for all the polycaprolactam
ﬁomopolymers. The homopolymers prevared with cztalyst concentrations
of 1 mole % had greater imﬁact‘strengths than those prepared with
.

catalyst concentrations of 2 mole %. The cacatalyst concentration

appeared to have little effect on the impact strengths of the hormopolymerse

The impact strengths of the polymer blends and polycaprolactam
homonolymer prepared with the higher catalyst and cocétalyst

conzcentrations are given in Table 38,

For the “aﬁdlibfated“rsampleé the results show that, of the blends,.
those with the thermonlastic rubber had the best impact propertieé.
The blends prepared with 5% thermoplastic rubber had impact strengths
which were similar to that of the polycaprolactam homopolymer,
All the other polymer. blends had impact strengths which were less than
that of the homopoiymcf. The impact strength of the blends decreased

as the concentration of the second component was increased.
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At the concentrations of the second components considered, the blends
with polystyrene and impact styrene had similar imp=ct strengths.

For the "dry" sampleé onlf certain blends were tested. The
impact‘streﬁgths of the blends wére less than that of the homopolymer.
The blends with polystyrene and impact styrene had similar impact
'strengths when the concentration of the second coﬁponent was 5%.

For fhe blends with impact styrene the imﬁact strength was decreased

s the concentration of the secend component was increased.

Table 39 shows the impact strengths of the blends prepared with
the lower catalyst and cocatalyst cdncentration, together with the
apprepriate polycaprolactam homopeolymer for comparison purposesS.
For the "equilibrated" samples the blends and homopolymer had similar
imract strengths. TFor the "dry" sarmples the impact streﬁgths of the

blends were similar and better than that of the homopolymer.,

The impact strengths ol the ”equilibraﬁed“ samples of the
polycaprolactam homopolymers are similar and better than that of the
commercial nylon 6. The major factor affecting the impact strengths .
of the homopolymers appears to be their degrees of crystallinity.
Thermal analysis.indicates that the degrees of cryétallinity for the
homopolymers are similar, and slightly greéter than that of the
commercial nylon 6. Changes in the molecular wéight_of the polymers

has little effect on their immact preperties.
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Drying the polymers.ﬁas a greater effect on the immpact
étrengths of the polycarrolactam homopolymers than that of the
cémmercial nylen 6. This is again'due tc the degree of
crystallinity of thé polymers, the commercial'nylon6 has a slightly
greater content of amorphous polymer and the best impéct‘préperties.

All the homopolymers had poor impsct properties after drying.

None of the "equilibrated" samples of the blends had irpact
properties which were as good as those of the corresponding

polycaprolactam homopolymers.

-
-

Blends prepared with the low:r catalyst and cocatalyst concentrations
had properties which were almost as geod as the corresponding
homopolymer. The introduction of a second comiponent to the extent
of 5% by weight does not appear to reduce the degree of crystallinity
of the polycanrolactam to any great extent, the slight decrease
in the impact strensth being due to‘polymer incompatibilityo If the
concentration of the second component were to be increased there would

.be a mere noticeable reduction in the impact strength of the blends
.bccause of polymer_incpmpatibility. Blends prepared with the higher -
cataljst and cocatalyst concentratiocns had impébt vroperties which were
inferior to those of the corresponding homopolymer. .-Increasing the
concentration of the second component had an adverse affect oﬁ the impécﬁ
properties of the blends. The second componént appears Lo have greater
effect on the degree of crystallinity of the lower molecular weight

polycaprolactam and evidence to support this is obtained from thermal

analysis of the blends,
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Blends with thermoplastié rubber had better impact properties

than those prepared with polystyrene or impact styrene. This

is due to the superiof impact properties of the thermoplastic

rubber compared with those of the éther two polymers, and partly
offsets fhe decrease in impact strength of the blends due to polymer
incompatibility. For all the series of polymer blends there is a
decrease 1in the impact strength as the concentration of the sécond

component is increased due to polymer incompatibility.

Some "dry" samples were fested in order to determine the effect
of the second component on samples from which all traces of

plasticising moisture had been removed.

