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AB5TRACT

Polystyrene (PS), functionalized with various ionie groups, was blended with

polyamides (PA) in order to investigate the effect of ion-dipole interactions on

the miscibility of PS/PA blends. Suifonie acid groups interact strongly with

amides, but catalyze the hydrolysis of the amide bonds of the PA. The

neutta.lization of the sulfonie acid groups eliminate{this reaction in the blends,

and when the counterion is liHlium, strong miscibility enhancement is seen

between the lithium sulfonated polystyrene (LiSPS) and polyamides-6 (PA-6), 

66, -610 and -11. This miscibility enhancement increases with the lithium

sulfonate content of the LiSPS and the amide content of the PA, and is also

dependent on the blend composition. An equilibrium thermodynamie approach
;:: .

<:<-;.

is used to describe the miscibility behavior of the LiSPS blends with PA-6. When

the ionie group is sodium sulfonate, lithium carboxylate or sodium carboxylate,

the miscibility enhancement is negligible. As a possibly better alternative to the

PS ionomers as a blend component with PAs, novel sulfonated poly(styrene

ethylene-butylene) random ionomers were synthesised and characterized.
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RESUME

-
Des mélanges de polystyrène (PS), ayant divers groupements fonctionnels, avec

des polyamides (PA) ont été préparés afin d'étudier l'effet des interactions ion

dipôle sur la miscibilité des mélanges de PS/PA Les groupements acide

sulfoniques interagissent fortement avec les groupements amides des PA, mais
-,- -

cP.t acide catalyse l'hydrolyse des liens amides des PA La neutralisation des ;-

groupements acide sulfoniques élimine cette réaction lors deS mélanges de

PS/PA Lorsque le contre-ion est le lithium, un grand accroissement de la

miscibilité a été observé pour les mélanges de polystyrène lithium sulfonés

(USPS) avec les polyamides-6 (PA-6), -66, -610 et -11. Cette amélioration d~la

o ~

miscibilité augmente avec l'accroissement du contenu en lithium sulfonate du

LiSPS, ainsi que du contézlU en groupements amides du PA Cet accroissement

de la miscibilité dépend aussi de la composition du mélange. Le comportement

de la miscibilité des mélanges de USPS et de PA-6 a été rationalisé à l'aide d'un

équilibre thermodynamique. Pour des mélanges contenant les groupements

ioniques suivant; sulfonate de sodium, carboxylate de lithium, ou carboxylate de

sodium, un accroissement négligeable de la miscibilité a été observé. Afin

d'offrir une meilll;!ure alternative aux ionomères de PS comme composante de

mélange avec les PA, de nouveaux ionomères statistiques basés sur le

poly(styrène-éthylène-butène) sulfoné ont été synthétisés et caractérisés.
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In accordance with guideline #B2 of the "Guidelines Conceming Thesis

Preparation" (Faculty of Graduate Studies and Research, McGill University), the

following text is cited:

"The candidate has the option, subject to the approval of the Department, of
including as part of the thesis the text, or duplicated published text, of an
original paper or papers.

Manuscript-style theses must still conform to allother requirements explained in
the Guide1ines Concerning Thesis Preparation. ..

Additional material (procedural and design data as weil as descriptions of
equipment) must be provided in sufficient detail (e.g. in appendices)to allow a
clear ,md precise judgement to be made of the importance and originality of the
research reported.

The thesis should be more than a mere collection of manuscripts published or to
be I?ublished. It must include a general abstract, a full introduction and literature
reVlew and a final overall conclusion. Connecting texts which provide logical
bridges between different manuscripts are usualry desirable in' the interest of
cohesion.

It is acceEtable for theses to include as chapter authentic copies of papers alrè~\dy
.published, provided these are duplicated clearly on regulation tnesls staiioriery
and bound as an integral part of ilie thesis. In such instances, connecting texts are
mandatoryand supprementary explanatory material is almost always necessary.

Photôgraphs or other materials which do not duplicate weil must be included in
their origmal form.

While the inclusion of manuscripts co-authored by the candidate and others is
acceptable, the candidate is required to make an explicit statement in the thesis of
who contributed to such work and to what extent, and supervisors must attest to
the accuracy of the daims at the Ph.D. Oral Defence.5ince the task of the
examiner is made more difficult in these cases, it is in the candidatE!'!; iilterest to
make the responsibilities of the authors perfectly clear."'-·

This thesis is written in the forme ~f five papers which are preceded by a general
)1 ~

introduction and followed by genêral conclusions. Four ofcthe papers (Chaplers 2

105) have been submitted for publication in scientific journals, with the research
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director, Professor Adi Eisenberg, as co-author. However, it is clear that ail the

work has been done by the author of this thesis, except for the normal

supervision and advice given by the research director. The fifth paper (Chapter 6),

not submitted at the present time, contains sorne contributions from Dr. M.

Nagura (Shinshu University) in providing and analyzing the WAXS data and

assistance with sorne of the hydrogenation reactions.

The papers have been submitted as follows:

Chapter 2: Polymer Communications 1991, 32, 370.
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"

" Chapter 4: Macromolecules, submitted.

Chapter 5: Polymer, submitted.
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number of amine and amide groups in the blend

effective interaction energy density cr/g)

ratio of the amorphous densities of the two polymers in the
blend

interactipn energy density for the LiS-PA complex
formaticn (J/ g)

interaction energy density for a styrene unit - PA-6 unit
pair (J/g)

heat capacity change at TgI for polymer i cr/g 1<)

deuterium oxide

deuterated dimethyl sulfoxide

dynamic mechanical thermal analysis

differential scanning calorimetry

storage modulus (Pa) ,

10ss modulus (Pa)
-..::::::Ir

apparent activation energy (kJ/mo!)

poly(ethylene-propylene-diene) random copolymer

Fourier transform infra-red

Gibbs free energy of mixing (J/ g)

aystallization enthalpy (J/g)

heat of mixing cr/g)

melting enthalpy (J/ g)

âCp2/âCpt

equilibrium constant (cm3)

equilibrium constant normalized to Vr

lithium sulfonated styrene unit
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LiMAPS = poly(styrene-co-lithium methacrylate)

l LiSPS = lithium sulfonated polystyrene

MylMw,Mn = viscosit~, weight and number average molecular weight
(kg/mo)

MAPS = poly(styrene-co-metal methacrylate)

n = average number of chain cuts per sulfonic acid group

NaMAPS = poly(styrene-co-sodium methacrylate)

NaSPS = sodium sulfonated polystyrene

NMR = nuclear magnetic resonance

P(i> = degree of polymerization of polymer i

PA = PA-6unit

PA-6 = polyamide-6

PA-66 = polyamide-66

PA-610 = polyamide-610- PA-ll polyamide-ll,-< t: =
' .....'

PS = polystyrene

PSB = poly(styrene-butadiene) random copolymer

PSE = poly(styrene-ethylene-butylene) random copolymer

PSMAA = poly (styrene - co - methacrylic acid)

R = universal gas constant QJK mol)

S = ' . number of sulfonic acid groups in the blend

SEC = size exclusion chromatography

SEM = scanning electron micrograph

ôSm = entropy of mixing (J/ g K)

SPS = sulfonated polystyrene

SPSE = sulfonated PSE

T = temperature at which miscibility is determined ('C or K, as
~

indicated)
~
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Chapter 1

GENERAL INTRODUCTION:

MISCIBILITY ENHANCEMENT THROUGH
IONIC INTERACTIONS

1.1 INTRODUCTION

The early investigations by Dobry and Boyer-Kawenoki (947)1 of the phase

separation of polymers in solution, and later by Bohn (1966)2 of the mixing of

polymers in the solid state, indicated that polymers generally do not mix. These

experimental studies were given a theoretical grounding by the work of Scott

(949)3 and Tompa (1949)4. Consequently, polymer blend technology has

primarily centered around phase separatedblends and the problem was often

described as an attempt to move away from blend systems where the phase

boundary was distinct, to systems where there was considerable interpenetration

of the phases. Extremely useful polymer blends and alloys can be produced in

this way. For example, high impact polystyrene (IDPS) and acrylonitrile-
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butadiene-styrene polymers (ABS) show high impact strength due to the wel1

bound rubbery domains and yet have sufficient rigidity and strength to be

applied as engineering thermoplastics. In these bI.mds partial miscibility, at least

at the interface, is an important consideration in optimizing the blend properties.

Miscibility betweenpolymers is in many cases desirable since these blends are

characterized by a single phase, with the material properties varying

continuously between those of the blend components. Thus, the material

properties can be control1ed by simply adjusting the relative amounts of the

blend components. For instance, nitrile rubber (butadiene/acrylonitrile random

copolymer), which is often used as conveyor belting material, shows an

improved resistance to tear, thermal aging and UV degradation upon"the

addition of a small amounts. (20 to 40%) of polyvinylchloride (PVC)5. Poly(2,6-.,
dirnethyl 1,4-phenylene oxidê) (PPO) and polystyrene are another example of a

commerciallyuseful miscible polymer pair (commercialized in the 19605 by

General Electric Co.}6. In these resins, the polystyrene component lowers

considerably the cost as wel1 ail the glass transition temperature of the blend

(which al10ws for easier processing) without diminishing significantly the

mechanical properties afforded bY,.;,Jhe PPO component. In the PVC/nitrile

rubber and PPO/polystyrene blends, total miscibility is the key to blend property

optimization.

Ideally, it would be useful to be able to control the miscibility in order to achieve

any desired extent of mixing between the two polymers Le. partial, as weil as total
J,

~'-' ...

miscibility. Several techniques exist to enhance the miscibility between inherently

immiscible polymers, sorne of which are listed here:
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1. addition of interfacial agents7-10

2. random copolymerization5,11

3. reactive processing12,13

4. high stress shearing14

5. introduction of specifie interacting groups

6. cross linking15,16

7. interpenetrating network formation17

8. salt addition18

The introduction of specifie interacting groups is a partieularly versatile roule to

miscibility enhancement, since a large number of polymers can be functionalized

with these groups. For instance, sulfonate groups can be incorporated inlo a

variety of polymers, either through copolynlerization, or post polymerization

modification, as reviewed by Fitzgerald and Weiss (988)19. The extent of the

miscibility enhancement can also be easily controlled by suilably adjusting the

number of these groups incorporated into the parent polymer. In addition to

these benefits, specifie interacting groups could be used to enhance the effect of

interfacial agents, to take part in a reaction during processing, and 10 assist in the

formation of stable interpenetrating polymer networks 0,3, and 7 in the above

list).

Many types ofspecifie interactions are possible, the most notable of whieh are

hydrogen bonding20,21· donor-acceptor complexation22, charge transfer

complexation23, dipole-dipole24, ion-dipole, ion pair-ion pair, ion cooOrdination

and ion-ion\' interactions. The last four types of interactions involve the

interactions of ionie groups, and this will be the focus of this chapter.

'-' -_...-.:::-;
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1.2 THERMODYNAMIC CONSlbERATIONS

The thermodynamics of mixtures is described by the Gibbs free energy of mixing

~Gm' which can be considered to consist of a heat of mixing term Mim and an

entropie term ~Sm'

[1.1]

(

(

For the mixture to exist as a single phase at equilibrium, it is necessary that âGm

be negative and also that the second derivative of the Gibbs free energy with

respect to composition, of either of the blend components, be positive. In

mixtures of polymers, the high degree of polymerization places a severe

constraint on the extent of "randomness" that mixing can bring about, so that

~Sm is usua1ly very small and positive. This was more cleariy shown by Flory

(1942)25 in his derivation of an expression for the combinatorial entropy of

mixing and the subsequent development of the Flory -Huggins equation to

describe the Gibbs free energy of mixing a total volume of V of two polymers, A

and B26:

where Vr is a reference volume, usually taken as the molar volume of the

smallest repeat unit, cjIi and ri are the volume fraction and degree of

polymerization of polymer i, and BAB is the interaction, energy density for a

(polymer A unit)/(polymer B unit) pair. BAB is related to the more familiar X

interaction parameter by BAB = RTXABIVr. Since the second term (the entropie

part) in Equation [1.2] is negligible for blends of high polymers, the Mim (= BABV
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cIlA cils) remains as the primary contributing term to t.Gm. Thus, MIm must

necessarily be either zero, or negative, as a minimum condition to ensure

miscibility of the polymers.

The presence of specifie intermolecular interactions can lower the heat of mixing

of the two polymers in the blend, and, in some cases, lead to a negative MIm

(miscibility). In this respect, specific interactions are very important in the

development of miscible blends. For exaraple, the miscibility of PPO with

polystyrene has been attributed to the specific interaction of the lt-orbitals of the

polystyrene aromatie rings with the methylene groups of the pp027.

The specifie interaction of ionic groups with polar groups, or other ionic groups,

is usually a highly exothemùc interaction, and, therefore, is partieularly useful in

lowering the heat of mixing in polymer blends. In this way polytllers can be

rendered miscible with only a few such interactions. This, to a large extent

accounts for the wide success of ionomers in polymer blending technology. The

> strong interactions present in ionomer blends causes a significant deviation from

randomness and consequentlY!!<luations such as Equation [1.2] can no longer be

applied to these blends. Several theories have been developed recently to

deseribe the thermodynamics of blending in systems where specifie interaction

:take place28-33. However, a large number of parameters, e.g. equilibrium, .

constants, have to be determined experimentally before these equations can be

successfully applied. Consequently the determination of miscibility in ionomer

blends is, to a large extent; still restricted to experimental measurements.

It has been shown by a number of workers that specifit interactions are not

necessary to achieve a negative MIm34-36. In these systems, howev:~, at least
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one of the polymers must be a random co-polymer, such that the copolymer

segments interact unfavorably with each other. An example is the PVC/nitrile

rubber blend, wh2re the butadiene and acrylonitrile segments of the nitrile

rubber interact more unfavorably with each other, than they do with the segment

units of the PVC34. Thus BAB in Equation [1.2] becomes

[1.3]

where /;1 and /;2 are the fraction of units 1 and 2 of the random copolymer A,

respectively, and BUlt B2B and B12 are the segment interaction energy densities

for the segment unit pairs indicated by the subscripts. Thus, a large and positive

B12 value can lead to a negative BAB' Although ionomers can be considered as

random copolymers of ionie and non-ionic units, theycannot br!used in this type

of theoretical treatrnent, since the strong self-association of the ionie groups

violates the necessary random condition for Equation [1.3]; even in the pure

ionomers, phase-separ~1ed ionie domains exist, suggesting the non-random

distribution of segments in the bulk37,38.

1.3 DETERMINATION OF MISCIBILITY

An excellent coverage of the various techniques available to study rniscibility in

polymer blends has been given by Olabisi, Robeson and Shaw (1979)39. They

generally classified the various techniques as follows: 1. Tg measuring methods,

2. microscopy, 3. scattering methods, 4. ternary solution methods and, 5.

miscellaneous methods. Among the techniques using the Tg method are dynarnic
;'.

mflêhanieal , dielectric and calorimetrie methods. Light, phase contrast and
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electron microscopy faH under the techniques utilizing microscopy. Among the

scattering methods are cloud point curve measurements, small angle neutron

scattering (SANS), small angle X-ray scattering (SAXS), and conventional light

scattering methods. Inverse gas chromatography and mutual-solvent methods

constitute ternary solution methods. Among the miscellaneous techniques are

nuclear magnetic resonance (NMR) spectroscopy, melting point depression

analysis, infrared spectroscopy and heat of mixing by calorimetry.
','1

No 'single technique is able to completely describe the miscibility in polymer

blends and the maximum information can be gained by using a combination of

methods. One of the limitations of the different techniques is the domain (phase)

size that can be resolved. Thus, while a blend may seem miscible by the

transparency of the blend film (resolution of phases of ca. l,oooA in diameter40),

it may be immiscible when looked at by electron microscopy (ca. 50A

resolution41). Tg measuring methods are limited to the detection of phases large

enough to give rise to an observable Tg. As suggested by Boyer (1966)42, the Tg

involves the cooperative motion of 50-100 backbone chain atoms and hence the

detection of a Tg indicates the presence of domain sizes of at least 20 or 30A. A

much larger minimum domain size of 150A has been assigned to the Tg by

Kaplan (1976)43, although Bair and Warren (1981)44 mggest that this domain

size may be between 50-100A. Sorne techniques can probe miscibility on a much

finer level. NMR, for instance, can be used to detect heterogeneities down to

about 20A using T1p measurementg45, while infra-red46 and fluorescence

spectroscopy47 can detect miscibility on the molecular scale.

The two most commonly used techniques to establish miscibility are differential

scanning calorimetry (OSe) and dynamic mechanical thermal analysis (DMTA).
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Both of these techniques measure the Tg of the blend and therefore can only be

used in blend systems where the Tg of the individual components are separated

by at least 20·C. In semi-crystalline polymer blends, DSC is particularly useful

since the crystallization and melting temperatures can be located, and thus

provide sorne additional indirect evidence of interaction between the blend

components. Typical dynamic mech3.nical curves are schematically shown in

Figure 1.1 (top) for an immiscible (1), partial/y miscible (2) and "miscible" (3)

polymer blend. A schematic representation of the cross-sectional compositions

for these three type of blends is also shown (Figure 1.1: bottom). Note that the

"miscible" blend (3) could either be a truly miscible blend, or consist of weil

separated microdomains smaller than ca. SOÀ, which is below the resolution limit

of the dynamic mechanical technique, and therefore an average response is

recorded which is similar to that of a truly miscible blend. Dynamic mechanical

measurements have in particular been very useful in the study of ionomers since

they are able to detect a higher transition phase, called the "cluster phase", which

is a characteristic of most random ionomers. One of the chief advantages of

methods measuring Tg to determine miscibility is that they are also able to

provide information on the purity of the phases (by the breadth of the transition),

and on the extent of miscibility enhancement (by the relative Tg shifts).

1.4 IONOMER BLEND5

1.4.1 Ionomers: Ionomers are a relatively newgeneration of thermoplastic

polymers characterized by the presence of small amounts of ionic comonomer,

typically less than 10%48, but sometimes more. This small percentage of ionic

character enhances sorne of the properties of the polyriler, such as
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mi.tcible (2), and "miscible" (3).
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adhesion and ion transport, which has led to the use of these materials in many

commercial applications. One of these applications is the use of ionomers in

polymer blends, either as one of the blend components, or as a compatibilizer. In

this way polymer alloys and blends can be produced with improved mechanical

properties. For example, blends of polyamides (nylons) with ethylene based

ionomers significantly improves the impact properties of the polyamide without

appreciable 1055 in other mechanical properties49-51. Consequently, the blending

of ionomer resins with polyesters, polyamides, polycarbonates, polyethers,

polyolefins, polyurethanes, thermoplastic elastomers and other polymers has

.produced an increasing number of patents over the years. Thus, while only 17

patents on polymer blends involving ionomers were registered in the S-year

period from 1970 to 1975, 172 patents were registered in the period from 1985 to

1990.

Although the numerous patents indicate that ionomers are a useful blend

component, very few studies have been directed at understanding the extent of

interaction in the blend. In this section the studies that investigate the degree of

miscibility enhancement achieved with ionomers in the blend will be reviewed.

1.4.2 Ion-ion interactions: Ion-ion type interactions are typically known to

take place in mixtures of cationic and anionic polyelectrolytes. In such mixtures

it is found that a polyelectrolyte complex is formed which is strictly

stoichiometric in composition with excess material remaining in solution52.

Blends of polybutadienes, the one functionalized with a small amount of

carboxylic acid groups, and the other with a small amount of pyridine groups,

have been shown to form stable intermolecular linkages53. Similarly, blends of

sulfonated polystyrene and poly(styrene-4-vinyl pyridine) show evidence of
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strong interactions by having a blend Tg higher than that of the componentsS4.