Drying the polymers had an adverse effect on the impact properties
of both the blends and the homopolymers. When the concentration of
the second component is 5% it appears to have little effect on the
impact properties of the blends. The decrease in impact properties
is similar for bcﬁh the polymer blends an& heomopolymers, Whateverl
the catalyst and éocatalyst concentrations., It is expected that if
the concentration of the second component in the blends were to be |

increased it would have an adverse affect on their impact properties

compared with those of the homopolymers due to volymer incompatibility.
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CONCLUSIONS.

using the technique of polymerising a monomer in the presence of

a dissolved-polyﬁer, a method which has proved sucéessful for

other systems. Copolymers with interesting properties have been
prepared but atteﬁpts to prepare polymer blends have oniy been
partially successful because of polymer incowpatibilityj however,

such proﬁlems usually arise in any new work of this kind.

Nevertheless, the selection of the unusual monomers in this thesis

and the study of their polymerisation in the presence of other polymers

has been shown 10 be a novel and interesting field of study.

The polymer solubility experiments showed that about one third
of the polymers selected for study were soluble té an extent of 1C%
by weight in either caprolactam or‘laurolaﬁtam at 15090. The results
can be explained in terms of polymer solubility parameters,lhydrogen bonding
and polymer cryestallisation. Although there are many factors affecting polymer
solubility the value of the solubility parameter is a useful guide
of the results to expect. There is, of course, a lack of éccurate
solubility data, especially for the newer hormopolymers and copolymeré,
but it is hoped that this is only a temporary obstacle in the way of
gatisfactory systems. An indication 'of the value of the solnbility
parameter at 15000 for the polymers studied was obtaiﬁed. iy w o
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‘The aim of this work was to extend the usefulness of polymers
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As expected there was only a narrow range of values of the solubility

parameter for which polymers were soluble in a given monomer.
Polymers soluble to an extent of 1065 by weight were dissolved in

the monomers which were then polymerised by an anionic mechanism.

The method of polymerisaticn had to be varied slightly for some

polymers because Whe eebwlkiel wessbof winbh GRoR owd Wiy

polymerisation did nokt occur unless the lackom anions were

st bl i ekl GdAe  RGRGR o Ko Podiiuopi-ttceion 50 sadr i bhese

formed. in o sepafake vessel.
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At 1500C polysulphone and polycarbonate act as cocatalysts in the

polymerisation of caprolactam with the formstion of copolymers.

Polymerising the monomers in the presence of other dissolved polymers

results in distinctly hetercgeneous polymer blends.

Polysulphone-polycaprolactam copolymers were prepared with variocus
catalyst concentrations, polysulphone concentrations and polymerisation times.
Experiments to determine copclymer composition, copolymer density
and polymer solubility indicated that cleavage of ﬁhe polysulyhone
melecule occured during the polymerisation. This was confirmed by
éxperiments te determine the molecular weight of the polysulphone attached

te the polycaprolactanm.

A reaction mechanism explaining all the observations, and also

) 1
in agreement with realted work was?vronObed.

The whysical properties of the copolymers measured indicated that they
could be useful in fibre forming. The appearance of the copolymers after

moulding showed them to have better h:at resistance than nylon b
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Polymer ﬁlehds of polycaproiactam with polystyrene,
impact styrene or 8BS thermoplastic rubber are incompatible.
Increasing the concentration of the secdnd component in the
blends was found to have an adverse effect on their vhysical

properties, thoughit is not claimed that all the relevant

technological factors have been studied.

Optical microscopy indicated thet there is no adhesion
between the componenté of these blends. Buefore moulding some
of the dispersed phase particles contain polycaprolactanm
but  moulding changes the polyphase structure to a definite two
phase structure. This implies that no copolymerisation takes
place under the conditions used.

7

The results agree with the observation of Bohn1 that simple

blends containing a crystalline homopolymer are incompatible.
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SUGGESTTIONS FOR FURDHER WORK.

PCLYMER SOLUBTLITY.

Polymer solubility parametérs could be used to give an
indication of pol}mer solubility for systems involviné pelymers
and solvents or menomers.  Unfortunately at present the daﬁa_is
scattered and few of the newer home and ccopolymers have heen studied.
Also, the test mefhods used are such that it is difficult to compare

resultse.

- The most importanf requirement in order to take full advantage
of the useful information polymer solubility parameters can provide
is a standard test method, The test method should have a set procedure

similar to those laid down by DBritish Standards or A.3.T.M. The

test method should take into account factors such as polymer molecular

weight, copolymer composition, temperature and pressure, all of which
affec£ the value of the solubility parameter to varyving degrees.