These blends are miscible, of course, since the unfunctionalized polymers are

naturally also miscible.

More dramatically, Smith and Eisenberg (983)55 showed that two immiscible

polymers polystyrene and polyCethyl acrylate) can be rendered miscible through

the incorporation of a small amount of complementary ionic groups in the Iwo

polymers, resulting in ion-ion interactions following the acid-base reaction.

When the polystyrene contains about 5 mol% of styrene sulfonic acid groups and

the polyCethyl acrylate) contains about the same amount of 4-vinyl pyridine

groups, a single glass transition temperature is seen by ynamic mechanical

measurements CFigure 1.2).

This showed that the interaction between sulfonic acid and 4-vinyl pyridine is

strong enough to lead to a negative ~Gm for the blend. Polystyrene and

polyisoprene can be similarly compatibilized by sulfonating the polyisoprene

and copolymerizing randomly the styrene with 4-vinyl pyridine C4VP). Blends of

the Iwo ionomers containing stoichiometric quantities of functional groups again

show a single glass transition when the number of ionic groups is greater than ca.

5 mol% in the ionomers56.

Solution nuclear magnetic resonance CNMR) studies by Natansohn and

Eisenberg (987)57, show that in these acid base type interactions the proton

from the sulfonic acid group is transferred to the nitrogen of the 4VP group

resulting in the ion-ion interaction.
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More recently Zhang and Eisenberg (1990)58 have shown that direct ion-ion

interactions, through rnicroion elirnination, are just as effective in rniscibility

enhancernent as the proton transfer interactions. In these types of blends the

acidic group, e.g. sulfonic acid of the sulfonated polystyrene, is neutralized with

a group such as tetrarnethylarnmonium hydroxide, and the basic group, e.g. 4VP,

is quaternized with a group such as methyl iodide. When the Iwo polymers are

solution blended, the microions, N(CH3)4+ and r, are eliminated in the solution,

leaving the sulfonate anion to interact directly with the quaternized pyridinium

cation. Solid state NMR was also used to show that the miscibility enhancing

effect of such direct ion-ion interactions are comparable, or better, than the

equivalent proton transfer interactions for miscibility enhancement59. In a

separate study, Zhang and Eisenberg (1990)60, showed that the direct ion-ion

interaction between a carboxylate anion and a quatemized pyridinium cation is a

much less effective interaction for miscibility enhancement than the equivalent

direct ion-ion interaction with a sulfonate anion. Il is worth noting that these

direct ion-ion interactions can only be achieved during solution blending, since

the rnicroions are eliminated though the dissolution of these moieties by the

solvent.

The possible enhancement of miscibility of polyurethanes with polystyrene

through ionic interactions was investigated by Rutkowska and Eisenberg

(1984)61, A polyurethane was synthesized having chain extenders containing

tertiary amines (note that the chain extenders form part of what is termed the

"hard" segments of the polyurethane), These tertiary amines afford possible

interaction sites for the sulfonic acid groups of a sulfonated polystyrene (SPS), In

contrast to the pure polyurethane, the blend shows Iwo glass transition

temperatures; the high Tg peak increases, while the low Tg peak decreases with
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increasing SPS content or increasing sulfonation level of the SPS. The increase of

the high Tg peak is due to the progressive inclusion of the polyurethane "hard"

segments into the SPS phase, while the decrease of the low Tg peak is due to the

resultant increasing phase purity of the "soft" polyurethane phase.

A model compound study using blends of sulfonated polystyrene with

polyurethane containing just "hard" segments confirmed that a strong interaction

takes place. A precipitate is formed upon mixing, and the dynamic modulus

curves show a single Tg for blends containing more than 30 wt% sulfonated

polystyrene (sulfonic acid content of 7.9 or 9.7 mol%).

Excellent blends were produced even when the stoichiometric ratio of the

sulfonic acid to tertiary amines was exceeded, and this suggested that the

sulfonic acid groups also interact with other groups on the polyurethane chain,

such as the urethane, or urea groups. This possibility was further investigated

using a 7.9 mol% sulfonated polystyrene blendedwith a polyurethane elastomer

containing no tertiary amines (Rutkowska eSt Eisenberg, 1984)62. It is worth

noting that the urethane and urea nitrogen groups are closely associated with the

"hard" segment of the polyurethane. Dynamic mechanical studies showed that

for blends containing more than 50% SPS, the high Tg (which is associated with

the "hard" segment) is considerably depressed. When urethane or urea model

compounds are mixed with p-toluene sulfonic acid (a model compound for the

SPS) high melting salts (170'C and 118'C) are formed1 confirming the interaction
,-"-

of the sulfonic acid groups with the urethane and urea groups.

NMR studies of proton transfer in polyurethane - sulfonated polystyrene

mixtures in solution indicate that the labile proton is transferred to the secondary
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structures, followed by the urethane nitrogen and then by the tertiary nitrogen,

in this order63.

1.4.3 Ion pair - ion pair interactions: Using a polyurethane containing a

tertiary amine in the hard segment, Rutkowska & Eisenberg (198S)64

investigated the effect of quaternizing this nitrogen with ethyl iodide on the

miscibility between this polyurethane and polystyrene ionomer containing 9.6

mol% of sodium methacrylate groups. The quaternization of the polyurethane

induces phase separation of the pure material. Dynamic mechanical

measurements of the blends showed that the upper Tg varied continuously from

3S'C for the pure polyurethane to 14S'C for the pure polystyrene ionomer while

the low Tg remained essentially constant at about -4S'C. Il was concluded that

ion pair - ion pair interactions between the quaternized tertiary nitrogens of the

"hard" segment of the polyurethane and the sodium methacrylate group of the

ionomer resulted in the observed partial rniscibility for this system.

Zhang and Eisenberg (1990)60 showed that ion pair - ion pair interactions, e.g.

those between sodium sulfonate and methyl pyridinium iodide groups, are less

effective in miscibility enhancement than either the direct ion-ion or proton

transfer interactions, at equivalent functionalization levels. ln the ion pair - ion

pair interactions (Na sulfonate/methyl pyridinium iodide), two separate phases

could still be seen by dynamic mechanical measurements of PS/PEA blends

when the ionic group content of the polymers was as high as 12 mol% each. This

miscibility enhancement was found to be similar to the direct ion-ion interactions

of carboxylate anions with methyl pyridinium cations.
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1.4.4 Ion co-ordination interactions: Early studies have shown that metal

neutralized sulfonate groups associatewith low molecular weight molecules,

such as alcohols and amines65,66. While alcohols form rather weak interactions,

amines show nearly stoichiometric association with transition metal cations. In

one study it was shown that a metal co-ordination complex is obtained when a

nitrogen-eontaining copolymer is coagulated in an aqueous solution of a

transition metal salt67. This led to the experimental studies of Agarwal,
,;-

Duvdevani, Peiff~r and Lundberg (1987)68 who investigated the possibility of
,'.'

rniscibility enhancement ofpolymers though cooOrdination interactions. In these

studies, sulfonated ethylene-propylene-diene elastomers (EPDM) (0.65 mol%

sulfonic acid) were zinc neutralized, and melt blended with a copolymer of

styrene / 4-vinyl pyridine (PS4VP), containing 8.5 mol% 4-vinyl pyridine groups.

Comparing the final blend mechanical properties it was found that near

optimum properties were obtained when the blend contained about 80 wt%

EPDM which corresponds to a stoichiometric ratio of interacting groups. For

example it was found !hat at this blend ratio, the tensile strength was 3660 psi

and the elongation to break 610%. When the counterion was Na, instead of Zn,

the tensile strength and elongation were only 310 psi and 130% respectively.

These results were rationalized in terms of the co-ordination possibility of the
L,\.--.....

basic nitrogen of the pyridine group of the PS4VP with the zinc metal of the

sulfonated EPDM. Viscosity data also show that the viscosity is higher in the Zn

4VP co-ordinated blends68.

Although the mechanical properties suggest strong interactio~s due te ion co-

.,
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ordination, dynamie mechanieal and DSC measurements indieate that these

blends are phase separated.

Recently, it has been shown by Lu and Weiss (1991)70,71 that transition metals

such as Zn and Mn can enhance the miscibility between polystyrene and

polyamide-6 (PA-6) through co-ordination type interactions. When polystyrene

is functionalized with 10.1 mol% of Zn or Mn sulfonate groups, the blend of this

ionomer with PA-6 is found to give a single composition dependent glass

transition temperature throughout the composition range, as well as a signifieant

melting point depression of the blend. 50th of these factors suggest a strong

interaction of these ionic groups with the PA-6 polymer, and spectroscopie

(infrared) evidence suggests that the amide groups of the PA-6 are co-ordinated

to the transition metal of the polystyrene ionomer.

1.4.5 Ion·dipole interactions; Ionomers interact with polar polymers

through ion-dipole interactions. Ion-dipole interactions play an important role in

the dissolution of ionic salts in water72. There is also evidence that polar

polymers can interact strongly with small ions. For instance the glasss transition

temperature of poly(propylene oxide) is increased by more than 100'C upon the

addition of 25% LiCIOl3-75. These experimental studies suggest that if ionie

groups were chemically bound to the backbone of a polymer (e.g. polystyrene)

strong interactions with polar polymers, such as poly(propylene mode) or

poly(ethylene oxide), could result. c·

The expeiimental studies of Hara and Eisenberg (1984)76 show that this is

indeed the case. Polystyrene and poly(ethylene oxide) are normally totally

immiscible, as evidenced by two glass transitions of the blend at the pure
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component positions. However when 9.5 mol% of lithium methacrylate groups

are i!lcorporated into the polystyrene, there is a dramatic downward shift of the

polystyrene ionomer Tg from 120'C to 52 OC in the 50:50 blend. A similar effect is

noted when poly(propylene Olade) is used instead of poly(ethylene oxide).

The type of counterion aIso has a marked effect on the miscibility. The effect of

the ion content and the counterion type was investigatedby Hara and Eisenberg

(1987)77 using cloud point curve (CPC) measureI{,!:'nts. As the number of ionic
'., .-

groups is increased, the CPC was found to move to progressively higher

temperatures, indicating enhanced misCibility with increasing ion content, as

would be expected. When the ion content of the ionomer was held constal"lt at
:..-.:...\.. -

10.4 mol%, and the counterion changed, the CPC shifted to higher temperatures

as the counterion size decreased from potassium to sodium to lithium, as shown

by Figure 1j~When unneutralized i~norr:er was used in the blend (i.e. proton as

the counterion) the CPC could not be located:::up to the decomposition

temperature of the poly(propylene oxide) (ca. 230·C). . ,

These results show that îniscibility enhancement is increased when the number

of interacting groups is increased and also when the counterionsize is decreased.

The miscibility enhancing effect of the polystyrene ionomer containing 6.6 mol%

lithium methacrylate groups was investigated with various other polar

polymers78,79. This ionomer was blended 50:50 with poly(vinyl acetate),

poly(dimethyl siloxane), polycaprolactone, poly(vinyl chloride), poly(ethylene

terephthaIate), poly(epichlorohydrin), poly(ethylene succinate) and polysulfide.

The blending (50:50) of pure polystyrene with these polar polymers al1 showed

distinct glass transition temperatures at the pure component TgS indicating total

phase separation. The ionomer blends showed that the presence of ionic groups



Chapter 1: General introduction / 19

200 ,--"'"""'T----r----,...--..,

1.00.90.80.7

OL-__l--_---Jl--_--J__---'

0.6

..-
U
o--

Wl fraction ionomer

Figure 1.3 Effect of the counterion on the cloud pointcurves for blends of
poly(propylene oxide) with polystyrene ionomers containing 10.4 mol% Li (or
Na or K) methacrylate groups77.
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leads to enhanced nûscibility in ail cases except for the poly(vinyl acetate) and

poly(dimethyl siloxane) blends. In these two polymers the presence of bulky side

groups has been suggested to hinder the ion-dipole interaction of the ionomer.

On the other hand, the blend with PVC showed a single but broad glass·

transition peak.

Polyurethanes are also polar polymers and the effect of ion-dipole interactions to

enhance nûscibility with polystyrene was studied by Rutkowska and Eisenberg

(1985)64. Polyuretharles have the advantage that the polar group content can be

varied, depending on the prepolymer and the chain extender )lsed. The

polyurethanes studied were found to be immiscible with polystyrene;CWhen a

polyurethane containing ether units is blended with polystyrene ionomer
~: ~

containing 10.4% of lithium methacrylate groups, it is found that the nûscibility

enhancement depends upon the ether content of the polyurethane. For instance,

when the ether unit is present only in the chain extender, no miscibility

enhancement is noted. However, when the polyurethane contains polyether

segments of high molecular mass (1,000 and 2,000), a considerable amount of

miscibility enhancement is achieved with this "soft" segment of the polyurethane.

Sorne of the "hard" segments containing ether moieties are however also

incorporated into the polystyrene phase (Rutkowska & Eisenberg, 1987)65.

1.5 AIMS OF THIS WORK

As seen from the review oÉfue miscibility enhancing effect of ion containing

polymers with various other polymers, the functionalization of one or both,of

.two irnmiscible polymerswith ionic groups is an extremely effective way of
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enhancing the miscibility between two immiscible polymers. Sorne of this work

has shown that the miscibility between commercial polyrners, such as

polyethylene oxide and PVC, can be enhanced through the use of ionic

interactions.

Polyamides constitute an important dass of e,..gineering resins as can be seen by

the figures for the world demand for this resin: 500kt in 1985 vs. 300kt for the

next most demanded engineering resin, Le. polycarbonate81. Polyamides are also

important in the packaging, textile fiber and fibre reinforcing industries. For

instance, Kevlar® fiber (supplied by Du Pont), which is an aromatic polyamide,

has the tensile strength of steel, at a fifth of the weight, and is consequently an

important fiber reinforcing material in the aircraft, boat and tire industries.

Hence, the identification of specifie interacting groups with amide groups,

capable of enhancing the miscibility between polyamides and other polyrners,

has a wide variety of applications with considerable benefit in other areas, such

as dyeability, rheological modification and interfacial adhesion.

A number of patents, and a few studies, have shown that carboxylated ethylene

ionomers interact favorable with polyamides. Since sulfonic acids al'e stronger

acids than carboxylic acids, ionomers containing sulfonic acid or sulfonate

groups may interact more strongly with polyamides than carboxylated ionomers.

The effect of sulfonic acid or sulfonate groups in enhancing the miscibility of

polyrners with polyamides has not, until recently, received much attention. Thi'!c

thesis reports the systematic and detailed investigation of the miscibility

enhancing effec: of sulfonated ionomers with aliphatic polyamides. Polystyrene

was chosen as the principal polymer to compatibilize with the polyamides since
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this polymer is immiscible with polyamides and is relatively easy to

functionalize with various Ionie groups.

As pointed out in the section under ion-i:>n interactions, sulfonic acid groups

have been found to be effective in enhancing the miscibility between polystyrene

and polyurethanes, and furth:rmore, NMR investigations have shown that the

proton from the sulfonie acid transfers to the urethane structures of the

polyurethane (as well as other nitrogen containing structures). Considering the

similarity of the amide and urethane structures, this type of interaction may also

be operative in blends of sulfonated polystyrene with polyamides. Furthermore,

the studies on blends of polystyrene ionomers with poly(alkylene oxides)

suggest that the acid form is the most effective, followed by lithium and then

sodium, in enhancing the miscibility between PS and poly(alkylene oxides).

Consequently, in this study, the miscibility enhancing effect of sulfonie acid

groups was investigated first, followed by the lithium and sodium sulfonate

groups.

In Chapter 2 the interactions/reactions of sulfonic acid groups with the amides in

blends of PS with polyamide-6 (PA-6) is presented, and it is shown that thf:se

groups can cause excellent dispersion of the PS, but some chain scission of the

PA-6 occurs at processing temperatures (ca. 250·C). A more detailed

investigation of the nature of the interaction, and extent of the hydrolysis

reaction is presented in Chapter 3. Solution blending observations provide

evidence of strong interactions, and solution NMR is used to show that the

sulfonic acid groups interact with the nitrogens of the àmide groups of the PA-6.

Selective extraction and characterization of the PA-6 from the melt blends are
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used to quantify the degradation of the PA-6. The degradation of the PA-6 in the

blend at 240'C is also followed by DSC and compared to the extraction data.

The detailed miscibility behavior of blends of sodium or lithium sulfonated

polystyrene (LiSPS) ionomers with PA-6 is investigated in Chapter 4. It is shown

that the rniscibility of the LiSPS is not only dependent on the lithium sulfonate

content of the ionomer, but also on the composition of the blend. This rniscibility

behavior is described interms of a simple thermodynamic equation containing a

specifie interaction term and a random, unfavorable interaction term for the heat

ofmixing.

In Chapter 5 the rniscibility enhancing effect of lithium and sodium sulfonate

groups are compared with those of lithium and sodium carboxylate groups. The

rniscibility of the LiSPS ionomer with polyarnides-66, -610, -11 is also explored in

order to investigate the effect of the amide content of the polyamides on the

blend rniscibility. A general guide to the selection of miscible pairs o~ LiSPS

ionomers with aliphatic polyamides is given.

One of the most sought after properties in polyamide blends is the improvement

of the impact strength. Since the mixing of polystyrene with polyamides does not

lead to improved mechanical properties of the blend over the material properties

(the samples are brittle), the synthesis of a low Tg ionomer was developed.

Chapter 6 describes the synthesis and charact~rizationof such a low Tg sulfonated

poly(styrene-ethylene-butylene) ralldom i~nomer. AIthough blends of this
__ ~ ,1 ~

ionomer with polyamides was not studied cluring the course of this work, this is

part of a continuing project.
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The thesis concludes with conclusions, contributions to original knowledge and

suggestions for future work (Chapter 7).

Finally, it must be mentioned that concurrently with (and independently 00 this

work, sulfonated· polystyrene ionomer blends with PA-6 were also being

investigated by the group of Prof. R. A. Weiss at the University of Connecticut

(Dept. of Chemical Engineering). Their efforts have been directed at the detailed

study of the blends with the transition metal neutralized (Zn and Mn) ionomers ,

and only a cursory investigation (by DSC) of the blends with acid and Li

neutralized ionomers. In contrast, thi~, thesis reports (in addition to other

material) a much more detailed investigation of the latter two types of ionomer

blends with PA-6.
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Chapter 2

COMPATIBILIZATION OF POLYAMIDE-6 AND
POLYSTYRENE THROUGH THE

FUNCTIONALIZATION OF POLYSTYRENE

2.1 ABSTRACT

Polyamide-6 (PA-6) and polystyrene are compatibilized when the polystyrene is

functionalized with as little as as 2.2 mol% of sulfonic acid groups. Evidence of

this is provided by scanning electron microscopy and dynamic mechanical

studies. However, sorne hydrolysis of the PA-6 appears to take place at

processing temperatures (240 - 250·C). No hydrolysis of the PA-6 is evident when

the sulfonic acid groups are neutralized with lithium or so!iium. The lithium
~"

neutralized material causes significant miscibility enhancement as seen from the

melting point depression in the blend, suggesting a strong interaction. Sodium

salts are ineffective.

~0;
:~"=
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2.2 INTRODUCTION

This paper reports the results of a study of the miscibility enhancement which

can be achieved between polyamide-6 (PA-6) and polystyrene when the

polystyrene is lightly sulfonated. 5ince many polymers can he sulfonated, this

interaction provides a useful avenue for the compatibilization of various

polymers with the wide range of commercially available polyamides. The use of

carboxylic acid groups to compatibilize various polymers with nylons has been
~. ~

extensively reported in the patent literature and has alsobeen the subject of

several studiesl -7. Only very recently have the sulfonat~s received sorne

attention in this connection: two presentations at scientific meetings dealt with

the use of sulfonic acid groups to compatibilize polystyrene with polyamidesS,9.