This work has indicated that pélymer molecular weipght has the major
influence on the value of cf s the solubility parameter, znd this would
help to explain the range of values usually quoted for polymers.87
In view of the success of this work the solubility of polymefs in other
nonorers, such as tetrahydrofuran and epoxides, could alsc produce
interesting results. It is also possible to. improve or increase

the common solubility with the aid of added solvents so that other

polymers and monomer could be used, as indicated below.

POLYSUILPIONE ~POLYCAPRCLACTAM COPQLYMERS.

The experiments to determine the composition of the polysulphone~
polycaprolactam copolymers shows them to be block copolymers in which

the polysulphone units are, on average, cnly two or three units long.
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The lengtﬁ of the polycaprolactam component for a particular
gopalymer derends on £he polysulphone and catalyst concentrationss
The physical properties of the copqumers indicate that théy have
useful properties but it would be desireable to prepare distinctivg _

copolymers in which the size of the gralt comporents can be varied.

Matzner71 has showh that the molecular weight of the‘polysulphone
components of the copolymers can be increased by the ﬁse of chlorine
terminated polysulphones to initiate the polymerisation.

The experiments were performedat 160°C and above with catalyst
concentrations of 2 to 4 mole % and it is exnected that the copolymers
produced will contain some free polysulphone and.polyoaprolactém.

If the experiments were to be performed at 15000, with catalyst
.concentrations of the order of 1 to 2 mole % no polycaprolactam

will be produced but a small amounﬁ of free polysﬁlphone would be
expected bacause of the reactivity of the ether link inthe prepolymer
at this.temperature. By preparing chlorine terminated polysulphone
polymers.of varying molecular weight, and careful conirol of the |

. reaction conditions it should be possible to prepare copolymers with

varying compositions and a variety of properties,

This work has shown that compatible blends of polycaprolactam
and polysulphone cannot Be cbteined by mechanical mixing in a Brabender
Plastographe Despite this it should be possible to blend either
of the.homdpolymers with copolymers produced by techniques described in
the present thesis and procude mofe compatible blends with desirable

properties.
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Tt might be easier, and more ccnvenient, te do this in many
cases rather than attempting to prepare copolymers with specific
compositions.

As polysulphones have good heat resistsnt properties it might

be expected that copolymers containing them could be used where

-

homopolymers y such as nylon 6, could notf Copolymeré could be
formulated which weuld be less expensive than pure polysulnhone
but still have an excellent balance of physical properties,
Increaéing the molecular weight bf thé polysulphone components

of the copolymers is expected to improve their thermal nroperties.

The.phyéical properties of the copolymefs indicate that they
could be svitable for fibre forming. In order to determine this,
fibres should Ee spun from the various copclymers which would show
those which formed goﬁd fibres. The results would indicate the
cop&lymer composition needed in‘ordgr to produce fibres with the

best physical properties.

It would be intéresting to prepare polymers by dissolving both
polysulphone and polycaprolactam in caprolaétam and then Yo polvmerise
-the monomer in the usual way. Phase inversion could be made to occur
before polymerisation and as a result eopolymer_formation could only

take place on the surface.

Because of the limited solubility of polymers the logical progression
is to extend the system to include solvents. The use of solvents should
reduce the reaction temperature, increase solubility and also increase the

number of polymers and monomers which can be studied together.



An example where a solvent has been used successfully is the
polymerisation of laurolactam in the presence of ethylene-ethyl '

acrylate copolymers using dioxan as the solvente

POLYMER BLEKDS VITH POLYCAPROLACT AM,

The physical properties of the blends prepared in this work
showed that they had balances of properties inferior to those
of the lactam homcpolymer due to the incompatibility of the components.
Although atteﬁpts to prepare blends with polyceprolactam by polymerising
the momomer in the presence of a dissolved amorphous polymer were
unsuccessful in yielding products with advantageous properties, some
success might be achieved if the dissolved polymer were crystalline
and compatible. Compatible blends were obtained when caprolactam was
polymerised in the presence c¢f other nylon homopolymers. The range of

such homopolymers might be extended.
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APPENDIX 1.

THE ANIOMIC PCLYMERISATION OF CAPROLACT AM.