It will he shown here that the effects of carboxylates and sulfonates are quite

different. While the carboxylic acid groups are shown to enhance miscib(ili~~
\...--.r

slightly, prot,ably by the reaction wi~h the amine end groupsl,2, our solution

studies show that the sulfonic acid group interacts strongly with the amide

nitrogen10. This leads to strong miscibility enhancel1lent, but unfortunately is

accompanied by chain scission at elevated temperatures. The lithium salt retains

the strong miscibility enhancement whUe avoiding the chain scission reaction.

Sodium salts, on the other hand, are ineffective.

The interaction of sulfonated polystyrene with various nitrogen containing

polymers ha~, in sorne cases, produced remarkable results. For instance

. polystyrene and poly(ethyl acrylate) blends, which are immiscible in the absence

of functional groups, show a single glass transition when the parent polymers
~,

. 'V

contain only 5 mol% each of styrene sulfonic acid and 4-vinylpyridine,
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respectivelyll; Blends of sulfonated polystyrene with polyurethanes also show

that strong interactions take place, which leads to enhanced miscibility12-14. The

observation of a proton-transfer interaction with the urethane nitrogen in these

blends has raised the possibility of a similar interaction between the sulfonic acid

group and the amide of a polyamide - especially in view of the sirnilarity of the

urethane and the amide structures. There is, furthermore, the possibility of

interaction of the sulfonic acid group with the amine end-group of a polyamide.

We therefore decided to investigate to what extent the miscibility between

polystyrene and PA-6 is enhanced when the polystyrene is progressively

sulfonated. We were also interested in investigating the effect of lithium

neutralization of the sulfonic acid groups on the blend miscibility, since lithium

salts have been shown to interact strongly with polyamides15-17. Here we report

preliminary results of these investigations.

2.3 EXPERIMENTAL

2.3.1 Materials used: Polystyrene (PS), obtained from Aldrich (Mv =
280,000), was piu-ified and homogeneously sulfonated using the method of

Makowski et.al.18 to produce sulfonated polystyrene (SPS) containing 2.2 mol%

(SPS2), 5.4 mol% (SPS5) and 9.7 mol% (SPSlO) of sulfonic acid groups. Some of

the SPSIO material was dissolved in benzene:methanol (80:20) and neutralized

with lithium hydroxide in methanol to a phenolphthalein end point to obtain the

material designated as LiSPSIO. Similarly, the sodium hydroxide neutralized

SPSlO gave the material designated as NaSPSlO. Polyamide-6 (PA-6) was
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obtained from Aldrich and was purified by precipitation from formic acid into

water. All materials were dried at BO'C under vacuum for at least 4 days prior to

use.

2.3.2 Melt blends: Melt blends were prepared in a Brabender mixing head at

250'C and 90 RPM. All samples were blended for 20 minutes and showed a

constant torque for at least the last 5 minutes. Blending was carried out under a

constant stream of nitrogen to minimize oxidative degradation during blending.

2.3.3 Solution blends: Solution blended materials were prepared by

dissolving each component in m-cresol:methanol (BO:20) to form 5% (w/v)

solutions and then mixed under constant agitation. The clear solutions were then

precipitated dropwise into excess hexanes, agitated for l day with fresh hexanes

to extract residual solvent and filtered. The material was then dried under

vacuum at 100'C for 48 hrs.

2.3.4 Dynamic mechanical analysis: Dynamic mechanical properties were

detennined using a Polymer Laboratories Dynamic Mechanical Thermal

Analyser (DMTA) instrument at a scanning rate of I·C/min. 5amples for the

DMTA were prepared by compression molding at 230'C under low pressure.

2.3.5 DifferentiaI scanning calorimetry: Differentiai scanning calorimetry

(DSC) data were recorded on a Perkin Elmer DSC il and calibrated with indium.

The samples were scanned under nitrogen from 27'C to 240'C at 20·C/min. All

samples were scanned once to remove differences in thermal history and then

quenched at the maximum cooling rate setting of the instrument (320·C/min).

The data from the second (52) scan were recorded for all samples. Sorne samples
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were annealed at 240'C for 90 minutes after the second scan, then quenched and,

a third scan taken (53). The recrystallization temperatures Tc and heats of

recrystallization Mie were obtained by quenching the samples in liquid nitrogen

after the last scans and scanning again at 20'Imin. The percentage crystallinity in

the samples was calculated from the enthalpies of melting Mim and by assuming

an enthalpy of fusion of 191 JI g for 100% crystalline PA-6.

2.3.6 Scanning electron microscopy: Samples for scanning electron

microscopy (SEM) were prepared by fracturing the melt-blended samples under

liquid nitrogen. A JEOL-840 scanning electron microscope was used with gold

sputter coating on the fracture surfaces.

2.4 RESULTS AND DISCUSSION

Figure 2.1(a) shows the SEM of the fracture surface of the PS/PA-6 blend

containing 20% PS. The dispersed phase of PS domains is clearly evident in the

continuous PA-6 matrix and very little adhesion if any can be seen between the

two phases. Sorne "holes" are seen where the PS spheres have been removed with

the other fracture surface. Thephase separated PS domains have an average

particle diameter of about 6 Jlm which contrasts with the 3 Ilm for the blend

containing 40% PS (Figure 2.1(b)). The continuous'phase in these blends is PA-6,

as is expected from thé composition ratios and as suggested by the pliability of

these samples'at room temperature.::These samples also showed sorne stress

whitening when flexed at room temperature, whichcan be attributed to micro

void formation around the loosely held PS domains. Figure 2.1(c) shows that the

morphology of the 20% blend is dramatically changed when the polystyrene is
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Figure 2.1 Scanning electron micrographs of the fracture surfaces of polyamide-6
blends containing (a) 20% PS, (b) 40% PS, (c) :'0% SPS2 and (d) 40% SPS5.
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sulfonated to a level of only 2.2 mol%. Distinct phase separated domains are no

longer visible, although the semi-ductile fracture surface features may suggest a

certain degree of inhomogeneity. The SEMs of fracture surfaces of blends

containing 20% of SPS5 and SPS10 cannot be distinguished from those containing

SPS2. This indicates that increasing the sulfonation level from 2.2 to 9.7 mol%

does not significantly change the blend morphology. The fracture surface of the

blend containing 40% of SPS5 (Figure 2.1 (d» is much smoother and a more rapid

brittle fracture is likely. When flexed at roomterrÎperature, the samples

containing 20% SPS are alliess brittle than those with 40% SPS. Stress-whitening
2' .-

upon room temperature flexing is not observed for any of the blends containing

sulfonated polystyrene.

" \
.~ . . .

The tana plots for the blends containing 40% of the polystyrene corr.{ionent are

shown in Figure 2.2. The feature in the plot for the PS/PA-6 blend at about 50'C

can be assigned to the glass transition (Tg) of the amorphous phase ofPA-6 while
"

the peak at 11I'C is due to the Tg of PS. On mixing of the PA-6 y!'.ith SPS, the

glass transition of the PA-6 moves to a higher temperature and becomes

increasingly merged with the tana peak of ,he SPS, which also broadens

considerably as the sulfonation is increased. The tana maxima of the polystyrenic

phase iI(crease from 1I1'C to lITC as the sulfonation is increased from 0 to 9.7

mol%. Since sulfonation of polystyrene increases its Tg by sorne 2'C per mol%

1\;i}fonation19, we can see that blendiTlg induces a progressive decrease of the Tg

.• of the polystyrenic phase when compared with the unblended material. These

DMJA data sl,\oW that some compatibilization is achieved even at a low level of

sulfonation of oiUy?~2~01%.
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Figure 2.2 Tanl) values from DMTA runs (lHz) for blends contalning 60%
polyamide-6 and 40% SPS. The level of sulfonation of the SPS is shown on the

.. plot. The 2.2 and the 9.7% cuves have been vertically shifted by 0.1 and 0.2 units,
. respectively, for clarity.



Chapter 2: Compatibilization of PA-6 and PS / 37

DSC shows that the melting temperature Tm' recrystallization temperature Tc
-and the enthalpy of recrystallization tlHc are directly aifected by the amount of

sulfonic acid groups in the blend. For the blend containing 40% SPS10, the

melting point is 22"C below that of the unfunctionalized PS/PA-6 blend and the

degree of crystallinity is also reduced. At the same time, the recrystallization

temperature Tc increases as the sulfonic acid group content in the blend is

increased. The value of Tc is raised by as much as 69"C when going from PS to

SPSlO in the blend. This suggests that the crystallization process is hindered.

This suggestion is supported by the enthalpies of recrystallization &1C' which are

expressed as a percentage of the enthalpies ôf melting tlHm in the last column of

Table 2.1. For the PS/PA-6 blend this value is 12%, which means that 88% of the

PA-6 crystallinity was formed during the rapid liquid nitrogen quench.

Similarly, the data show that in going from SPS2 to SPS10 in the blends, the

amount of the crystallinity that is obtained during the rapid liquid nitrogen

quench progressively decreases from 68% to 0%.

In the absence of co~plications, the observed behavior of Tm' Tc and tlHc could

be interpreted as evidence of very strong interactions. These strong interactions

do indeed exist, as is confirmed by solution mixture studies10. However, the

complications to be discussed below do not allow the quantitative interpretation

of these DSC data in terms of interactions.

It is well known that strong acids, such as sulfuric acid, can catalyze the

hydrolysis of the amide bond23. If the sulfonic acid group is also effective in

chain scission, then the decrease in the chain length of the PA-6 could also lead to

the observed changes in the Tm' Tc and enthalpies of recrystallization. To

investigate this possibility, we compared two sets of results. In the first we
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Table 2.1 D5C data obtained on blends containing 60% polyamide-6 and 40% of
polystyrene or sulfonated polystyrene (Component Blended).

Component D5C Prepa- Tm Mim cryst. Tc Micas %

Blended scan rationa ("C) (J/g) %b ("C) ofMim

P5 52 m 223 40 35 66 12
5PS2 52 m 221 38 34 76 32
5PS5 52 m 217 37 33 95 48
5PSlO 52 m 201 31 27 135 100

5P510 52 s 220 41 35
5P510 53 s 201 30 26 128 100

Li5P51O 52 s 214 34 29 148
Li5P510 53 s 213 33 28 148 100

Na5P510 52 s 222 35 30
Na5PSI0 53 s 222 33 28 84 41

a Melt blended, mi solution blended, s

b Refers only to the polyamide-6 component in the blend



:1:

Chapter 2: Compatibilization of PA-6 and PS / 39

compared the initial D5C scan data of a solution prepared blend (5PSlO 52 s in

Table 2.1) to the D5C scan of the same blend after annealing at 240'C for 90

minutes (5P510 53 s). Table 2.1 shows that the annealing process has a profound

effect on the melting temperature and the crystallization behavior, suggesting

that sorne time-dependent reaction occurs at 240·C. Comparison of the D5C

scans of the annealed sample (5P510 53 s) with the scan of the sample prepared

by melt blending at 250'C for 20 minutes (5P510 52 m) shows that these samples

have comparable values for TID' Tc and enthalpies of recrystallization, indicating

that this reaction has also taken place in the melt blended samples. Thus, most of

the observed shifts in the TID and 'Fccan be attributed to a reaction in these

blends. 5ince these samples were found to be soluble in l1l-cresol after annealing,

a cross-linking reaction can be excluded. Due to the difficulty of totally

eliminating the presence of water in these blends, the acid catalyzed chain

scission of the PA-6 seems the most reasonable explanation. It is known that the

reduction of the PA-6 molecular weight also leads to a reduction of its melting

point24. Preliminary results on the extracted PA-6 from these blends indicate

that the PA-6 molecular weight is indeed reduced. We are currently exploring

the quantitative aspects of this reaction.-

Finally, we present D5C data for the solution prepared blends of the lithium and

sodium neutralized 5PS10 material. When the sulfonic acid groups are

neutralized with lithium, the TID of the PA-6 in the blend is considerably

depressed (Li5P51O 52 in Table 2.1). Table 2.1 also shows that the Li neutralized

sample is unaffected by annealing (Li5P510 53) and hence a chain scission

reaction is not operative in this blend at annealing temperatures. The Li5P510

blend shows a TID depression of 10'C or;; the PA-6 in the blend, while thEl _.

recrystallizationof the PA-6 is strongly hindered as shown by the high Tc value

"
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of 14S'C and the 100% recrystallization enthalpy. The invariance of the melting

temperature with annealing indicates that the Tm depression can be attributed to

the interaction of the blend components. Lithium salts such as DCl and LiBr are

known to interact strongly with PA_615-17. DCl has been shown to lead to a Tm

depression of PA-6 attributed to its interaction with the C=O group of the

amide17. Evidently a. similar interaction is operative betweenthe lithium

sulfonate group of the Li5P510 and the amide of the PA-6. Table 2.1 also shows

that sodium neutralize:j 5PS10 (Na5PS10 52 and 53) blend does not show these
\ \

characteristics of an intlûacting blend, although the Tc value of 84'C shows that it

is still better than the unfunctionalized PS. Again, the invariance of Tm with

annealing indicates that chain scission is'inoperative in this blend.
',<

2.5 CONCLUSIONS

The presence of sulfonic acid groups on polystyrene has been shown to

compatibilize the polystyrene/polyamide-6 blend, probably via proton transfer

to the amide and amine nitrogens. Annealing at high temperature (240-250'C),

either in the melt or after precipitation of the solution bfénded sample, leads to

the hydrolysis of the polyamide-6 (PA-6). This chain scission reaction is not

evident when the sulfonic acid groups are neutralized with either lithium or

sodium. The sodium neutralized material does not cause any observable melting

point depression in the blend. By contrast, the lithium neutralized materialleads

to a dramatic Tm depression and considerable hindrance of the PA-6

crystallization process in the blend, suggesting that
J

this blend is strongly

interacting. This contrasts with the studies on blends of PA-6 with carboxylic

acid containing polymers where it has been found that the degree of crystallinity,
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the recrystallization temperature, melting temperature and the glass transition

temperature of the PA-6 component are Iittle affected by the presence of the

functionalized polymer1,2. This suggests that lithium sulfonate groups interact

more strongly with PA-6 than do carboxylic acid groups.

We are currently investigating the extent of the chain scission reaction in these

blends and the compatibilizing efficiency of the lithium sulfonate group. These

results will be published in a much more extensive treatment.

While the enhanced miscibility between PA-6 and polystyrene is not necessarily

expected to produce a material with good mechanical properties7, it serves as a

model system for the study of the interaction between the sulfonate group with

the anûde and amine groups in the blend.
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Chapter 3

MISCIBILITY OF POLYAMIDE-6 AND
POLYSTYRENE FUNCTIONALIZED WITH

SULFONIC ACID GROUPS

3.1 ABSTRACT

Polyamide-6 (PA-6) and sulfonated polystyrene (SPS) interact strongly in

solution. Thus, solution blends of PA-6 and SPS (sulfonation levels from 0 to 12.3

mole%) in rn-cresol form clear, hazy or gelled solutions· depending on the ratio

of amide (A) to sulfolüc acid (S) groups (AIS). NMR studies show that the S

groups interact with the nitrogen of the amides, most probably through the

transfer of the sulfonic acid protons. During melt blending, the addition of SPS to

the PA-6 leads to a torque rise due to strong interactions. The glass transition

temperatures of the components in the melt blended samples shift towards each

other as the sulfonation level of the SPS increases, indicating enhanced

rniscibility. The analysis of the extracted PA-6 from these blends, however,
;")

shows that it is degraded at processing temperatures (250'C) due to sorne

';
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residual water and the catalytic activity of the sulfonic acid groups. The extent of

the PA-6 degradation is inversely related to the AiS ratio. Each sulfonic acid

group causes between one to two chain scissions of the PA-6. In blends with high

AiS ratios, the degradation of the PA-6 is minimal; yet considerable dispersion

of the SPS can be achieved, as evidenced by scanning electron micrographs of the

fracture surfaces.

3.2 INTRODUCTION

The compatibilization of various polymers with polyamides is a subject of

continuing interest which can be attributed to their commercial importance. The

presence of amide groups along the backbone offers sites for specifie interactions,

and this can be used to advantage when attempting to compatibilize polyamides

with other polymers. Since acids are known to interact with the amide units of

polyamides, the use of an acidic group as a compatibilizing functional group

seems an obvious choice. Carboxylic acid groups have been successfully used in

this way to compatibilize various polymers with polyamides; the many patents

and studies attest to this factl -6. Since the acid strength is one of the factors

controlling the extent of the interaction, a stronger acidic group, such as a

sulfonic acid, may be more effective than a carboxylic acid one.
"

Polystyrene is relatively easy to functionalize with sulfonic acid groups to

produce a sulfonated polystyrene (SPS) containing between 0 to 20 mol% of
'......c--

sulfonic acid groups. Unfunctionalized polystyrene' is immiscible 'Yith
.:

polyamides:and is therefore ideal for the study of the effect of sulfonic acid

functionalization on polyamide miscibility. Furthermore, the functionalization of
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polystyrene with sulfonic acid groups has been demonstrated to be an effective

route to compatibilize polystyrene with various other nitrogen containing

polymersS-12. Of particular relevance is the rniscibility enhancement noted in

blends of SPS with polyurethanes, which has been partly ascribed to the transfer

of the sulfonic acid proton to the urethane nitrogen, as shown through nuclear

magnetic resonance (NMR) studies12. Due to the similarity of the urethane and

the amide structures, this type of interaction may also be operative in blends of

SPS with polyamides.

Recently some studies have shown that sulfonic acid groups can compatibilize

polystyrene with polyamides, even at low levels of sulfonation13-15. In one

study it has been suggested that the presence of sulfonic acid groups in blends of

SPS with PA-6 leacls to the hydrolysis of the amide groups at processing

temperatures15. This is not surprising since sulfonic acids can catalyze the

reactions of polyamides16 and, furthermore, strong acids are known to catalyze

the hydr~lysis of polyamides in the presence of water.

In this paper it will be shown that strong interactions exist between the sulfonic

acid groups of the SPS and the amide groups of the poJyarnide-6 (PA-6).

Evidence for this is provided by the formation of gel in some of the solution

blends, and is confirmed by solution NMR studies. Melt and solvent-cast blends

are also prepared in order to confirm that the interactions in solution persist to

the solid state and enhances the miscibility of these blends. However,

.degradation (hydrolysis) of the PA-6 takes plac~ at processing temperatures (240

- 250·C) due to the presence of the sulfonic acid groups. The extent of the

hydrolysis reaction is inversely related to the ratio of amide to sulfonic acid

groups (A/S) in the blends and this is used to identify possible A/S values
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where the SPS is adequately dispersed in the blends without severe reduction of

the molecular weight of the PA-G.

The effect of water content on the hydrolysis of the PA-G in the SPS/PA-G blends

is not reported here. In this paper the materials used for blending are subjected

to a uniform drying procedure and their reactions/interactions are studied in

this state.

3.3 EXPERIMENTAL

3.3.1 Materials used: Polystyrene (PS), obtained from Aldrich (Mv =

280 kg/mo!), was purified and homogeneously sulfonated using the method of

Makowski et al.17 to produce sulfonated polystyrene (SPS) containing 2.2 mole%

(SPS2), 5.4 mole% (SPS5) and 9.7 mole% (SPSI0) of sulfonic acid groups. These

materials were used for the melt blend studies. Polystyrene,obtained from

Polysciences Inc. (Mv = 50 kg/mo!) was also sulfonated to different extents to

produce sulfonation levels of 2.6, 4.5, 6.7, 9.4, and 12.3 mole% and were used for

the solution and solvent cast blend studies. Polyarnide-6 (PA-6) was obtained

from Aldrich and analysis by size exclusion chromatography showed: Mw =33
,',

kg/mol and Mn = 14 kg/mol. Assuming one amine end-group per chain, the

amine end-group concentration was calculated as 0.071 mequivalents per gram.

The PA-6 was purified by precipitation from formic acid into water. All materials

were dried at 80'C under vacuum for at least 4 days prior to use.

For the NMR studies, the following materials were also used: e-caprolactam

(Aldrich) was dried in a desiccator under full vacuum for at least four days prior
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to use. PS oligomer (Pre.ssure Chemical Co.) having Mw =0.450 kg/mol was

used as received. The poly(styrene-co-methacrylic acid) (PSMAA) was

synthesised by free radical polymerization in conjunction with another project in

this laboratory. The PSMAA contained 10.1 mol% methacrylic acid groups and

was vacuum oyen dried at 80·C for four days prior to use.

3.3.2 Solution blending: Solutions (2% w/v) of PS, PA-6 and SPS were

prepared in rn-cresol (99%, Aldrkh). Blends were prepared by adding the 51'5 (or

1'5) solutions dropwise to the PA-6 solutions under constant agitation. The

solutions were agitated for 24 hrs and visually compared to the clear solution of

pure PA-6. The solutions were classified as hazy when any sign of milkiness

could be detected and as gelled when an essentially phase separated gelled mass

was observed.

3.3.3 Solvent casting: Blend solutions were prepared as described above

except that they were prepared directly in the solvent evaporating dish. T'ne

solutions were agitated for 12 hrs before starting solvent evaporation under

par~~'1àcuumat 50·C. Th,e solvent was evaporated slowly over 4 days and the

samples finally dried by increasing the temperature to 120·C under a full

vacuum for 4 days. The films obtained were ground to a fine powder under

liquid nitrogen and again dried in a vacuum oyen for 4 days prior to ose
analysis.

3.3.4 Melt biending: M~lt blends were prepared in a Brabender mixing head
_. J--

at 250·eand 90 RPM. &;q~ential addition of the components was used by

adding the PA-6 first and then waiting for the torque to stabilize before adding

the 51'5. AlI samples were blended for 20 minutes and showed a constant torque

,.; "--", .: '--...
; ,

." ~.

:
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for at least the last 5 minutes. Blending was carried out under a constant stream

of nitrogen to minimize oxidative degradation during blending.

3.3.5 Dynamic mechanical analysis: Dynamic mechanical properties were

àètermined using a Polymer Laboratories Dynamic Mechanical Thermal

Analyzer (DMTAHnstrument at a scanning rate of I·C/min. Samples for the

DMTA were prepared by compression mc:lding at 230'C under low pressure.
, .~ ,

3.3.6 DifferentiaI scanning calorimetry: Differentiai scanning calorimetry

(DSC) data were recorded on a Perkin Elmer DSC II and calibrated with indium.

To study the annealing effect on the melting temperature, th~ samples were

scanned under nitrogen purge from 27 to 240'C at 20·C/min. After the first scan

to 240'C the samples were held at this temperature for ten minutes and then

quenched at the maximum cooling rate setting of the instrument (320'C/min) 10

!'-'8m temperature. Subsequent scans were recorded following the same
'l . ;
p;ocedure, each' with a holding time of ten minutes at·~40·C. The melting

temperature of the PA-6 in the blend was taken at the peak of the melting

endotherm.

For the analysis of the extracted PA-6 materials, the samplèswere scanned from

2Z'C at 20'C/min under nitrogen. The samples were quenched in liquid nitrogen
\'"

immediately after melting was completed and then scanned<~~ain at 20'C/min

to record melting (Tm) and crystallization temperatures (Tc)' iesp~tively. This

procedure was used to limit the exposure of the samples to elevated

temp~ratures, where the condensation of the carboxylic and amine end-groups

can lead to an increase of the molecular weight and subsequent changes in the

Tm and Tc values.
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3.3.7 Scanning electron microscopy: Samples of the blended materials

were compression molded and then fractured under liquid nitrogen. One half of

the samples was immersed in 88% formic acid for 24 hrs to leach out the PA-6

from the surface while the other half was used for comparison. Ail samples were

washed with water and dried in a vacuum oven at 25'C for four days before gold

sputter-coating of the fracture surfaces. A JEOL Model JSM 840 scanning electron

microscope was used to record the surface features.

3.3.8 NMR: A 300 MHz NMR (Varian XL-300) was uséd to record the NMR

spectra of e-caprolactam (a monomeric model compound for PA-6) and its

blends. Approximately 4 mg of e-caprolactam in 1 ml DMSO-d6 (Aldrich) was

used for an the spectra, and between 30 and 40 mg of the PS oligomer, PSMAA

or SPS (12.3 mol% sulfonation) was used in the blends. The PSMAA and SPS

'\. were blended with the e-caprolactam in such a way that the functional groups

and the amide groups were::in stoichiometric amounts. Spectra were recorded at

50 and at 8S·C. A 270 MHZ NMR GEOL ModeI270-CPF) was used to analyze the

PA-6 extracted from the ~~t blends. Approximately 60 mg of material was

dissolved in 1 ml of a solvent mixture of trifiuoroacetic acid - dl (Aldrich): D20

(MSD Isotopes) (2:1).

;.-;:~==:/

3.3.9 Solvent extraction: The melt blended samples were ground to pass

through a sieve of mesh-#Î2. About 2g of each materlal was weighed and placed

in 50 ml of 88% formic acid. The samples were agitated for one week, then

filtered, washed with fresh solvent, dried and weighed. The solvent was

removed from the extracted materials using rotary vaporization and the solids

subsequently washed and dried.
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3.3.10 Size exclusion chromatography: A Varian DS-600 size exclusion

chromatograph (SEC) was used with tetrahydrofuran as eluent and calibrated

with polystyrene standards. The extracted PA-6 samples were trifluoroacetylated

and prepared for SEC analysis as described in the Iiterature18,19. The.::universal

calibration method was used to calculate Mn of the trifluoroacetylated samples

and from these values, the Mn of the PA-6 were calculated. The

trifluoroacetylation reaction does not alter the degree of polymerization of the

PA_619.

3.4 RESULTS AND DISCUSSION

3.4.1 Solution blends: The blending of two polymers in solution can

sometimes give qualitative information about the affinity of the polymers for

each other. The formation of gel upon solution blending almost always indicates "

strong interactions between the blend components8,9. For instance, the solutior{<::~r:.-_:~
;;=~.:::,;-.j .",

blending of SPS with poly(ethyl acrylate-co-~vinrLpyridine) forms a gel when

each polymer ç~ntains about 5 mol% of functional groups; and solid state

dynamic m:,':hànical characterization confirms that these two polymers are

miscible on the 50 to 100A level, characteristic of the measurement8.

While the solution blends of PS with PA-6 in rn-cresol form cUar solutions

throughoutthe entire composition range, the solution blends of PA-6 with SPS

can be clear, hazy or gelled, depending on the sulfonation level of the SPS and on

the blend composition. The visual observations of the solutions are summarized

inFigure,3.1 and suggest that strong interactions exist between the SPS and PA-6.
\~;
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The gelled solutions can be made to move into the /zazy or into the c/ear parts of

the diagram by adding PA-6 to the solutions. This can be reversed by adding SPS

to the solutions. The interactions in solution are therefore in dynamic

equilibrium. Although Figure 3.1 does, not necessarily represent a

thermodynamic phase diagram, in thi~ paper Figure 3.1 will be referred to as "the

phase diagram".

As it will be shown below, the sulfonic acid groups can interact not only with the

amine end-groups of the PA-6, but also with the its amide groups. Since the PA-6

polymer contain only one amine end-group per chain (the other end-group being

a carboxylic acid), the formation of gel in sorne of these blends provides indirect

evidence that the sulforuc acid groups also interact with the amide groups.

Interaction with the amine end-groups alone can not lead to gel formation. Since

the relative amount of the acidic and basic functional groups is an important

factor in these blends, the c/ear, /zazy and gel sections of the phase diagram can be

separated by lines of constant amide to sulfonic acid ratio (AIS). The ratio used

here is actually the ratio of nitrogen containing groups (amide + amine) to

sulfonic acid groups in the blend, but since the amine end-group contribution to

the total nitrogen contaitdnggroups is less than 1%, it closely represents the

amide to sulfonic acid ratio. In these solution blends it is more convenient to

regard AIS as the amide to sulfonic acid ratio.

The solutions begin to tum hazy when there are approximately 33 amide groups

per s"ulfonic acid group (AIS = 33), while gelation occurs when there are less

than 8 amide groups per sulfonic acid group (AIS < 8). The strongest

interactions are expected for a stoichiometric amount of interacting groups (AIS
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= 1). Further decreasing the ratio should eventually lead to the clarification of the

gel, because 100% SPS solutions are clear in this solvent.

The behavior in the various regions of the phase diagram can be explained in the

following way : In the clear region, there is one or more PA-6 molecular chain per
--..::...

sulfonic acid group, so that connectivity between different SPS chains, via PA-6

molecules, is unlikely. In this region the sulfonic acid groups are probably

interacting primarily with the amine end-groups, since these are a stronger base

than the amide groups. Theoretically, there is one PA-6 chain for every sulfonic

acid group when A/S = 124 (calculated from Mn=14 kg/mol for PA-6). However,

the solution blends remain clear down to a value of A/S = 33. One of the reasons

for this is that, in these dilute solutions, each PA-6 molecule is more likely to

interact with the same SPS chain several times rather than with two or more

different SPS chains. Furthennore, the hydroxyl of the solvent, rn-cresol, is also

competing for interaction with both the sulfonic acid and the amide groups. The

effect of the hydroxyl groups can he illustrated by the addition of 20% methanol

to the blends, which moves the onset of visible haze to A/S = 10. Methanol

addition, however, is limited by the precipitation of the PA-6 component in the

blend when too much is added. Since the size of the scattering particles have to

be at least of the order of the wavelength of the incident light before the light is

scattered, this is another factor in the shifted observation of haze.

In the hazy section of the phase diagram, large associated particles exist, which

indicates that sorne of the PA-6 chains are interacting with two or more SPS

molecules. In this way, many SPS chains are c()ncentrated into localized areas

together with their associated PA-6 molecules. When the amide to sulfonic acid
. -'""":
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ratio is low enough, each SPS chain is connected to at least one other SPS chain,

so that a three dimensional network (gel) results.

Since the observation of haze and gel are directly govemed by the functionality

of the polymer chains (Le., the number of functional groups per chain), the

molecular weight of the interacting polymers is a critical factor in determining

the onset of these observations. The molecular weight of the PA-6 and SPS in

Figure 3.1 is constant, but with the reduction of the PA-6 molecular weight, for

instance, the onset of the hazy and gel regions is expected to shift to lower values

"of A/S. At one extreme, blends of SPS with monomeric PA-6 (e-caprolactam) are
,.
C clear at ail compositions. By contrast, if the molecular weight of the PA-6 were

infinite, ail blends would be expected to be gel.

3.4.2 NMR studies: NMR is a useful tool to study the nature of specifie

interactions. Although the formation of gel in the solution blends indicates that

the sulfonic acid groups are interacting with the amide groups, it is not a priori

clear whether the sulfonic acid is interacting with the carbonyl or the nitrogen oL

the amide woup.

Several NMR studies of blends of SPS with nitrogen-containing polymers have

shown that the proton from the sulfonic acid group transfers to the nitrogen

moiety12,20. This has been observed for the urethane group of polyurethanes12,

and it is thus possible that the proton from the sulfonic acid group of the SPS also

transfers to the amide nitrogen of the PA-6.

For the present study, e-caprolactam was chosen as a model compound for PA-6

since it shows ail the spectral features of the polymer \'{ithout leading to gelation
,1 .:::.'
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during blending. It is also soluble in common deuterated solvents such as

DMSO-d6' Figure 3.2 shows the peak assignments for the e-caprolactam and for

the SPS. The e-caprolactam peak at 3.05 ppm, which is due to the methylene
,-

protons dosest to the amide nitrogen, is split into a quadruplet because of the

presence of three neighboring protons (including the proton from the amide

nitrogen). This is more dearly seen in the expanded region shown by Figure 3.3

(top). When the amide proton at 7.4 ppm is decoupled by irradiation, the

quadruplet is reduced to a triplet, as expected (Figure 3.3: middle). However,

when SPS is added to the e-caprolactam so that there is a stoichiometric ratio of

amide to sulfonic acid groups in the blend, the quadruplet at 3.05 ppm again

forms a triplet, similar to the decoupled spectrum (Figure 3.3: bot/om). This

suggests that a rapid proton exchange is taking place between the sulfonic acid

group and the nitrogen of the amide, leading to an exchange decoupling effect.