The anionic polymefisatioh of caprolactam, first investigated
with alkéli metals and their hydrides as.catdysts66’ 116-119 has
been found to display a characteristic induction period,qgoindicating
that certain active groups must be formed bvefore polymerisation
can begin. It has also been found that the introduction of molecules
containing imide groups to the polymerisation mixture removed this
}nduction period and accelerated the polymerisation.

Following the finding of the cocatalytic influence of imide
groups a mechanism for the polymerisation of lactams has been
proposed1?1-123 Although caprolactam is the most studied member
of the series, other lactams have been polymerised with deérees of

success dependent upon the lactam ring size. The polymerisation

nechanism is considered to be similar for all the lactams.

The first step in the anionic polymerisation of lactams is

the formation of a lactam anion.

L5 -
<;? | R:(CHZ)S

by the reaction of the lactam with a selected base ( equation 21)

o H | o

&l'\\ N.H C—NMe + (21)
~N + NaH ——> C—HNNo + - - - (2

Y \e ¢
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The types of bases used can be alkali métals, théir azides,

cyanides, hydrides, hydroxzides, alkoxides or carbonates66’116"119’122"126

127,128 118,129

aluminium alkyis or Griznard compounds

The laciam anion then reacts more slowly with a‘lactam molecule

to form the very reactive anion H

o} 0 H O o .

H e oo i i o)

C"'N + C—HN r——— “N“C"R"NH — = (27)
\ / \/ /
R R R H

Once formed, anion H, being more basic than a lactam moleculs, ,

abstracts a hydrogen atom (from caprolactam) and reforms a lactam anione

o o o H o o O
1 i e il | ! 1 h ©
C—N-C-R-NH +C—N ——— C—N-C-R-NH, +C~-N - - - - (28)
\ / W/ \ \ /

R R R J R

Polymerisation proceeds with transamidation by lasctam anion

(equation 29), followed by abstraction of a hydrogen atom (equation 30)

O o o O o O .

N Q@ i H 1] 1} ©

C=N + C—N-C-R-NHp —» C—N-C-R-N-C-R-NH, - - - - (29)
\ / \ / \ / S

R R J R K

; S0 W
N

N ——s C—N~C—R-NH-C-R-NH,
/ \

R

O
N ®
4+ C—N - - - = (300
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Anion K is more stable than anion H due to the presence of a .
carbonyl group delocalising and sbabilising the negative charge,
Conseguently reaction Z7proceeds more slowly than reaction 29.

Ty
ES

he long time for anion A fermation is responsible for the induction
. \ . . . ‘o 120

period observed in lactam polymerisations without cocatalysts.

m . . . 130 .

The imide dimer J has been isolted and is suggested to be the

actual initisting species necessary for the onset of nropagation.

The addition of compounds containing imide groups as cocatalysts

to the polymerisation mixture removes the polymerisaticen rate

dependence from reaction 27 to the rore rapid transamidation reaction

(equation 31). Here the imide type used is an N-acetyl lactam

cocatalysts.

o 0 o o v 0
e ou it 1l e u
C\--N + C\"F;l—c-Cﬁs ——— ?-}Q-—C“R,-—N-—C“CHs - am (31)

&/ R, R L

Polymerisation can then proceed by hydrogen atom abstraction.

(H

o O O. O : © © - O
il i @ 1 it }} g,_N -g- RrNH—g-CHg
Ci—T)\l—C*RrN-C—CH5+C\i-I/\] —_— \R/
R R . Yo ----0G2
L . +  C-M
\_/
R

followed by further transamidation. The anion L is present for only
a very short time and meutralisation occurs almost immediately follewing

its formation.

In addition to the large nurber of bases ( mentioned ahove) which
can be used as polymerisation catalysts, many cocatalysts are reported,

other than the N-zcetyl lactam considered in equation 31.