This can be explained by the rapid transfer of the sulfonic acid proton to and

from the amide nitrogen, represented by the equilibrium equation

:~')
H H
1 1

-S03-H+ + -N-C," -=- -S03" + -+N- C- [3.1)---Il'( 1 1\
0 H 0

After proton transfer, the protons on the amide are indistinguishable and hence

either of the two could be transferred back to the sulfonic acid group. Similar

equilibrium equations have been used to describe the proton transfer in other
- ~

~~~. -

Figure 3.4 compares the spectra (2.1 - 3.2 ppm range) for blends of e-caprolactam

with polystyrene oligomer, poly(styrene-co-methacrylic acid) (PSMAA), and
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Figure 3.2 lH-NMR spectra in DM5ü-d6 of sulfonated polystyrene at 50'C (top)

and e-caprolactam (bottpm)"at 22'C. The peak assignments are indicated. The "5"
, \'

indicates peaks due to residual DM50 solvent.
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Figure 3.4 Expanded lH-NMR spectra at 85'C of blends of e-caprolactam with
polystyrene oligomer (top), poly(styrene-co-methacrylic acid) (middle), and SPS
(bottom). The PSMAA and SPS blends contain a stoichiometric amount of
functional groups.
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SPS. These spectra were recorded at 85'C in order to achieve solubility of the PS

oligomer and the PSMAA. The splitting of the methylene signal at 3.06 ppm is

unaffected by the presence of either the PS oligomer or the PSMAA, while the

blend of SPS with the e-caprolactam again shows that the sulfonic acid proton is

exchanging with the amide nitrogen. Therefore, under the experimental

conditions, the carboxylic acid groups are less effective than the sulfonic acid
"groups at proton exchange with the amide nitrogens , suggesting that proton

transfer occurs less readily with carboxylic acid than with sulfonic acid groups.

It is worth noting the unusual splitting of the triplets at ca. 3.05 ppm during

decoupling or blending with S~~_ as wel! as at ca. 2.28 ppm for al! samples
.-:..'

containing e~caprolactam. The peak intensities of triplets usually appear in the

ratio 1:2:1, and the 2:1:2 splitting seen here is probably related to the ring

structure of the e-caprolactam. Due to the IlnusuaLtriplets formed, it has been

suggested that the presence of a 2:1:2 triplet at 3.05 ppm for a mixture of a strong

acid with e-caprolactam would more convincingly support the mechanism

proposed by Equation [1] than the 2:1:2 triplet seen in the decoupled spectrum of

e-caprolactam22. The NMR spectrum at 85'C of a stoichiometric mixture of

methanesulEonic acid with e-caproiactam in DMSO-d6 (not shown) indeedgives

the 2:1:2 splitting at 3.05 ppm, ?nd is almost identical to that of the SPS blend

spectrum (Figure 3.4: bottom),/thus lending further support to the exchange
/'(r

decoupling mechanism depiCt~~ by Equation [1].

'"'\)'"/;;:
The influence of the interactionbetween the SPS and the e-caprolactam on the

chemical shift of the amide proton (7.4 ppm) of the e-caprolactam cannot be seen

due to overlap by the aromatic peaks of the SPS (6.3 - 7.5 ppm). In any event, the
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exchange decoupling is expected to "wash out" the signal of the amide proton. In

this respect, quantitative NMR is not a very useful too!.

3.4.3 Melt blends: Since SPS and PA-6 show strong interactions in solution, it

can be expected that these interactions persist in the solid state. To study the

compatibilizing effect of these interactions and to analyze the effect of melt

processing on the PA-6 molecular weight, several melt blends were investigated.

,
Reactions or interactions betweenf.aro polymers in the melt sometimes result in

an increase in the viscosity, and this, in turn, manifests itself as a rise in the

torque during mixing23-25. Torque measurements during the melt blending of

the 40:60 SPS/PA-6 blends are shown in Figure 3.5. Upon the addition of the SPS

to the PA-6 already in the mixer, the torque increases rapidly to a maximum",

value, as would be expected from the filler and the cooling effects of the added

SPS. The viscosity (and torque) then drops as the SPS is heated and softens. After

reaching a minimum, the torque again rises slowly with time, and levels off after

10 to 15 minutes. The 20:80 SPS/PA-6 blends show a similar trend except that the

torque rise is more graduai. A torque rise is typieally observed for reactive

blends where chemieal grafting reactions take place23. In the blends of SPS with

PA-6 this chemical grafting is unlikely. As will be shown later, the PA-6 is

hydrolyzed during melt blending so that the amine and carboxylic acid end

group content in the blend increases. The torque rise can therefore be more

readily ascribed to the strong acid-base interaction orthe sulfonic acid groups of

the SPS with the amine end-groups of the PA-6, despite the hydrolysis of the PA-

6. This type of interaction canbe viewed as a type of physical grafting resulting

from ionie interactions. The interaction of the SPS with amine groups is not a
,\
\~.ç---\~\

new concept and has been studied in blends of SPS with amine terminated
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Figure 3.5 Torque as a function of blending time for the 40:60 5PS/PA-6 blends.
Time = 0 min indicates when the 5PS was added to the PA-6, aIready in the
mixer. cThe"numbers indicate the sulfonation level of the SPS. The torque increase
at about 3 min on the 5.4% curve (indicated by the arrow), is due to a se~0'W

small additionôf SPS5 material to this blend, in order to ~~ing the SPSS content
in this blend to 40%.
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poly(alkylene oxide) oligomers26, and blends of SPS with short polyurethane

segments containing amine groups27.

The rate of torque increase from Figure 3.5 increases with the level of sulfonatian

of the SPS, suggesting tha! the hydrolysis of, and the interactions with the PA-6

are more rapidly established· with the more highly sulfonated SPS. The

desulfonation of the SPS during the relatively short melt processing time is

expected ta be minimal28.

The addition of PS instead of SPS ta the PA-6 causes no torque increase a.fter the

initial rise and fal! of the torque and the same is observed upon the addition of

just pure PA-6. The torque profiles of the unblended SPS materials can not be

obtained, since these materials cross-link at high temperatures. A cross-linking

reaction of the SPS with the PA-6 does not take place since al! the melt blended

samples are completely soluble in rn-cresol after melt blending.

Oynamic mechanical thermal analysis (OMTA) of blend samples are often more

sensitive than OSC in identifying the glass transition temperatures of the blend

components. The tan/) plots from OMTA for the 20:80 melt blends are shawn in

Figure 3.6. For the 20:80 PS/PA-6 blend (Figure 3.6: top), two distinct tani5 peaks

are discernible. The lower one is due ta the glass transition (Tg) of the PA-6 while

the peak at 116'C is due ta the Tg of the PS. A curve, which has been synthesized

by the addition of the tan/) curves of the pure components, is also shawn for

easier comparison with the tan/) profiles. of the p~re components. The

'Osynthesized curve was obtained by adding and weighting the tan/) plots of the,

p):tre components until the peak heights in the synthesized plot matched with the

peak heights of the experimenta.l blend. The weighting coefficients were 0.84 and
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0.053 for the PA-6 and PS, respectively. The resultant curve does not match the

peak positions of the experimental blend curve exactly, suggcsting that there

may be sorne partial miscibility of the components, even though scanning

electron micrographs for these blends show distinct phase separated domains15.

As the level of sulfonation of the SPS increases, the tana peaks of the two

individual components shift progressively toward each other. This is shown in

Figure 3.6 (middle and bottom) for the 20:80 SPS2/PA-6 and 20:80 SPSIO/PA-6
l';

blends respectively. In these plots the solid line is again obtained by adding and

weighting the tana profiles of the pure components, using the weighting

coefficients obtained from the PS/PA-6 blend. The PA-6 tana "peak" appears as a

Il shoulder on the main tana peaks of the SPS. Two features are noteworthy: 1) the

approximate maximum of the shoulder does not àepend on the degree of

sulfonation of the SPS since it occurs at about 75'C in the 20:80 SPS/PA-6 blends;

2) the intensity of the shoulder. is very much a function of the degree of

sulfonation, being highest for the SPS2 and lowest for the SPSI0. This, in turn,

suggests that this shoulder reflects the presence of a PA-6 rich phase, the

composition of which is not very dependent on the deg'i"ee of su1fonation, but the

amount of which is inversely related to the su1fonation level. It i~i worth noting

that the position of the SPS rich phase is relatively independent of the degree of

sulfonation. However, since the Tg of the SPS increases with sulfonation, the Tg

drop (Tg SPS - Tg blcnd) increases with degree of sulfonation. The width of the

:peak, and therefore the total area, also increases with su1fonation, paralleling the

decrease in the area of the shoulder, suggesting that more of the PA-6 is

incorporated into the sr-kphase as the su1fonation lewl ipcreases. '
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The 40:60 SPS/PA-6 blends show a similar trend to the 20:80 SPS/PA-6 blends15.

The position of the glass transition temperatures for the various blends is

summarized in Table 3.1.

These DMTA studies show that even though the SPS/PA-6 blends are

compatibilized, the 20:80 and 40:60 SPS/PA-6 blends still contain two phases that

are at least 100A in dimension (reflecting the resolution limit of the DMTA

instrument).

Vpon PA-6 extraction, the PS/PA-6 blends disintegrate within a few hours,

leaving the PA-6 in solution and the PS as a suspended white powder. This is not

surprising, since'the PS appears as distinct spherical domains in the PA-6 matrix,

as sho~ by the SEM of the fracture surfaces15. By contrast, the samples

containing SPS show a decrease in their dimensions, but retain their shape upon

extraction of the PA-6. This is especially remarkable considering that the major

component (PA-6) is being extracted from these blends, and thus suggests the
/;

good dispersion of the SPS, evei( in the 20:80 SPS2/PA-6 blend where the
il
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Table 3.1 Glass transition temperatures of pure components
and blends from DMTA data taken at 10Hz. The value of the
ratio AIS is also given for the blends.

-'PURE COMPONENTS:

Sample Tg CC)

PA-6 70
PS 121
SPS2 126
SPS5 129
SPS10 137

Sample (A/S)

20:80 wt% BLENDS:

PS/PA-6
SPS2/PA-6
SPS5/PA-6
SPS10/PA-6

-o' "

170
71
41

70
>75

sh(75) *
.ôh(75)

116
119
118
117

40:60 wt% BLENDS:

PS/PA-6
SPS2/PA-6
SPS5/PA-6
SPS10/PA-6

64
27
15

65
sh(70)
sh(70)
sh(75)

116
119
121
123

* sh = tanS is a shoulder on the main peak. The number in
brackets is an estimate of the maximum, after subtraction of
the main peak. c,

()
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sulfonation level is only 2,2 mol%, and the PA-6 constitutes 80% of the sample by

weight,

After a one day solvent extraction, and subsequent drying, the samples

containing 20% and 40% of SPS occupy about 35% and 55% of their original

volumes, respectively (based upon their linear outside dimensions).

Figure 3.7 shows the SEMs of the fracture surfaces of the two samples, before and

after extraction, The 20:80 SPS2/PA-6 blend (Figure 3.7(a», as weil as the 40:60

SPSlO/PA-6 blend (Figure 3.7(b», show good dispersion of the SPS component

when compared to PS/PA-6 blends (not shown; see ref.l5, for example), where

distinct phase separated domains of 3 to 6 j.U!l. can be seen, Even after extraction

of the PA-6, the fracture surfaces still appear relatively free of large surface voids.

The extracted surface of the 20:80 SPS2/PA-6 blend shows the existence of many

small irregularities (Figure 3.7(c», while the extracted surface of the 40:60

SPSIO/PA-6 blend is smoother with larger and less distinct features (Figure

3.7(d». This suggests that while bath SPS2 and SPSIO are compatibilized with the

PA-6, the SPSIO is better dispersed in the PA-6 matrix than the SPS2. This is also

supported by the P!"fTA data where the Îniscibility is seen to improve with

increasing sulfonatiOl.·,:;[the SPS,

Table 3.2 shows the efficiency of the PA-6 extraction from the various blends. As

the level of sulfonation increases, less of the PA-6 can be extracted. Thus while ail

of the PA-6 is extracted from the PS/PA-6 blends, only 78% of thePA-6 is

extracted From the 40:60 SPSIO/PA-6 blend. This decrease can be ascribed to the

interaction of the SPS with the PA-6 and the greater dispersion of the SPS in
.'::::';,\

blends with higher sulfonic acid content,;:'~:C"1{6wn by DMTA and the fracture
',/
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40 : 60 SPSIO / PA~6,

Figure 3.7 SEM's of fracture surfacesjor the (a) 20:80 SPS2/PA-6 blend(b) 40:60
__-<~, :,::' --' -::._~. ï~

SPSlO/PA·6 blend (c) 20:80 SPS2/PA-6 blend after PA-6 extraction and (d) 40:60

SPSIO/PA·6. blend after PA-6 extraction.
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surface SEMs. This makes it more difficult for the solvent to access ail of the PA-6

in the weil dispersed SPS10/PA-6 blends. Although the reduced extraction of the

PA-6 with increasing sulfonation of the SPS apears to be a kinetic effect, the

change in the extraction efficien~ with extraction time was not studied to show

this.

Table 3.2 Extraction efficiencies and characterization of the polyamide-6
extracted from the melt blenë:')d sampIes.

Table _9,;(also shows the melting point (Tm) and recrystallization temperatures

(Tc) of the extracted materials. lnfra-red and NMR analysis shows that only the

PA~6 com?onent of the blend is extracted and, therefore, thé variation of the Tm

and Tc can be ascribed to differences in the molecular weights of the extracted

PA-6. The d~crease of the PA-6 molecular weight is known to decrease the

melting temperature and thecrystallization kinetics of the PA_629,30.

Figure ~;8 shows the molecular weight distributions of the PA-6 extracte~ from
'/ i\
': ~.

the 20:80 and 40:60 blends. The PA-6 extracted from the 20:80 SPS2/PA-6 saiTIple

apl:?e~~s te> be unaffected by the presence cf the sulfonic acid groups in the blend
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and its distribution is comparable to that of the PA-6 extracted from the 20:80

PS/PA-6 blend. The Tm and Tc values of the PA-6 extracted from these two

blends (Table 3.2), however, show that the PA-6 from the SPS2/PA-6 blend has a

slightly lower Tm and a slightly higher Tc than the PA-6 from the PS/PA-6 blend.

This suggests that the molecular weight of the PA-6 from the 20:80 SPS2/PA-6

blend may be slightly lower than that of the PA-6 from the 20:80 PS/PA-6 blend.

At a higher sulfonation (20:80 SPSIO/PA-6), degradation of the PA-6 is more

evident, with the appearance of sorne lower molecular weight material at higher

.elution volumes (Figure 3.8) and a significant change in Tm and Tc (Table 3.2).

Figure 3.8 also shows the SEC profiles for the PA-6 extracted from the 40:60

blends and it can be seen that the degradation is more extensive here than for the

20:80 blends. As expected, the degradationôf\he PA-6 is not only a function of

the SPS sulfonation level, but also of the blend ratio. It will be shown later that

the PA-6 degradation is related to the f!'./S ratio in the blend.

Several of the blends show a bimodal molecula'!""'weight distribution of the
.. --.-

extracted PA-t,(20:80 SPS10/PA-6, 40:60 SPS2/PA-6 and 40:60 SPS5/PA-6). The

bimodal molecular weight distributions indicate that the degradation of the PA 6

is not uniform in these blends. This can be explained by the non-uniform

concentration of sulfonic acid groups, as shown by the two-phase nature of these

blends from DMTA. For the PA-6 extracted from the 40:60 SPSlO/PA-6 blend,

however, there is a single but broad molecular weight distribution, indicating

extensive degradation of the PA-6 and the predominance of the SPS rich phase

from DMTA. The peaks at about 23 ml elution volume in Figure 3.8 are due to

residual solvent and possibly sorne residual reagents from the trifluoracetylation

reaction.
\,\
\\
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Figure 3.8 SEC profiles of the PA-6 extl'acted from the melt blends. The blends
from which the PA-6 were extracted are identified by the blend minor
components.
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The number average molecular weight (Mn) of the extracted PA-6 from the

blends containing 40% PS or SPS W~5 determined using NMR and SEC (Table

3.2). The agreement between these two techniques is reasonable, except in the

case of the PA-6 extracted from the PS/PA-6 blend. This discrepancy can be

attributed to the much lower sensitivily of NMR at low end-group

concentrations. The SEC value for the Mn of the PA-6 extracted from the PS/PA

6 blend should, therefore, be c~nsideredas the more correcivalue. Since the Mn

of the PA-6 before me1t blending is 14 kg/mol, the reduction in the Mn of the PA

6 from the PS/PA-6 blend is due to thermal and mechanical degradation during

processing.

Although not ail of the PA-6 was extracted from the blends, the mean Mn values

shown in Table 3.2 provide a reasonable estimate of the number averag~

molecular weights of the PA-6 in the 40:60 blends. Knowing the Mn of the PA-6

in the various blends, il is possible to estimate the number of chain scissions

caused by the sulfonic acid groups. Il is assumed that the number of chain

scissions due to thermo-mechanical degradation during the 20 minute processing

lime is the same for allthe blends, irrespective of the sulfonation level of the 5PS.

The Mn of PA-6 in the PS/PA-6 blend decreases from 14, before blending, to

about 5.5 kg/mol,-after blending, via thermo-mechanical degradation. The

further reduction of the molecular weight of the PA-6 in the 5PS/PA-6 blends

can then be attributed to the presence of sulfonic acid groups-in these blends. In
" ; .~'

this way, the nUIT,)Sèrof chain scissions per sulfonic acid group can be estimated.

Table 3.3 shows the results ohhese calculations by ·jsing the average values for

Mn given in thelast colurnn ofTable 3.2.
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Table 3.3 Châin cuts per sulfonic acid group.

SAMPLE

Chain cuts per -S03H

mean deviation*

40:60 SPS2/PA-6
40:60 SPS5/PA-6
40:60SPSI0/PA-6

1.4
1.3
1.2

±0.8
±0.5
±0.3

* Maximum deviation from numbers obtained when
using either only NMR or only SEC values of Mn in
calculating the chain cuts per sulfonic acid group.

cA"--"',

On average, therefore, every sulfonic acid group in the blend causes between one

and two chain scissions of the PA-6.

3.4.5 DSC studies of solution cast blends: The relatively mild

preparâtive conditions for blends prepared by solvent casting is not expected to

cause chain scission of the PA~6. However, when these:samples are heated above

their melting temperatures, degradation of the PA-6 does takes place. Sjnce the
, , .

molecular weight of the PA-6 is related to its Tm' the degradation of the PA-6 in

the blend can be followeci indirectly by observing the Tm of the blend as a

function of the annealing time.

Figure 3.9 (top and bottom) shows the variation of the Tm with annealing time for

SPS/PA-6 blends, where the SPS is sulfonated to 4.5 and 12.3 mol% sulfonic acid

groups, respectively. As seen in these figures, there is a melting point depression

in sorne of the blends, even before an~~aling (annealing time = 0 min). The

source of this Tm depression can"be~tributed to the interaction of the SPS with

the PÂ-6 amide groups and possibly to differen~e~ in the crystal morphology of

these blends. Residual solvent may be of influence too, but the absence of a Tm
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depression in the pure PA-6 and the increase of this Tm depression with an

increase in the sulfonation level of the SPS indicates that this is only of minor

influence.

1.-"·

Annealing the samples at 240'C leads to a decrease of Tm which is rapid at first,

but levels off after about 90 minutes. This can be seen in Figure 3.9. During the

initial stages of annealing, the Tm depression can be ascribed to both the

interaction of the SPS with the amides of the PA-6, and to the decrease in the

moleculal' weight of the PA-6. As the annealing continues, the concentration of

tbe amine end-groups in the blend increases because of the hydrolysis of the PA

6. Since the amine end-groups are a stronger base than the amide groups, the

sulfonic acid groups should preferentially interact with these amine end-groups.

After 90 minutes of annealing, most of the sulfonic acid groups are interacted

with the amine end-groups of the PA-6, leaving the rest of the PA-6 polyrner

chains uninteracted and free to crystallize. Therefore, it can be argued that the

Tm depression after 90 min annealing is mostly due to the reduced molecular

weight of the PA-6 in the blend.

The equation derived by Flory to express the Tm depression as a function of the

fraction of crystallizable units can be used here to express the Tm depression.

Flory's equation can be represented as foUows:

[3.2]

Where Tm(l) is the melting point (in K) of a polyrner having a fraction of

crystallizable units of x(l), while Tm(Z) is the melting point (in K) of the same

polyrner having a fraction of crystallizable units of x(2)' R is the universal gas
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constant and mm is the melting enthalpy of 100% crystalline polymer. 5ince the

end-groups are not crystallizable units, the x(i) value for a polymer having a

number average degree of polymerization of P(j} is given by

[~j.3]

By defining n as the number of chain scissions per sulfonic acid group, the

degree of polymerization P(2} of the PA·6 after annealing can be related to its

initial degree of 'polymerization P(l) through the following re1ationship (see

Appendix A):

.. - .'

P(2} =P(1} 1 [l + (SIA) n P(l)] [3.4]

(\ ".

Note that the sulfonic acid to nitrogen ratio (SIA) used here is the inverse of the

AIS ratio used earlier. By assuming mm =191 JI g for the 100% crystalline PA

631, setting PO} =124 and Tm(l) =493.6'K (220.S'C) (obtained after annealing PA

6 for 90 minutes), the variation of the melting point Tm(2} with SIA can be

calculated from Equations [3.2] to [3.4]. The results are shown for n = 1 and n = 2

iriJFigure 3.10 (top) along with the experimental points for ail the solution cast
,/

blends after 90 min annealing. The Tm for all the blends fall between the

calculated lines for n =1 and n =2, suggesting that each sulfonic acid group in

the blend causes between one and two chain scissions. It can also be seen that the

number of chain scissions increases slightly as the sulfonation level of the 5P5 is

increased, indicating that extent of the hydrolysis of the PA-6 in these blends is

slightly higher. This possibly reflects a higher water content for the more highly

sulfonated 5P5 blends.
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Figure 3.10 The melting temperature of various SPS/PA-6 solution cast blends,
after 90 min annealing, (top) and of the PA·6 extracted from the 40:60 melt

blends (bottom) as a function of the SIA (or AIS) ratio. The solid lines represent

the melting point depressions calculated From Equations [3.2) to [3.4) for one
(n=l) and two (n=2) chain scissions per sulfonic acid group in the blend.
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This melting point depression analysis can also be applied to the Tm of the PA-6

extracted from the melt blended samples. In this case, PO) = 62 due to the

mechanical and thermal degradation of the PA-6 during me1t processing, as

given by the Mn (SEC) of the PA-6 extracted from the 40:60 PS/PA-6 blend (Table

3.2). Figure 3.10 (bot\üm) shows that the trend is similar to that of the solution

cast samples and confirms that the Tm depression in these blends is primarily

due to the reduction of the PA-6 molecular weight. As for the solvent cast

samples, the number of chain scissions range between one and two per sulfonic

acid group, and increases slightly at higher sulfonation of the SPS in the blend.

Although Tm depressions can be caused by factors other than molecular weight

effects (e.g., polymer-polymer interactions or crystal morphological changes), the

extraction studies on the melt blended samples show that these are only of minor

influen·ce. Equations [3.2] to [3.4] above do not take into account any Tm

depression due to interactions and thus are not meant to describe the observed

Tm depressions fully. However, they illustrate t.ltat the Tm depressions in these

blends are mainly due to molecular weight effects, rather than other factors.

3.5 CONCLUSIONS

Polyamide-6 (PA-6) and lightly sulfonated polystyrene (SPS) interact strongly in

solution. Evidence of this is provided by theJ·formation of gelled or hazy

solutions when PA-6 and SPS are blended in rn-cresol. The observation of gel in

sorne of the blends proves that the SPS interacts with the amide groups, and not

only with the amine end-groups. Confirmation of the interactions are provided

by NM& The proton of the sulfonic acid interacts with the amide nitrogen, most
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probably by the transfer of the proton to the nitrogen, as has been seen for other

nitrogen containing polymers.

Strong interactions of the SPS with PA-6 are also seen during melt blending

where a torque rise occurs upon the addition of SPS to the PA-6. The tanô plots

from dynamie mechanieal analysis of the melt blended materials also show that

the glass transition temperatures of the blend components shift towards each

other as the sulfonation level of the SPS increases from 0 to 9.7 mol%. SEMs of

the fracture surfaces show that the SPS is well dispersed in the PA-6 matrix, even

at low levels of functionalization of the SPS (2.2 mol%).

Extraction and analysis of the PA-6 from the melt blended samples reveals that

the presence of sulfonic acid groups in the blend causes the degradation of the

PA-6, probably by hydrolysis of the amide bonds. From SEC and NMR analysis

of the PA-6 extracted from the blends, and also from an equation relating the Tm

of the PA-6 to its end-group concentration, it is shown that each sulfol1.ic'i3.cid

causes between one and two chain scissions of the PA-6. The extent of the PA-6

degradation is found to increase inversely with the AiS ratio. These results

suggest that there are between one and two residual water molecules per

sulfonie acid group in the 5PS/PA-6 blends, and that the SPS is the most likely

source of the water. The hygroscopie nature of the SPS as well as the PA-6 makes

the total exclusion of water from these blends very difficult and the presence of

sorne residual water per sulfonie acid group can be expected, even after vacuum

oyen drying.

Degradation of the PA-6 can be minimized by keeping the AIS ratio;]ligh,

without compromising the good dispersion of the SPS in the PA-6. This is the
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case for the 20:80 SPS2/PA-6 blend (AIS = 170) where SEC of the extracted PA-6

shows negligible degradation, and yet good dispersion of the SPS is still

achieved, as seen by SEM of the fracture surfaces.

Sorne current studies indicate that the neutralization of the sulfonie acid groups

with sorne specifie metals can lead to the miscibility enhancement of the SPS

with PA-6, without the degradation of the PA_613,15,32-35. While lithium

neutralized SPS (apout 10 mol% functionalization) shows signifieant miscibility

enhancement with PA-6 and other aliphatic polyamides, sodium neutralized 51'S

is immiscible32, 33. The neutralization of the SPS with sorne transition metals,

such as manganese, also leads to miscibility enhancement with PA_634,35.

However, the neutralization of the SPS with a metal counterion (e.g. lithium)

dramatfcally increases its melt viscosity36 and consequentlL~iakes its melt

processing more diffieult than its unneutralized counterpart. In this respect,

unneutralized SPS may be better sdted for processing than when neutralized

with a metal counterion.
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Chapter 4

MISCIBILITY OF POLYAMIDE-6 WITH
LITHIUM OR SODIUM SULFONATED

POLYSTYRENE IONOMERS

4.1 ABSTRACT

50:50 (w/w) blends of polyamide-6 (PA-6) with sulfonated polystyrene ionomers

(containing 9.8 mol% of functional groups) show considerable miscibility

enhancement (single glass tra.'lsition at sorne compositions) when the counterion

is Li, but are immiscible when the counterion is Na. Dynamic mechanical

measurements show that there is an optimum composition of the blends of the

lithium sulfonated ionomers (LiSPS) with PA-6 at which the simultaneous

disruptions of the stiffening effects of crystallinity and of the "c1uster phase" in

the blends are at a maximum. This is manifested as a maximum in the tanô peak

height, and a minimum in the width, at this composition. At 240 - 250'C, the

blends withLiSPS are either one or two-phase (on the 50 to 100A scale),

depending on the lithium sulfonate content of the ionomer and on the blend
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composition. This phase behavior can he described by considering the

thermodynamics of blending to be dominated by two opposing interaction

enthalpies: the specific interaction of the lithium styrene sulfonate units with the

amide units of the PA-6, and the random, unfavorable interaction of the styrene

with the amide units.

4.2 INTRODUCTION

While high polymers are generally immiscible due to the very low entropy of

mixing, fuiscibility enhancement can be achieved when one or both of the

polyrners are functionalized with specific interacting groups. Speàfic

interrnolecular interactions lower the heat of mixing 50 that the therrnodynamics

of blending can lead to miscibility enhancement of the blend components. The
/'.'.

functionali,;:on of polyrners y..ith < 15 mol% ionic groups, which produces
) (

polymers generally termed "ionomers", is paJ'ticularly attractive in this respect

since the ionic groups introduce the possibility of strong ion-ion, ion-pair ion

pair or ion-dipole interactions with other polyrnerr.,The miscibility enhancing

effect of ionic groups has been clearly demonstrated for blends of polystyrene

ionomers with various polar polymers such as poly(ethylene oxide)l,

poly(propylene oxide)1,2, polycaprolactone, poly(vinyl chloride), poly(ethyl~e

terephthalate), poly(epichlorohydrin)3, and polyurethanes4. Since polyamides

are also polar, due to the presence of amide groups along their backbone,

ionomers are usually found to interact favorably with polyamides.

Polyamides constitute an important class of commercial polyrners with a wide

variety of applications, from engineering therrnoplastics to fibres. Hence, the
l',
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improvement of some of the properties of polyamides (e.g., impact, dyeability,

vapor permeation, anti-static) through blending is of considerable interest. The

use of ionomers containing ionic carboxylate groups to compatibilize various

polymers with polyamides has been the subject of several studies and many

patents5-10. There are a few patents to suggest that ionomers containing ionic

sulfonate groups may also be compatible with polyamidesll,12. H0':Yever, it is

only recently that some studies have demonstrated, by using differential

bcanning calorimetry (DSC), that there is significant miscibility enhancement

belweer. polyamide-6 (PA-6) and polystyrene ionomers when the ionomer

contains lithium13-15, zinc15 or manganese15,16 sulfonate groups. BIends of

unneutralized sulfonated polystyrene .and PA-6 ;;rrè alsccompatibilized,

although the PA-6 in these blends is susceptible to hydrolysis due to the catalytic

activity of the sulfonic acid groups in these blends14,17. Degradation of the PA-6

is not evident when the sulfonated polystyrene is neutralized14.

In this paper it will he shown that the choice of counterion (Li vs. Na) is critical

in achieving enhanced miscibility (single glass transition) of sulfonated

polystyrene with PA-6. The previous studies on blends of sulfonated polystyrene

ionomers with PA-6 employed DSC to determine the miscibility. However,

dynamic mechanical thermal analysis (DMTA) is often more sensitive !han DSC

in detecting the presence of different phases in polymer blends18. Therefore, in

addition to DSC data, the phase behavior of the blends of PA-6 with lithium

sulfonated polystyrene ionomer (LiSPS) as determined by DMTA is also

presented here. The one or two phase behavior of these blends, as seen by

DMTA, is described by considering the thermodynamics of mixing at 240 - 250'C

to he dominated by Iwo factors: the specifie interaction of the lithium sulfonate

groups with the polyamide units, and the random unfavorable interaction of the
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( styrene with the polyamide units. The effect of the PA-6 on the "cluster phase" of

.. the LiSPS ionomer will also be discussed and it will be shown that an optimum

amide to lithium sulfonate ratio exists at which the tanô of the blend becomes

sharp and narrow.

,

Since DMTA can only resolvc phases of at least 50 to 100A in size, the term

"miscibility", as used in this paper, implies a single phase (single glass transition)

on the 50 to 100A leveI. Tnus "miscibility", as used here, does not necessarily

imply miscibility on the molecular leveI. This aspect is the subject of continuing

study.

4.3 EXPERIMENTAL

(

1[

4.3.1 Materials used: The PA-6 was obtained from Aldrich and was purified

by dissolving in formic acid and precipitating in ~ater. The polystyrene was also

obtained from Aldrich and was sulfonated using the method of Makowski et

aI.19. The sulfonation level of the sulfonated polystyrene was determined by

titration with methanolic NaOH to a phenolphthalein end point. The sulfonated

polystyrene was dissolved in benzene/methanol (90:10) and neutralized with

either UOH or NaOH to produce the ionomers designated as LiSPS and NaSPS,

respectively. The samples were subsequently freeze-dried. AIl materials were

dried under vacuum for 2 days at SO'C prior to use. No further drying was donc

at this stage, since a much more thorough drying procedure was used during the

preparation of the blends. In order to ensure a fair comparison between the blend

properties and the pure component properties, the pure components were

dissolved, precipitated, and dried following the procedure described below for
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blend prepdration. Table 4.1 lists the sampie designations and characteristics of

the polymers used in this study.

Table 4.1 Characteristics of the blend components.

M •
functional

Material Mn Mw/Mn group contentw

(kg/mG;; (kg/mol) (mol%) (meq./g)

PA-6 33 14 2.4 100 8.85
PS 225 105 2.1 0 0.00
LiSPS5 235 110 2.1 5.4 0.50
LiSPSlO 243 114 2.1 9.8 0.87
NaSPSI0 246 115 2.1 9.8 0.86

• The molecular wei&hts for the PA-6 and PS were determined by size exclusion
chromatography wlille those of the ionomers were calculated from the values for
the PS.

4.3.2 Blend preparation: The blends of ionomers with PA-6 were prepared

by dissolving the individual components in a solvent mixture of m

cresol/methanol (80:20) to produce 5% (wIv) solutions. The NaSPSI0 ionomer is

sligh:ly hazy in this solvent and was clarified by the addition of 10 ~l distilled

water per ml of solution. To ensure a uniform solvent mixture, the same level of

water was added to all the solutions. Various blend ratios were prepared by

mixing different volumes of the solutions under constant agitation. The solutions'

were then precipitated into an excess of hexanes. The precipitated product was

thoroughly washed with fresh hexanes to remove residual rn-cresol. Final drying

of the precipitated polymer blends was accomplished by keeping the samples

under vacuum at 140'C for one week. Solid state nuclear magnetic resonance
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showed no evidence of residual solvent after this drying procedure. Loss of

material during precipitation was less than 5%, as det,~rmined by the difference

in weight between the polymers before blending and after precipitation and

drying. Blends of PA-6 with polystyrene w.;!re prepared in a similar fashion to

the ionomer/PA-6 blends, except that a m-cresol/toluene (50:50) solvent mixture

was used as the solvent. Sorne of these PS/PA-6 solution blends had to be

clarified by the addition of sorne toluene. Ali of the blend materials were

stabilized with 0.1% (w/w) Irganox 1098 (kindly supplied by Ciba-Geigy Cor.)

by sprinkling the ground polymer blends with a 1% (w/v) solution of the

stabilizer in either methanol (for PS and LiSPSS blends) or acetone (for Li and Na

SPSlO blends). The sarnples were dried under vacuum for a further 2 days at

140'C prior to use.

4.3.3 DifferentiaI scanning calorimetry: A Perkin-Elmer DSC-7 scanning

calorimeter was used for the DSC measurements. AIl scans were run under a

nitrogen purge to minimize oxidative degradation. To ensure a uniform thermal

history, the samples were first heated to 250'C and held at this temperature for 5

minuter before cooling to -10'C at 40'C/min. The samples were then scanned

from -10'to 250'C at 20'C/min to record the Tg and Tm' The glass transition

temperatures were taken as the midpoint of the heat capacity changes while the

melting temperatures (Tm) and crystallization temperatures (Tc) were taken at

the maximum of the enthalpy endo/exotherm peaks. The Tc values were

recorded during the cooling run. The percent crystallinity of the samples was

estimated by assuming an enthalpy of melting of 160 J/g Jor 100% crystalline

PA_620.



Chapter4: Miscibility of Na and Li SPS with PA-6 / 90

4.3.4 Dynamic mechanical thermal analysia (DMTA): The blend

samples were prepared by compression moulding at 240 - 250'C under low

pressure. The samples were cooled using forced-air convective cooling. The

average cooling rate was estimated at S'C/min, with initial cooling rates as high

as 10·C/min. A Polymer Laboratories DMTA instrument was used to record the

dynamic mechanical properties of the samples at 1 Hz. The dual cantilever mode

was used with an 8 mm free length. The samples were between two and three

mm thick and approximately 11 mm wide. The samples were scanned at

l'C/min From O'C up to the flow or melting temperature of the blends (usually

about 220·C). The tanll peaks were deconvoluted using PeakFitTu (Jandel

Scientific) software and the best fits to the data were obtained by assuming an

exponential baseline and an exponentially modified Gaussian distribution for the

peaks. From these the characteristics (positions, widths, areas, heights) of the

constituent peaks could be obtained.

4.4 RESULTS

4.4.1 DifferentiaI scanning calorimetry: Table 4.2 lists the data obtained

by DSC for the various ionomer blends with PA-6. The NaSPS10 ionomer blends

are clearly immiscible, as evidenced by the presence of two glass transition

temperatures (Tg) and by the negligible effect on the crystalline melting

temperature (Tm) of the PA-6. The LiSPS10 blends, on the other hand, show a

single composition dependent Tg and a Tm depression which varies with

composition, which suggests the presence of strong interactions between this

ionomer and PA-6. Figure 4.1 shows the variation of Tm' Tc and Tg with

composition foi 'the LiSPS10 blend. Tm and Tc are plotted against the absolute
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Table 4.2 DSC data for the polyrners and their blends.

polyrner Tg mm Tc Tm crst.

polymer (%)* CC) (J/g) CC) CC) (%)

PA·6: 100 54 69.9 174.4 220.2 44

NaSPSI0: 10 58/132 58.0 171.0 220.5 36
30 66/130 44.9 168.3 220.2 28
50 66/129 39.2 166.4 220.7 24
70 66/132 15.9 155.7 218.0 10
90 ·-/131 4.2 169.1 218.3 3

100 133

LiSPSlO: 10 62 61.0 170.7 220.7 38

(
40 91 32.1 141.8 212.5 20
50 92 1.2 207.4 <1
70 125
90 145

100 133

LiSPS5: 10 58/96 63.3 172.2 221.5 40
30 68/105 44.6 167.4 220.5 28
50 110 29.5 149.5 217.4 18
70 112
90 120

100 122

* % by weight of polymer in the blend with PA-6.
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Figure 4.1 Transitions for LiSPSlO blends with PA-6 as determined by ose.



(

(:

([

Chapler 4: Miscibilily ofNa and Li SPS wilh PA-6 /93

ionomer content in the blend. Since Tg is only relevant to the amorphous phase,

it is plotted as a function of the amorphous phase composition, which was

calculated from the % crystallinity in the blends. For compositions greater than

50%, the LiSPSlO blends are amorphous and the Tg increases until at 90%

ionomer ccinposition, it reaches a maximum. This maximum is a reproducible

feature of these blends, and is also seen by DMTA.

The OSC data in Table 4.2 for the LiSPS5 ionomer blends show that there are two

glass transition temperatures at low ionomer contents, while at high ionomer

contents there appears to be a single composition dependent Tg. Considerable

additional insight into the phase behavior of this blend can be gained from

dynamic mechanical measurements, to be discussed later.

The progressive lowering of the crystal!ization temperature (Tc) of the PA-6 with

increasing ionomer content, shown in Table 4.2, is an indication of the extent to

which the PA-6 crystallization process is hindered. This, in turn, provides sorne

insight into the level of interaction between the blend components. For the

blends of PS with PA-6, Tc remains at about l74'C throughout the composition

range. The order in which the polymers hinder the crystallization process is as

fol!ows: LiSPSlO > LiSPS5 > NaSPSlO > PS.

4.4.2 Dynamic mechanical thermal analysis (DMTA): DMTA is often

more sensitive in detecting Tg in blends than ose18. It is therefore used here for

the detailed analysis of the phase behavior of the ionomer blends. Since al! the

DMTA samples were molded at ca.240·C, the DMTA data can be assumed to

reflect closely the phase behavior of these blends at this temperature. Figure 4.2
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Figure 4.2 Dynamic mechanical results (l Hz) for 50:50 blends of PA-6 with PS

(left), NaSPSIO (middle), and LiSPSIO (right).
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shows the storage modulus (E'), 1055 modulus (E") and tan/) profiles for the 50:50

blends, and confirms the immiscibility of NaSPS10 and 1'S (two distinct

transitions), and the miscibility (single distinct transition) of LiSPSlO with PA-6

on the 50 to 100A level, characteristic of the DMTA measurement. The storage

modulus (B') drop at about 220'C is due to the melting of the crystalline phase of

the PA-6.1t is worth noting that the 50:50 LiSPS10 blend sample prepared for the

DMTA has a higher crystallinity (about 14%) than that shown in Table 4.2. This is

a result of th~ slower cooling rate during the DMTA sample preparation than the

40'C/min used to obtain the data in Table 4.2. At other blend ratios (10,30,70,

90% ionomer or PS) the NaSPS10 and PS blends show two tan/) peaks,

confirming the DSC results that these blends are phase separated throughout the

composition range. In contrast, the LiSPSlO and LiSPSS ionomer blends with PA

6 are either one or two phase, depending on the blend composition.

Figure 4.3 shows a series of tan/) profiles for the LiSPSS and LiSPS10 blends

respectively. Figure 4.3 (1eft) shows the graduai merging of the LiSPSS and PA-6

tan/) peaks with increasing LiSPSS content in the blend until, at 70% ionomer

content, a single peak is seen. Compositions having more than 70% ionomer

show evidence of an ionomer "cluster" peak at higher temperatures, which is a

characteristic feature of the unblended ionomers. Figure 4.3 (right) shows a

similar trend for the LiSPS10, except that a single (but broad) peak is already

seen at a much lower ionomer content (30% ionomer).

Note that the blends containing 10% LiSPS10 and 50% LiSPSS show two

transitions by DMTA, but only a single transition by DSC (Table 4.2). It may he

argued that this is a consequence of possible phase separation during the slower

cooling of the DMTA sample (vs. faster cooling of the OSC samples). To test this,
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Figure 4.3 Log tanS (1 Hz) for various blends of PA-6 with LiSPSS (left) and
LiSPS10 (right). The vertical axis refers to the bottom curve only. Subsequent
curves are seperated byone log tanS unit for clarity.
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blend samples containing 10,30 and 50% USPSIO were cooled at 2'C/min from

250'C and scanned by OSC as before. Single transitions were noted in ail cases.

Furthermore, the probable presence of a lower critical solution temperature

(LCST) in these blends would also favor one-, rather than two-phase, behavior

during a slow cooling process. From these considerations, OMTA can be

considered to be more sensitive than OSC in detecting phase domains in these

blends, with cooling rate cllfferences being less important.

Figure 4.4 shows the log storage modulus (E') for blends containing 50, 70 and

90% LiSPS5 ionomer. For the 70% ionomer blend, the PA-6 crystalizes during the

slow heating run (l'C/min) of the OMTA experiment. This, however, is not seen

in the blends containing either 50% or 90% ionomer, the 50% ionomer blend is

already crystalline, and the 90% ionomer blend is, and remains, amorphous. This

behavior confirms the OSC results that the lithium sulfonate groups of the

ionomer strongly hinder the crystallization of the PA-6 in the blend. Again, the

rapid drop in E' at about 220"c for the 50 and 70% ionomer blends is due to the

melting of the PA-6 crystalline phase. The much more graduai drop of the E' for

the 90% ionomer blend from 150 to 260'C is a reflection of the presence of a

"c\uster phase" in this blend21.

4.4.3 Analysis by tanS peak deconvolution: Even a casual inspection of