The mgin requirehent of a cochtalyst is that the anion formed by the
first addition of lactan should be stabilise& F50 that polymerisation can
proceed, Thig is achigved'in anion L by the electro negative acetyl
group delocalising the négative charge oh the nitrogen ;tom. Tﬁe
.cocataiysts reported in the literature inciude varicus H—acylatéd

131-135

lactams compounds reacting with lactams in situ to fornm

Neacylated lactams (eg. acid chlorides, esters, anhydrides, isocyarales,

137-139y

ketones and carbonates phosphinyls, nitroso, sulphonyl and
X |

sulphide compounds1 © and many others. The most commonly used
cocatalysts, however, are the N-acyl lactams because of their easy

preparation, low cost and non~toxicity.

t is clear from the mechanism described above that the base
catalysed polymerisation of lactams is quite different from other
polymerisations in‘two‘reépects. The first is that the propagating
centre is not a redical but a cyclic amide link, and the second is
that it is not a monomer molécule buﬁ a lactam anion which adds
to the polywerisation chain. The lactam anion has been.referred to
as an activated l'rzc:xnor;'lel':m/I For such a pelymerisation therefore,
the concentrations of both fhe propegating species and lactam anion
are determined by the concentration of base. Also,if the proton
chain exchanse equilibrium { equation %2) lies far to the right, the
growth rate of each chain will be completely independent of the monomer
concentratinn. In practice however, lactam polymensations are found
to be complex in the sense Just described, and with respect to other

details mentioned later.
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ﬁo discﬁsslthe effects ofliﬁcreésing the catalyét concentration

'5n the polymeris&tion of lactamss At low catalyst concentratioﬁs
(up to about 0.6 mole %) few lactam anions are formed and fewer
growing chains initiated due to degradation réactions by moisture and
68, 1114k

acidic compounds arising from imide groups.

These
acidic groups have been identified as IB keto aclids and a suggested
formation is given helow.

o o (w] v '
i . t 0 ©
~C-M+ —C-NH m====== —C-N-C +NH -~~~ (33)

9] o) ' o o] o O o

1 i [} 1 | { ] B 1
-c-r;l-—c-C,Hz +—c~r;!-c = —C—!;l—-C—?H—-C-—
| f4 -~ == = (34)
H 0 N
"
4+ HN-C-

]

Reaction 33, between an activated monomer orrpart of a linear chain,
and another chain, gives an N-acyl amide. which, with a base caotalysed
condensation reaction { equation 34) results in an acylated alkylanmide
of a FB keto acid M (called a keto imide). Keto imides are more
acidic than the mcononer aﬁd may consume lactam anions according to

resction 35.

o © O o O Q

0 O H
i i i W @ . it @ u TR .
- C-N-C-CH-C- + c,-r;l —=-CoN-C-C-Cn Qo == - - (25)
l \
R | R

M

In light of the mechonism described above, it is now possible - :




At low catiadyst coucentrztions therefore, lactam anion " -

gaify

disasppearance will have & large effect on the rate of polymerisation,

With an excess of imide grouns (cocatalyst) degradation reactions

will destroy nearly all the lactam anions before polymerisation can
ccour, only a small amount of low molecular weight material being

formed. As the catalyst concentration increases up to about 0.6

]

mole % the nurber of lactam anions formed is such that they will
not all be consumed by imide degzradation reactions and polymerisation can
proceed, As the menomer is consumed the anion

O O

i u @

Ci-/ - R=N~n

will be ingressingly more difficult to deactivate as in the normal
nolymerisation res tlon and chain deg radatlun may be caused by

rupburing the C-N bond in a polymer chain,

0 0
: I T
+ : o N-R-C=N-C- - - - (36)
o A
i E () (3 C=0 o)
rn G N - F2~<: -N- (3 % + NHan
g ‘

An alternative degradation reattlion which has been proposed involves

l : ) 1 .
the lactam anion1§5’1L6
' e
o . v
i ‘ éé o
A & —~NH ~mnn | + NHM - e e (‘27)
+ . ?4\\ | \
R l/c::o _
N\ R
R/u-——c, O

In both these reactions the length of the polymer chain will be decreased.
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As the'catalyst concentration is increased (C°8-1n8 role %)
nore lacta@ anions are formed, more polyner chainsg are initiated
and the mixture thickens more.quickly due to faster monemer
disappearance, ﬁonomer consurmption causes the yield to ihcrease
and reach 9C% véry guickly, but the chains become more restricted

and the rate of monomer disappearance is greatly decreased above

Q0% The greater nurber of lactam anions in the mixture at this

stage means that degradation reactions such as 36 and 37 will occur.

When the catalyst concentration im increased even further ( atove
about 2 mole %) even more lactam enions are formed. With these
- high catalyst concentrations however, the basicity of the medium
increases and the disgociation.of the lactam zlt decreases1h7
end this will probably decrease the rate of polymerisation.
v
Slower polymerisation may‘also be caused by an increase in the number
of degradation reacticns because increasing the number of growing
chains in the medium mey result in greater numoers of non-polymerisation
reacticn at high conversions. . The keto iﬁide M may take part in
trans-acylation reactiqns with amide anions { reaction 38) resulting
in non-acylated aikylamides of P keto acids I, called keto amides
(reactién 39).
© o o go o) o © o

" i i I} T n e i
~C-N=C-CH-C- + N-C- === -C-N-C + N-C-CH-C-~ - - - (8
. i S

[
M

©o9 § o a T © -
N-C-CH-C- 4+ NH === NM-C-CH-C + N- = ---- (9
Vo

N.




These keto amides can undergo base catalysed condensation

-reactlions which produce water.

o e . -
. 1
—C-CH-C-NH ~C=C-C-NH-"
* —— +H,0 - = = - (40)
7 2 S v |
~NH-C-CH-C~ ~ N-C-cH-C-

The water produced may then hydrolyse the ketoamides or imides

| to acids

o ) _ O (w]

1 " ) i "
—(l,-C(H—C-NH- +H,0 > TC-CH-C-OH + NHp= = = - - (41)

F&kﬁtb'acids are unstable and decommose to ketenesby liberating

carbon d:i.omc:'uﬂ.e.“48’'m9

o

o O . : :
I
~C-cH-t-on —> C- H, +CO, - - - - (42)

The water and carbon dioxide, in the presence of excess base,
can form sodium carbonate which has been found during the
. . . . 143
polymerisation of polycaprolactam at high catalyst concentrations.
The amount found increases with increasing catalyst concentrations
and this consumes more and more catalysts. The degradation
reactions 26 and 37 will decrease with a decrease in the catalyst

~ concentration. Polymer degradation reactions may also increase as

the basicity increases because the dissociation of catalyst is decreased.
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APPENDTX

III

POLYG APROLACT AM~-POLYSULPHONE COPOLYMIRS PREPARED.

TARLE 1.

E SERIES POLYSULPHONE CATALYST % POLYSULPHONE
Noa CONCENTRATION CONCENTRATION I FINAL TEST
‘ 9 BY WEIGHT) (MOLE % POLY¥ER
E1 5.0 1.01 k.99 CONVERSIONS ETC.
E2 5.0 0.98 . 5.02 THPACT
‘B3 5.0 1.0h 5.02 TENSILE
Bl 5.0 1,00 5.01 TENSILE
ES 5.0 0.96 5.01 TENSILE
E6 5.0 0,95 4,97 IMPACT
E7 5.0 0.98 4,08 IMPACT
- E8 5.0 0,98 5.02 CONVERSIONS EIC.
_E9 5.0 1.02 5.00 TENSILE
E10 5.0 0.93 4,99 TMPACT
E11 5,0 0.98 5,00 TMPACT
E12 5.0° 0.97 5.03 IHPACT
E13 5.0 - 1.03 5.0 TIMPACT
TABLE 2,
F SERIES  TOLYSULPHONE CATALYST % POLYSULPHONE
No. CONCENTRATION CONCENTRATION IN FINAL TEST
(% BY WLIGHT) (MOLE %) POLYMER
F1 10,0 1,01 10,01 . TENSILE
2 10,0 0.96 9,95 TENSTLE
3 10,0 1,04 10,00 IMPACT
Fh 10,0 1,01 10,02 TMPACT
F5 10,0 0.99 10.01 THPACT
F6 ‘10,0 1.00 9.97 IMPACT
¥7 10.0 1.05 © 10.00 INPACT
F8 - 10,0 0.99 10,02 IMPACT
¥g 10.0 1.02 9,99 IMPACT
F10 10,0 0.97 10.C0 COLVERSIONS ETC.
F11 1040 0,99 10,02 ' PENSILE |
F12 10,0 0,97 10,02 TENSILE
1% 10,0 0,97 9,99 CONVERSIONS ETC.
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TABLE 2.