the tanll profiles of the blends containing 10 and 30% LiSPS5, suggests that two

overlapping tanll peaks are involved which reflects the presence of two separate

phases. With modern deconvolution techniques, it is possible to deconvolute

such peaks to obtain semi-quantitative values for the peak positions, heights etc.

This procedure, while c\early not absolutely precise, gives a useful measure of

the relative tanll peak positions (Tg)' tanll peak heights and peak widths (purity
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Figure 4.4 Storage modulus (E') for blends of PA-6 with LiSPSS recorded during

the l'C/min heating run of the DMTA experiment (1 Hz). The wt% LiSPS5
ionomer content in the blend is indicated. The experimental points are only

shown for the 50% LiSPSS blend.
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of the phases). An example of a typical deconvolution of a tanB profile (plotted

linearly) is shown in Figure 4.5.

In general, the tanB peaks can be related to three different phases: the PA-rich

phase, the blend phase, and the "cluster phase" of the ionomer. The phase with

the lowest Tg is a mixture ofPA-6 and ionomer, and will be referred to as the PA

rich phase. The phase at intermediate Tg results from the mixture of F'A-6 with

much more of the unclustered ionomer, and will be referred to as the "blend"

phase. At high ionomer contents, some of the blends show the presence of a high

temperature transition, and this due to a "cluster phase". It is worth recalling that

the polystyrene ionomers studied here show two tanB peaks in their pure,

unblended form. The one occurring at lower temperature is attributed to the

unclustered phase, while the other is due to a "cluster phase" 21,22. The two tanB

peaks shown in Figure 4.5 for the blend containing 30% LiSPS5 ionomer, are thus

due to a PA-rich and a blend phase.

Figure 4.6 shows the variation with temperature of the three tanB peaks in the

blends of LiSPSI0 and LiSPS5 with PA-G. The positions of these peaks along the

composition axis have been adjusted for crystallinity to represent only the

amorphous phase composition. Figure 4.6 clearly shows that the cluster ph'ises of

the ionomers are plasticized by the presence of PA-6 in the blend~, which is seen

as a decrease in the cluster phase peak temperatures with decreasing ionomer

content in the blend. Figure 4.6 also highlights the immiscible/ miscible threshold

of these two ionomers, the threshold being taken between the highest

composition showing two glass transition temperatures, and the lowest

composition showing only one Tg. Thus, the threshold is between 17 and 43%

ionomer content in the amorphous phase for the LiSPSI0 (10 and 30% total

/

"
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Figure 4.5 Deconvolution of the tanli curve (l Hz) of the blend containing 30%
LiSPSS ionomer. The expefimental points are shown by an "x" while the solid
lines represent the results of the deconvolution.
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Figure 4.6 Transition temperatures of the phases, as determined by DMTA, for

the blends of PA-6 with LiSPS5 (left) and LiSPSlO (rightl.
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ionomer content), and between 64 and 70% amorphous phase composition for

the LiSPS5 blends (50 and 70% total ionomer content). A maximum is seen in the

Tg of the blend phase at 90% LiSPS10 ionomer content; this was also seen by

DSC.

The peak heights of the tanS peaks, which were identified as Tg(blend) in Figure

4.6, are plotted in Figure 4.7. For the PS and NaSPS10 blends, only the upper

transition peak heights are shown, reflecting the PS or NaSPS10-rich phases. In

the immiscible blends, the tanS peak heights of the PA-rich phase (not shown)

decrease from a maximum of about 0.1 with decreasing PA-6 content in the

blends. The cluster phase peak heights (also not shown) usuaUy remain constant

at of about 0.3. Figure 4.7 clearly shows that the variation of the peak heights with

composition for the miscible blends is very different from that of the immiscible

blends. In the immiscible (PS or NaSPSlO) blends the peak heights increase

continuously with PS or ionomer content. The miscible blends of LiSPS5 and

LiSPSlO, on the other hand, bath show distinct maxima of the blend peak heights

at compositions containing about 75% LiSPSS and 70% LISPS10. The tanS peaks

are also considerably narrowed at these compositions. For instance, the peak

width at half height is only 19'C for the 70% LiSPSI0 blend, while this value is 50

and 39'C for the pure PA-6 and LiSPSI0, respectively. This suggests that the

blends are relatively homogeneous at these compositions. lt is worth noting that

the areas under the tanS peaks parallel the trend shown by the tanS peak heights.

Finally it should be mentioned that the DSC results for the blends of LiSPSI0

with PA-6, shown in Figure 4.1, differ from lhose reported recently for similar

blends with a comparable lithium sulfonate content of the LiSPS (10,1 mol%)1S.

This can most probably be ascribed to differences in sampie preparation and
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conditioning before scanning by OSC: in the present study, the blends were

precipitated From solution, drled and then conditioned in the OSC apparatus at

2S0'C before recording Tg and Tm; in the study of Lu and WeissIS, blend films

were cast from solution at I40'C and dried at 90'C before the OSC experiment. It

was also reported that the blend containing 50% LiSPSI0, phase separates after

heating to 2S0'C. This was not observed in this study, either by ose or by

OMTA (Figure 4.2).

4.5 DISCUSSION

4.5.1 Polymer-polymer interactions: While PS and NaSPSI0 are dearly

immiscible with PA-6, throughout the entire composition range, the blends of

LiSPS show strong interactions with the PA-6, which results in the miscibility of

both LiSPSIO and LiSPSS at certain composition ranges. The decrease in

interaction strength when going from a Li to a Na counterion is not entirely

unexpected: in studies of the interaction between salts and model aliphatic

amides, it has been found that Li ions interact most strongly among the alkali

cations23; doud point curve measurements in blends of polystyrene ionomers

with polypropylene oxide also show the decrease in interaction strength in the

order Li> Na> K 2. The counterion size and the charge density is, therefore,

important in determining the interaction strenglh of the counterion. However,

the result of going from a dearly immiscible blend to a miscible blcnd (on the 50

to 100A level) when switching the counterion from Na to Li, as shown by Figure

4.2, could not have been predicted from these considerations alone.
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Considerable insight into the interaction of LiSPS ionomers with PA-6 can be

gained from studies on the interaction of LiCI with various amides. Earlier

studies have shown that LiCI can interact strongly with amide solutions, and in

sorne cases, a stable complex is formed24-27. For example, LiCI and N

methylacetamide (NMA) has been found to form a stable crystalline adduct.

CrystallographicZ4, NMR and infrared analysis25 has shown that the Li ion is

coordinated to four molecules of NMA at the carbonyl oxygen and that the CI

anion is hydrogen bonded with the amide hydrogen. This mode of interaction is

generally supported by many studies on the interaction of LiCI with various

aromatic as weil as aliphatic polyamides28-31. Since it is improbable that lithium

sulfonate and LiCI behave differently in their modes of interaction with PA-6, it

is reasonable to expect that the Li ion of the LiSPS also interacts at the carbonyl

oxygen of the amide, with the sulfonate anior. hydrogen bonded with the amide

hydrogen. However, it should be pointed out that another interaction

mechanism has been suggested Le. ion-dipole interaction between the Li cation

and the amide nitrogen1S. Further research in order to confirm the exact nature

of the interaction is needed.

4.5.2 Blend morphology: As shown by Figure 4.7, the tanS peak height of the

blend phase for the LiSPSI0 ionomer blend reaches a maximum at around 70%

ionomer content, which corresponds to a A/Li ratio of 4. It has been suggested

that Li may co-ordinate to four amides in mixtures of LiCI salts with PA-631.

Although this may be possible in these blends too, the source of this maximum is

most likely due to an optimization of two superiClposable effects. Starting with

pure PA-6 (0% ionomer), the addition of LiSPSI0 ionomer decreases the total

crystallinity of the blend because of the dilution of the crystalline PA-6

component, as weil as the interaction of the LiSPSI0 with the amides of the PA-6.
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This causes the E' to decrease, and the tana (blend) peak height to increase with

LiSPS10 addition (since tana = E"/E'). At the other end of the composition scale,

100% ionomer has two phases: an unclustered phase and a cluster phase. The

cluster phase of the ionomer increases E' due to the physical cross-linking by the

lithium sulfonate groups, and this suppresses the measured tana peak height of

the unclustered phase. The addition of PA-6 to the LiSPS10 ionomer disrupts the

physical cross-linking effect of the cluster phase by interacting with sorne of the

lithium sulfonate groups and thereby reduces E' and increases the measured

height of the tana (blend) peak.

Since both these effects result in an increase of tana, starting with the respective

pure materials, a maximum of tana is reached at sorne intermediate composition.

The 70% ionomer blend represents a composition at which the combined

disruption of the stiffening effects of the PA·6 crystalline and the ionomer cluster

phases are at a maximum. Measurements of E" and E', taken at the temperature

of the tana (blend) peak positions, confirms that E' reaches a minimum at about

70% ionomer content (28 MPa vs. 650 and 158 MPa for the pure PA-6 and

LiSPS10 respectively), while E" remains much less affected throughout the

composition range (40-130 }4Pa range). Also, having eliminated the crystalline,.

phase through the addition of LiSPS and having disrupted the cluster phase by

the addition of PA-6, the 70% blend is now a one phase material (within the

experimental limits) with optimum phase purity. This is supported by the

narrowing of the transition width at this composition (19'C width at half height

of the tana peak as compared to 50 and 39'C for pure PA-6 and LiSPSlO,

respectively).
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A similar though less distinct effect can be seen for the LiSPS5 ionomer blends

where the tanS peak heights reach a maximum for a blend containing about 75%

LiSPS5. It is worth noting that at this composition A/Li is about 6, which further

suggests that the maximum in the tanS peak heights is not directIy related ta the

co-ordination number of the lithium, and is rather due to the effects described

above.

At this point it is instructiv~ to compare the effects of PA-6 with low moleeular

weight diluents on the tv/o transitions of the ionomer. It has been shown that

polar and non-polar diluènts affect these transitions very differently: the addition

of a non-polar diluent, such as diethylbenzene, to a polystyrene ionomer is found

ta decrease the transition temperatures of bath the unclustered and the cluster

phases of the ionomer; on the other hand, a polar diluent, such as glycerol, has

been found to decrease rapidly the cluster phase tanS peak height, and to be

much less effective in deereasing the unclustered phase transition temperature32.

Polar diluents also inerease significantIy the unclustered phase transition tanS

peak height, as opposed ta a deerease caused by non-polar diluents. Figure 4.6

shows that the addition of PA-6 to both the LiSPS5 and the LiSPSIO causes the

rapid decrease of the cluster phase transition temperature (Tg(cl) and a much

more graduai decrease of the unclustered phase transition temperature of the

ionomer (Tg(blcnd»' This, together with the sharp inerease of the tanli (blend)

peak height (Figure 4.7) with smaIl additions of PA-6 to these ionomers, indicates

that the PA-6 acts in a way similar ta a polar diluent. The addition of glyœrol ta

polystyrene ionomers, as weIl as the addition of ethylene glycol ta

polyelectrolytes, increases the tanS peak height at a rate of ca. O.Ol/wt% of

diluenP2,33. PA-6 increases the tanô peak height at a rate of ca. 0.03 and

0.04/wt% PA-6 for the LiSPSS and LiSPS10 ionomers, respectively. Polardiluents
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for ionomers and polyelectrolytes tend to narrow the transition width of the

blend phase, while non-polar diluents tend to broaden it32,34,35. As mentioned

earlier, PA-G addition to the LiSPS ionomers (up to 25 wt% PA-G) results in the

considerable narrowing of the transition width. It can therefore be concluded

that PA-G acts as an effective polymeric polar diluent for the LiSPS ionomers. In

contrast, PA-G acts as neither a polar nor a non-polar diluent for the NaSPS

ionomer, being phase separated at ail compositions.

4.5.3 Thennodynamics of blending: As was pointed out in the results

section, the dynamic mechanical measurements of the lithium ionomer blends

show that miscibility thresholds exist, separating one and two phase regions.

When the ionomer contains 9.8 mol% of lithium sulfonate groups (LiSPSlO) this

miscibility threshold is between 10 and 30% ionomer content, while when the

ionomer contains 5.4 mol% functional groups (LiSPS5) this miscibility threshold

is found to be between 50 and 70% ionomer content. The compositions here refer

to the total amorphous blend compositions at 240 - 250·C. It must be kept in

mind that these miscibility thresholds are based upon the DMTA measurements

and therefore reflect the phase behavior on the 50-100A level. This phase

behavior, together with the observed maximum in the Tg at 90% LiSPS10 content,

can be given a theoretical interpretation. The thermodynamic treatment

presented here is an approximate treatment; the limitations of DMTA and DSC

in determining thermodynamic miscibility do not warrant a more fundamental

approach. The derivations are merely presented to show that a simple unified

treatment, even if based upon a few simplifying assumptions, can indeed

correlate the miscibility thresholds and maximum in the Tg of the 90% LiSPSlO

blend, and, furthermore, allow some predictions to be made about the behavior

of the ionomers with other ion contents.
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The Gibbs free energy of mixing, l\Gm can be expressed in terms of the total heat

of mixing, Mim, and the total entropy of mixing, l\Sm as:

[4.1)

(

(

where T is the absolute temperature of the blend at which the miscibility is

determined. For this analysis, the entropie term -Tl\Sm will be ignored due to the

very low entropy of mixing for these high molecular weight polymers, relative to

Mirrv as a result of which l\Gm is expected to be dominated by Mim. Thus, 6Gm

'" Mim. In the ensuing discussion, a negatfve free energy of mixing l\Gm will be

considered as a sufficient criterion for miscibility (see later for limitations of the

analysis).

A) Random mixing: First, it will be shown that a random mixing approach

cannot predict a composition dependent miscibility. Let the PA·6 be polymer 1

and the ionomer be polymer 2. ~ is defined as the fraction of lithium

functionalized styrene units (LiS) of the ionomer, Be as the interaction energy

density associated with the complexing of a LiS unit with a PA·6 unit (PA), and

Bs as the interaction energy density characteristic of a styrene unit· PA unit pair.

H should be remembered that the PA and LiS units exist as associated species in

the amorphous phase of the pure PA-6 and LiSPS, respectively, and therefore Be

represents the interaction energy del1sity of a LiS - PA complex relative to these

associated species. Uninteracted LiS groups are assumed to remain self

associated in the blend, and therefol'e their contribution to the heat of mixing

upon blending is zero. The random mixing enthalpy Mim for polymers 1 and 2

can now be written as a sumof Iwo van Laar type expressions36:
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[4.2]

Here $1 and $2 represent the volume fractions of segment units, of polymers 1

and 2 in the blend and thus $} = 1 - $2' The first term on the right reflects the

contribution to mm due to the random contacts of lithium styrene sulfonate

units with PA units, and the second term on the right represents the contribution

due to the random interaction of styrene units (of the ionomer) with the PA units

of the PA-6. The $} $2 can be factored out, and an effective interaction energy

density, defined by B = [Be ç+ Bs (l-Ç)]' used to give MIm =B $1 $2' The blend is

immiscible when ôGm > 0, and can only be miscible if ~Gm < O. A composition

dependent miscibility therefore requires that ~Gm be > 0 for sorne values of 4lz,

and ôGm < 0 for others. Since B is independent of blend composition, and $} $2 is

always positive, the equation shows that the sign of MIm, and hence ~Gnv

cannot be determined by changes in the relative amounts of 1 and 2. Thus, in the

absence of entropie effects, a random mixing approach cannot predict a

composition dependent miscibility of polymers 1 and 2.

The expression for mm given by Equation [4.2] is similar to the equations

developed to describe the miscibility of binary blends of random co-polymers37

39, with the exception that the random intramolecular interactions of LiS with

styrene units are not represented. As mentioned earlier, the LiS units are strongly

self associated, both in the pure ionomer and in the blend (if uninteracted), and

hence the incorporation of a random intramolecular interaction term in Equation

[4.2] would be unrealistic. However, even if such a term were included, the

expression would still reduce to mm =B $1 $2' leading to the same conclusions

as before.
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B) Non-random mixing: Several theories have been recently developed to

describe the miscibility of polymer blends where specifie interactions take

placé0-45. The equation derived here has been specifieally tailored to describe

the blend system under study, but is similar to theories employing an

equilibrium or quasichemieal approach43-45. By assuming the interaction

between the LiS units and the PA-6 units (PA) to be specifie, and one to one, the

equilibrium constant for the association of these two units to form an intertcting

Li5-PA complex is given by:

LiS + PA ~ Li5-PA [4.3]

K =
[Li5-PA]

[LiS] [PA]
=

{<hs - (1/2) <Pcl {<Pl - (1/2) <Pcl
[4.4]

C'" where [LiS], [PA] and [Li5-PA] are the equilibrium molar concentrations of LiS,

PA, and Li5-PA, respectively, while <Pc is the equilibrium volume fraction of the

complex formed. <P2S and $1 are the initial volume fractions of LiS and PA units,

respectively. Vr is a reference volume and usually chosen so as to represent the

molar volume of the smallest repeat unit, ca. 100 cm3/mol, for polymeric

blends46. Vr remains constant for the blend system and thel'efore Kr = K/Vr will

be used for convenience. The factor (1/2) arises in Equation [4.4] because the

molar volume of the complex is approximately twiee that of the reference

volume. Equation [4.4] can be solved for <Pc' and for any given set of Kr and S, <Pc

is only a function of <P2 (or $t). The equation for non~random mixing can now he

written as:

[4.5]
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The first term on the right is the contribution to Mlm due to the formation of the

Li5-PA complex upon mixing, while the second term reflects the contribution

due to the random interaction of the styrene units of the ionomer with the un

complexed PA units of the polyamide. For any given set of values for Kr' l;, Be

and B5' the sign of 6Gnv and hence miscibility of the blend, is now found to be a

function of 412' The miscible/immiscible threshold occurs at a composition 412 =

412' where 6Gm = 0 (412' * 0 ; 412' * 1). Thus 412' at the miscibility threshold must

satisfy

[4.6)

where ~ = Be/Bs' For the LiSPS ionomer blends with PA-6, the lithium styrene

sulfonate content of the ionomer, l;, is known and the miscibility threshold

composition, 412" can be reasonably weil estimated from the results of the DMTA

data. This leaves Equation [4.6) as a function of ~ and Kr (since epe is determined

by the value of Kr)'

The two ionomer blends (LiSPS5 and LiSPSI0) provide two sets of conditions for

Equation [4.6) (l; = 0.054; 412'= 0.6, and l; = 0.098; 412'= 0.2, respectively), and thus

the two unknowns, ~ and Kr' can be estimated. Using an iterative calculating

procedure, values of ~ =-7.5 and Kr =25 fit the threshold miscibility ranges quite

weil. Note that clI2 and the weight fraction w2 of the ionomer in the blend are

equivalent since the amorphous densities of the two polymers are about the

same. lt is also worth recalling that the miscibility thresholds used here are based

upon the total blend compositions at 240 - 250·C, i.e. between 10 and 30wt% for

LiSPSI0 blends and between 50 and 70wt% for the LiSPS5 blends.
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The profiles of t\Gm as a function of composition are shown in Figure 4.8 for

various lithium sulfonate group contents of the LiSPS ionomer. As expected,

t\Gm is positive throughout the composition range for the unfunctionalized PS

blends (0% in Figure 4.8), supporting the observed immiscibility of this blend at

ail compositions. On the other hand, the results of the analysis show that t\Gm is

negative throughout the composition range for an LiSPS ionomer having about

12 mol% lithium sulfonate groups, suggesting that this polymer may be miscible

with PA-6 (QIl the DMTA [~;\le) at ail compositions. The LiSPSS (5.4 % curve) and

the LiSPSlO (9.8% curve) ionomer blends are immiscible at compositions where

t\Gm> 0, and, as can be seen from the profile of the t\Gm-iP2 curves, these blends

should phase separate into an essentially pure PA-6 phase and a "blend" phase.

The composition of the "blend" phase can be expected to be close to the

compositions at which t\Gmis a minimum.

Il is also worth noting that the assumed one-to-one association of the LiS with

PA units does not imply that ail the LiS are associated with amide units when

there is a stoichiometric quantity of these groups in the blend. For instance, the

LiSPS10 blend containing 90% ionomer has approximately stoichiometric

quantities of the interacting groups, but by using the obtained Kr = 25 (and 1; =

0.098) and solving for iPc' the fraction of interacted LiS (0.5iPe!<hl;) is only 0.56.

The remaining uninteracted LiS units are self associated in the blend, and this is

also supported by the observed presence of a cluster phase at this composition

by DMTA (Figure 4.6). At 70% ionomer content, the calculated fraction of

interacted LiS increases to 0.86, leaving very few uninteracted LiS units available

for the formation of a cluster phase, and consequently results in the inability of