G SERIES POLYSULPHONE CRTALYST ¢ POLYSULPHONE :

o CONCENTRATION . CONCENTRATION — IN FINAL TEST

* (% BY WSIGHT) ( MOLE §4) POLYMER
1 15.0 1,01 14,99 . IMPACT
G2 15,0 - 1.00 14,93  CONVERSIUHS EIC
G3 15.0 0.97 15,00 TENSILE '
ah 15.0 1,01 14,96 TENSILE -
G5 15.0 0,98 : 15.02 TENSILE
66 15.0 0496 15.01 TFPACT
a7 15,0 1.03 15.02 THPACT
G& 15,0 1.00 15,08 ‘ TEKRSILE
G9 ' 15,0 ' 1,01 15,00 CORVLRSIONS ETC.
G10 15,0 0099 15,00 IMPACT
g1 15,0 0,99 - 15.03 THPACT
612 15,0 0a99 15,02 IIPACT.
TABLE 4

H SERIES PCLYSULPHONE CATALYST % POLYSULPHONE -

o CONCENTRATION  CONCERTRATION  IN FINAL

(% BY WEIGHT)  (MOLE %) POLYMER

H1 5.0 2.01 4,99 THPACT
H2 ' 5.0 ' 1.98 4499 TMPACT
H3 5.0 2.00 5.00 TENSILE
Hit 5.0 1.97 4,97 TENSILE
H5 5.0 1.98 . 5.00 TVPACT.
E6 5.0 . 1.95 L.o8 TENSILE
HY 5.0 2.00 5.03 CONVERSIONS ETC
H8 5,0 1.98 5.00 INPACT
H9 5.0 1.97 | 4.99  INPACT
110 5.0 2.00 1,98 TENSILE
H11 . 5.0 1.99 - 4,98 - IMPACT
m2 5.0 2.01 4,993 CONVARSIONS ETC.

H13 5.0 1.98 k.99 INPACT o
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J SERTES PCLYSULPHONE CATALYST % POLYSULPHOIE .
No. CONCENTRATICON CONCEWTRATION TN FINAL TEST
(% BY WEIGHT) - (MOLE %) POLYMER
J1 10,0 1.98 9.98 TENSILE
J2 10,0 2.03 . 10,01 IMPACT
J3 10,0 1.99 9499 IMPACT
Ik 10,0 2,01 10,00 IMNPACT
J5 10.0 2.05 10,04 TEKNSILE
J6 10,0 1,96 9.97 TENSILE
17 10,0 2,03 9.99 THPACT
J 100 1.99 10,02 CONVERSIONS EIC.
J9 ‘ 1C.0 1.98 9.93 COLVLRSIONS ETC.
J10 10,0 2,02 10,00 . TENSILE
J11 10,0 2,01 | 10,00 THPACT
J12 1C.0 2.03 9,98 IMPACT

TARLE &.

K SCRIES PCOLYSULPHONE CATALYST % POLYSULPHCIE

o COICENIRATTON  CONCENURATION TN FINAL TEST
5 BY ULIGHT)  (MOLX %) PCLYMER
K1 10,0 99 ‘ 9,99 CONVERSIONS EIC.
K2 10,0 1,01 10.02 CONVENSIONS ETC.
K3 10.0 1.02 10,04 TENSILE
Kl 10,0 - 1.02 10,00 TEISILE
K5 10,0 .97 10,01 TENSILE
K6 10,0 1.02 10,01 THPACT
K7 10.0 0,98 10,03 ILPACT
- K8 10,0 1.00 10,01 TEHSILE
K9 10,0 | 1.03 9.99 T}PACT
K10 10,0 1,00 10,04 THPACT
K11 10,0 1,00 : 10,02 IMPACT

K12 10.0 ' 0.99 10,02 IMPACT.
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APPENDIX III.

PABLE. To

POLYCAPROLACTAM HONOPOLYMERS PREPARED.

R?

SERIES CATALYST COCATALYST
NO. CONCENIRATICON CCNCERTRATION TEST
(MOLE %) (MOLE %) .

N1 1.02 ' 0.10 CONVERSIONS
N2 1.01 ' 0.11 IMPACT

N3 0.99 0.11 IMPACT

N4 1,03 - 0.11 IMPACT

N5 0.98 010 TENSILE
N6 0,98 o 0a11 TERSILE

N7 1.0 0.10 PENSILE

N8 1.00 - 0. IMPACT

P1 2.0 Ce1 CONVERSIONS
P2. 1.98 i Ce11 THPACT

P3 1.98 i Ce11 IMPACT

Ph4 1498 : 0.1 TENSILE

P5 2.01 0u11 THPACT

P6 1499 ' 0.1 TMPACT

P?7 2.01 - 0,11 TENSILE

Q1 1.02 © o 0.21 TENSILE

Q2 1,02 0e21 IMPACT

Q3 1,00 | 021 CORVERSIONS
Ql 0,98 o 0.21 TENSILE.

Q5 0.99 | 0o 21 THPACT

Q6 1.02 Ce21 IMDACT

7 0,98 0,21 IMPACT

R4 1.99 0.21 TENSILE

R2 2.03 ' 0u21 IMPACT

R3 2.01 - Co21 TEHSILE

R4 2.03 D.21 THPACT

RS 1.98 0.21 CONVERSICHS
R6 1.99 0,21 TMPACT

2.02 . 0.21

IMPACT
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TAULE 2,

o POLYCAPROLACT AM-POLYSTYRENE POLYMER BLENDS PREPARED.

85

SERIES % POLYSTYRENE CATALYST COCATALYST

NO. IH FINAL CONCENTRATICN  COWCENTRATION EST

: POLYME! (MOLE ¢ (MOLE %

51 L,98 1.00 0.1 TENSILE

s2 k.96 0.97 0,11 IIPACT

$3 4,99 099 0.1 IMPACT

gh 4,99 1,00 0411 CONVERSION

5,00 0,99 011 THPACT

s6 5.00 1.01 0011 1HP:CT

T 4,95 1.97 0.22 CONVERSION

12 .96 1.98 0.22 TENSILE

T3 4,97 2.00 0,22 THPACT

T4 499 1.98 0,22 IMPACT

75 4,97 1.95 0.22 THPACT

76 4,96 2.00 0,22 TEPACT

U1 9.98 2.03 0.23 THPACT

U2 9.95 1.99 0,23 TVPACT

u3 9. 96 202 0.23 TENSILE
uh 9495 2.00 0,23 TENSILE

Us 9,95 2.01 0.23 CONVERSION

. . i

V1 15,07 2.02 C.25 TENSILE |

V2 14,95 1.98 0425 IHPACT

V3 15,0k 2.0k 0425 CONVERSION

vh 15.08 2.05 0.26 IMPACT,
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_TAZLE 3,

POLYCAPROLACTAM -~ IMPACT STYRENE POLYMIR BLENDS PREPAR

SERIE #TMPACT STYRENE CATALYST COCATALYST |
NO. IN FINAL POLYMER ~ CONCENTRATION  CONCENTRATION ~  ~TEST |

| ) (LOLE %) (MOLE %
W 5,00 | 1,02 el  TENSILE
W2 . 5.01 0.96 0s11 . IMPACT
W3 5.01 - 1.00 0.1 COHVERSICN
wh .97 0.99 0611 | TVPACT
W5 5.00 0.99 0.11 - IMPACT
W6 h.96 1,00 0,11 TIPACT

TELSILE
CONVESZSION
TVPACT
TIPACT
TPACT
TIPACT

TENSILE
IMPACT
MPACT
TLI'SILE
IMPACT
IMPACT
CONVERSIOH

TMPACT
IMPACT
TERSILE
TENSILE
CORVERSION




226~

_TABLE b,

S.B.S, THERFOPLASTIC RUBBER - POLYCAPROLACTAM PCLYMER BLEKDS PREPARED.

SERIES - %THERMCPLASTIC CATALYST COCATALYST

NO. RUBBER IN CONCEMTRATION  CONCENTRATION TEST
FINAL POLYMER (MOLE %) -(MOLE®) -
AAY 5.08 2,02 0.23 . ~ IMPACT
AA2 5.02 1499 0.23 ' IMPACT
AR3 5.05 2,00 0,23 TENSILE
Ank 5.09 S 2,02 0023 _ TENSILE
AAS 5.10 2.05 0,23 CONVERSICN
BB1 1010 2.0k 0.2k | CONVERSICN
BB2 10,06 . 2.05 0.2k TFPACT
BB3 10.06 1,98 0,24 TMPACT
BBl 9496 2.00 0.24 TENSTLE
BBS 10,01 2.03 . 0.24 TENSILE
CcC1 15,09 2.05 0.26 _ TENSILE
cc2 - 15,05 . 2.02 0.26 IMPACT
cc3 15,03 2,06 0426 IMPACT

cCh 14,96 2,00 0.26 - CONVERSION
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