DMTA to detect such a phase at this composition.

;::':::~\,~,

""
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o

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.8 The predicted profile of ~Gm using Equations [4.4] and [4.5] with ~ = 

7.5 and Kr = 25 for blends of PA-6 with LiSPS ionomers having various mol% of

funcionalized units (as indicated).
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C) Tg calculation: The blends of LiSPSI0 ionomer with PA-6 show that there is a

positive deviation of the blend Tg with composition, which reaches a maximum

at 90% ionomer content (Figure 4.1). Several equations have been proposed to

describethe variation ,-.~' Tg with composition for miscible blends16,47-53. Sorne

of these equations are capable of predicting a positive deviation of the Tg

composition curve from the ruIe of mixtures16,51-53, but only one of these is

capable of directly relating this positive deviation of Tg to a thermodynamic

parameter16:

WlTgl~rkw2Tg2

wl+kw2
[4.7)

(:

where X, is the Flory-Huggins interaction parameter, ~Cpi is the heat capacity

change at Tgi for polymer i, b is the ratio of the amorphous densities of the two

polymers and k =~Cp2/~Cpl' This equation has been successfuIly applied to

ionomer blends with PA_616, and is used here because it can be easily modified

to replace the implied random mixing term ;CR(Tg2-Tgl)bw1W2 with a non

random mixing term based upon the equations from the previous sections. As

mentioned earlier, the amorphous densities of the two polymers are about the

same, so b can be taken as unity, which in tum reduces the (Wl+bw2) term to

unity. Furthermore, since t1Hm =x,RTwlw2 the expression for Tg can be rewritten

as

(

WITgl+kw2Tg2
Tg = --=------"-

Wl+kw2

//

[4.8)
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where T is the temperature at which miscibility is determined. This equation can

now be used to predict the Tg for the LiSPSI0 blends with PA-6 by using

Equation [4.5] for mm with Be =-7.5 Bs (~ =-7.5), T =513 K (240'C) , Kr =25, Tgl

=327 K (54'C), Tg2 =407 K (134'C), ~Cpl = 0.37 J/g K16 and ~Cp2 =0.25 J/g K

(obtained from the OSC scans of the pure LiSPSI0). Figure 4.9 shows that a good

fit to the OSC Tg data is obtained for the essentially amorphous LiSPSlO blends

(LiSPSI0 content ~50 wt%) when Bs = 120 J/g (Be = -900 J/g). The maximum at

90% ionomer content can thus he related to the blend interaction

thermodynamics. Equations which do not take into account specific interactions,

e.g. the frequently used Couchman equation47, do not predict this type of Tg

behavior.

0) Limitations of the thermodynamic lrealment: The values for Be and Bs

appear quite large and these numbers should only be taken as approximations of

these interaction energy densities. While the ratio of these two values, ~, can be

expected to be reasonable, the magnitude of Be and Bs is essentially determined

by the fit of Equation [4.8] to the experimental OSC data. The experimental

limitations of OMTA and OSC, and also the assumptions of the thermodynamic

lrealment are bound to introduce sorne errors in the values obtained.

While OMTA islimited to the resolution of phases which are at least 50 - 100A in

size, the thermodynamic trealment ignores the second condition for a

thermodynamically stable miscible blend: that the second derivative of the free

energy with respect to composition be greater than zero (ëJ2~Gm/a<Pl > 0). As

can be seen from Figure 4.8, at <P2 = 0.2, for instance, the 12% curvejs concave

down (i.e. a2~Gm/a<P22 < 0), even though ~Gm is negative, and therefore the

blend, if miscible, is thermodynamically unstable. Il must be remembered that
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Figure 4.9 The Tg of blends of PA-6 with LiSPSIO as determined experimentally
by DSC (hollowdrcles), compâred to that predictedby using Equation [4.8) and

the Couchman équation (solld lInes).
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the thermodynamie treatment does not take the connectivity of the polymer units

into account (except by ignoring the entropie effects, of course), and this

connectivity may oruy allow micro-phase separation to take place for blends

where the thermodynamie driving force for phase separation is small, i.e. blends

where a2i.\Gm/a<i>22 < 0, but dose to a2i.\Gm /a<i>22 = O. Thus, while mathematieally

more complex, the location of the spinodal (compositions where a2i.\Gm/a<i>l = 0)

would oruy really be useful if miscibility could be determined on the molecular

level. It is worth noting that the IÎli :ations of DMTA and the exclusion of the

striet miscibility condition of a2i.\Gm/a<i>l > 0 have the effect of balancing each

other out, so that the simplified thermodynamie treatment may be doser to the

true picture than one might expect.

The incorporation of the entropie term -T i.\Sm may also influence the profile of

the i.\Gm-<i>2 curve, especially at the composition limits, but, as mentioned earlier,

the influence of this term is expected to be minimal for these polymer blends

where strong interactions appear to dominate the miscibility behavior.

In the equation for the predietion of Tg (Equation [4.8]), MIm is assumed to vary

linearly with temperature, since its true temperature dependence is unknown.

Although this may be a source of some error, it is not believed to be large. The

i.\Cp values in Equation [4.8] mayalso be a source of some inaccuracy, especially

in blends with semi-crystalline polymers, since the i.\Cp at Tg of some semi

crystalline polymers is not always p7oportional to the fraction of amorphous

phase presentS4. The i.\Cp of ionomers is also significantly reduced by the

pT'~sence of ionie aggregation, and this is especially important at high ion

contents55. These factors may have a substantial effect on the ratio k in Equation



(-

t-

(

Chapter4: Miscibility ofNa and Li SPS with PA-6 / 119

[4.8) and may influence the Tg predicted for the semi-crystalline, ion-containing

blends studied here.

In the development of the equilibrium constant, the interaction between the LiS

and the PA units is taken as one to one. Other A/Li ratios may also be possible,

for example four to one, but the maximum in the Tg for the 90% liSPS10 blend

(A/li = 1), suggests that a one to one interaction dominates the blend, at least at

low PA-6 contents. The use of an equilibrium constant assumes an equilibrium

state in the blend. Although the samples were held at 240 - 250·C in the melt for 5

to 10 min, and cooled relatively quickly, this may not have been adequate to

establish an equilibrium state of the blends and to "freeze-in" the morphology.

Since crystallization took place during the cooling of sorne of the blends, sorne

re-arrangement does obviously take pla-:::e. However, the driving force and

kinetics for crystallization can be expected to be much higher than for phase

separation (or mixing) in the amorphous phase, and therefore the experiments

most probably reflect closely the amorphous phase morphology of these blends

at 240 - 250·C.

Despite these limitations, the trends shown by the very simple thermodynamic

analysis are expected to remain valid. It demonstrates that the composition

dependent miscibility and the maximum in the Tg for the 90% LiSPS10 ionomer

blend can be predicted by considering the interaction of the lithium su1fonate

groups with the amide units in the blend to be specifie, and the interaction of the

styrene with the amide units to be random.
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4.6 CONCLUSIONS

The OSC and OMTA results clearly show that the choiee of counterion (Li vs.

Na) is critical in determining the rniscibility of polyamide-6 (PA-6) with

sulfonated polystyrene ionotner. The lithium sulfonate group shows strong

interaction with amide units of the PA-6, most probably with the carbonyl

oxygen of the amide, and this results in strong miscibility enhancement of the

lithium sulfonated polystyrene (LiSPS) ionomer with the PA-6. The sodium

neutralized ionomer, on the other hand, is immiscible with PA-6 at the same

level of functionalization.

PA-6 shows the characteristics of a~ effective polymerie polar diluent for the

LiSPS ionomer, which is seen as the progressive disruption of the "cluster phase"

of the ionomer and the increase of the tana (blend) peak height with PA-6

content. At a singular blend compositions, where the amide to lithium ratios are

between 3 and 8, the tana (blend) peak height reaches a maximum and the

transition width is also considerably narrowed. This composition represents a

relatively homogeneous, single-phase blend at which the disruption of the

crystallinity and the "cluster phase" are at a maximum.

The rniscibility of the LiSPS ionomer with PA-6 depends on both the lithium

sulfonate content of the ionomer as well as the relative quantity of the blend

components. A simple non-random mixing approach is used to demonstrate that

the rniscibility hehavior of these blends can he described by assuming a specifie,

non-random interaction of the lithium sulfonate groups with the amides, and a

random,unfavorable interaction of the styrene units with the amide units of the

PA-6. This simple thermodynamic treatrnent is incorporated into a recently
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proposed equation for the prediction of the Tg of blends and it is shown that in

this way the observed maximum in the Tg for the blend containing 90% LiSPSI0

can he related to the specific interactions in the blend.
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Chapter 5

MISCIBILITY OF CARBOXYLATED AND
SULFONATED POLYSTYRENE IONOMERS

WITH POLYAMIDES-66, -610 AND -11

5.1 AB5TRACT

DifferentiaI scanning caIorimetry (DSC) of blends of polystyrene ionomers and

polyamide-66 shows that lithium sulfonate groups are more effective than

lithium or sodium carboxy!ate groups in enhancing the miscibility between the

polyamide and polyslyrene. The miscibility between aliphatic polyamides and

the most miscible polystyrene ionomer (containing 9.8 mol% lithium sulfonate

,è~, groups) decreases as the amide content of the polyamide decreases. Thus, while

blends with polyamide-66 and polyamide-610 appear miscible by DSC, the

blends with polyamide-ll show evidence of sorne phase separation. Dynamic

mechanicaI measurements of the 50:50 blends of this ionomer with PA·610 and

PA-ll confirm the single phase and two phases behavior for these blends,

respectively.
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5.2 INTRODUCTION

Miscibility enhancement between otherwise immiscible polymers is a subject of

continuing academic and commercial interestl -3. 5ince most polymer pairs are

immiscible with each other, miscibUity enhancement frequently represents a

serious chalenge. Aliphatic polyamides constitute an important class of polymers

with a wide variety of commercial applications, and the improvement of various

mechanical, rheological and other properties of these materials is, therefore, of

considerable importance. One of the ways of modifying these properties is by

blending or alloying with other polymers. Althougl\ complete miscibility of the

blend components is not always necessary to optimize properties, some

favorable interaction between the components is almost always needed.

Polyamides contain amide groups along the polymer backbone, and these- offer

sites amenable to specifie interactions with other polymers, either through ion

dipole or thTough dipole-dipole interactions. 5ince ion-dipole interactions are

stronger than dipole-dipole interactions, the functionalization of polymers with

Ionie groups is a particularly attractive way of compatibilizing various polymers

with other polymers containing polar groups7-10. The functionalization of

polymers with between 0 and about 20 mol% of ioni, groups, results in materials

generally termed "ionomers".

A number of patents show that blends of polamides with polyethylene ionomers,

containing Ionie carboxylate groups (e.g. sodium methacrylate), can lead to

dramatie improvements in the impact properties of polyamidesl1-13. Numerous

studies and patents show that these types of polyethylene ionomers tAn also be

used to compatibilize blends of PA-6 with polyethylene or polypropylenel4-18,

These studies suggest that ionic carboxylate groups interact favorably with

li
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polyamides. RecenUy it has been shown that polyamide-6 (PA-6) can be

compatibilized with polystyrene by functionalizing the polystyrene with ionic

sulfonate groups19-26 thus demonstrating that ionic sulfonate groups also

inteact favorably with polyamides. Polyethylene ionomers containing ionic

sulfonate groups are difficult to synthesize and, therefore, a comparison between

the rniscibility enhancing effects of carboxylate vs. sulfonate ionic groups has not

been made. However, polystyrene is relatively easily functionalized with both

these functional groups; therefore, in this paper, the miscibility enhancement of

these two groups are compared in blends of polystyrene ionomers with

polyarnide-66. Both Li and Na counterions are used for the ionomers since it has

been previously shown, in blends of polystyrene ionomer with PA-6, that lithium

sulfonate groups can lead to a single glass transition at certain blend

compositions; by contrast, a Iwo phase system results at ail compositions when

the ionic group is sodium sulfonate (ionic group content of 9.8 mol%)24,28. Il

will be shown that the lithium sulfonate groups interact more strongly with

polyamide-66 than either the lithium or sodium carboxylate groups.

5ince the unfunctionalized polymers (Le. polystyrene and polyethylene) are

incompatible, the functional group content of the ionomer and amide content of

the polyamide can be expected to play an important role in the miscibility

enhancement obtained. A previous study has shown that when keeping the

amide content of the polyamide constant (Le. PA-6), the miscibility of the blend

decreases as the lithium sulfonate content of the ionomer is decreased from 9.8

mol% to 5.4 mol%25. In this paper the lithium sulfonate content of the ionomer is

held constant at 9.8 mol% while the amide content of the polyamide in the blend

is~;decreased. Here it is shown that, not unexpectedly, the miscibility
\v/

enhancement of polyamides with lithium sulfonated polystyrene ionomers
,-',
\., "
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decreases as the amide content of the polyamide deereases. Thus, while blends

with polyamide-66 and polyamide-610 show a single composition dependent Tg

by OSC, the blends with polyamide-ll show strong miscibility enhancement, but

evidence of sorne phase separation. FinaIly, the miscibility information on blends

of lithium sulfonated polystyrene ionomers with polyamides is incorporated into

a "miscibility map" where areas of expected single phase behavior (on the ose
and dynamic mechanical scale) for 50:50 blends of this ionomer with various

aliphatic polyamides is depicted. This is done as a function of the ionic group

content of the ionomer and the amide content of the polyamide in the blend.

5.3 EXPERIMENTAL

5.3.1 Materials used: Polyamide-66 (PA-66) and polyamide-610 (PA-610)

were obtained from Aldrich and purified by dissolving in 88% f()· .•;ic acid and ,
1: '\:

precipÙating into an excess of water. The polyamide-11 (PA-11) was purchased

from Polysdences Inc. and purified by dissolving into trif1uoroacetic acid and

predpitating into an excess of water. The polyamides were dried under vacuum

at 90'C for four days prior to use. Molecular weight information on these

polymers is not available and thus the entropic effect on the miscibility of the

blends could not be estimated. However, the strong interactions in the blends are

expected to dominate, and the effects of the molecular weights on the miscibility

of theSe polyamides with the ionomers are not considered important. The poly

(styrene-co-methaerylic acid) was produced by free radical random

copolymerization of styrene and methacrylic add in conjunction with another

project in this laboratory27. This material contained 7.6 mol% of methacrylic acid

groups and is designated as either LiMAPSB or NaMAPSB, depending on
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whether the counterion is Li or Na, respectively. Polystyrene (Mv =280 kg/mol)
,

was purchased from Aldrich and, after purification, was sulfonated to S.4 and 9.8

mol% according to the method of Makowski et. al.28. The sulfonated

polystyrenes were neutralized with methanolic LiOH or NaOH, freeze dried,

and dried under vacuum at 90·C for one week prior to use. The polystyrene

ionomers containing 5.4 and 9.8 mol% lithium sulfonate groups will be referred

to as LiSPSS and LiSPSI0, respectively. The ionomer containing 9.8 mol% sodium

sulfonate groups will be referred to as NaSPSI0.

5.3.2 Blend preparation: 5% (w/v) solutions of the pure materials were

prepared by dissolving them in a volumetrie flask using the following solvents:

rn-cresol/methanol (80:20) for ail the ionomers and PA-66; rn-cresol/methanol

(88:12) for PA-610; rn-cresol for PA-lI. Volumetrie amounts of the blend

components were mixed under constant agitation, by the dropwise addition (If

the ionomer to the polyamide solutions. Ali of the blend solutions were clear,

and were precipitated into an excess of hexanes. After thorough washing with

fresh hexanes to remove the residual solvent, the precipitated blends were

allowed to air dry, and then dried under vacuum at 140·C for one week. This

drying procedure adequately removes residual solvent25.

5.3.3 DifferentiaI scanning calorimetry: A Perkin-Elmer DSC-7 was used

for the thermal analysis and was calibrated with indium. The sample ceUs were

kept under a constant purge of dry nitrogen durin'g the runs. The blend samples

were first scanned at 100·C/min to the annealing temperature (see later), held

there for 5 minutes, then cooled at 40·C/min to -10·C, held there for 2 minutes,

and then scanned at 20·C/min to above the melting temperature of the blends.

The annealing temperatures were chosen to be 20 to 3S·C above the melting
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temperature (Tm) of the polyamide component, thus: 280'C for the blends

containing PA-66 (Tm'" 260'C), 250'C for the blends containing PA-610 (Tm'"

220'C), and 225'C for blends containing PA-ll (Tm'" 190'C). The crystallization

temperatures (Tc) were recorded during cooling, while the glass transition

temperatures (Tg) and melting temperatures were recorded during the second

heating scans. The Tg values were taken at the midpoint of the specifie heat

change, while Tm and Tc were recorded at the maximum of the endo/exotherms.

The amorphous phase composition of sorne of the semi-crystalline blends was

estimated by correcting the total blend composition for the polyamide tied up in

the crystalline phase. The weight fraction of crystalline material was estimated

by dividing the normalized melting enthalpy of the blend, as obtained by OSC,

by the heat of fusion for the 100% crytalline polyamide; the latter were taken as

196 1/g for PA-66, 200 1/g for PA-610, and 226 1/g for PA-1129.

5.3.4 Dynamic mechanical thermal analysis: Samples for dynamie

mechanical analysis were compression molded at 240'C (PA-610 blend) or 210'C

(PA-11 blend) under low pressure. The sample dimensions were approximately 2

x 6 x 27 mm. A Polymer Laboratories OMTA instrument was used for the

analysis, employing a small frame in dual cantilever mode. The samples were

scanned ai 1 Hz and 1'Clmin from O'C up to the sample melting points.

5,4 RESULTS

Figure 5.1 shows the OSC data for the blends of the poly(styrene-co

methacrylate) ionomers with polyamide-66 (PA-66). The presence of two
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Figure 5.1 ose data for blends of polyamide-66 with poly(styrerie-co-sodium

methacrylate) (left), and poly(styrene-co-lithium methacrylate) ionomers (right).

The ionomers contain 7.6 mol% ionic groups.



Chapter 5: Miscibility ofaliphatic PAs with ionomers / 131

composition independent glass transition temperatures (Tg) and the negligible

effect on the blend melting temperatures (Tm) indicate that these ionomers are

not miscible with PA-66. However, the slight decrease of the crystallization

temperature (Tc) with increasing ionomer content in the LiMAPS8 blends,

compared to a relatively composition independent variation of Tc for the

NaMAPSB blends, does suggest that the LiMAPS8 ionomer may hinder the

crystallization process marginally more than the NaMAPS8 ionomer. The slight

shift of Tgl and Tg2 towards each other for the LiMAPSB ionomer blends also

suggests that the Li neutralized MAPSB ionomer may be marginally more

miscible with the PA-66 than the Na neutralized ionomer. It is worth noting that

the Tc values for beth of the ionomer blends at 90% ionomer content were

difficult to locate from the ose runs. This is probably due to a broadening of the

crystallization exotherms and the low amount of crystallizable PA-6 in the blend

at these compositions, which results in a weak signal.

The behavior of the blends of PA-66 with the lithium sulfonated polystyrene

ionomers are shown in Figure 5.2. For the LiSPS5 ionomer blends (5.4 mol%

lithium sulfonate group content), (Figure 5.2: left), the variation of Tnv Tc, Tgl and

Tg2 are markedly different to those of the MAPSB ionomers: the Tm and Tc beth

decrease with incrE'!asing LiSPS5 ionomer content until, at 90% ionomer content,

the blend is amorphous (no Tm or Tc); Tgl and Tg2 also shift significantly

towards each other. The depressi01\of Tm with ionomer content could be due to

a lessperfect crystalline structure ':lf 'the PA-6 crystals30 or to sorne rniscibility of

the blend components31, or both. In either case, sorne interaction of the blend

cornponents would be needed. The shifting of the blend cornponent glass

transition temperatures towards each other also implies sorne rniscibility

enhancement. Thus, the LiSPS5 ionomer shows considerably greater misqbility
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Figure 5.2 ose data for blends of polyamide-66 with lithium sulfonated
polystyrene ionomers containing 5.4 mol% (Ieft), and 9.8 mol% lithium styrene

sU,,::onate groups (right). The • in Tg· indicates that the blend Tg has been
cori'ected for crystallinity (where necessary) and is plotted against the calculated
amorpnous phase compositions of the blend.
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enhancement with PA-66 than either the NaMAPS8 or UMAPS8 ionomer,

despite its lower ionic group content (5.4 mol% vs. 7.6 mol% for the MAPS8

ionomers). Increasing the ionic group content of the LiSPS ionomer to 9.8 mol%

(Figure 5.2: right), results in a single composition dependent Tg. Furthermore,

there is no crystallinity when the ionomer content is greater than 50%.

The blends of the sodium neutralized ionomer (NaSPSI0) with the PA-66 (figures

not presented here) show a series of transitions by ose similar to those for the

NaMAPS8 ionomer blends (Figure 5.1: left), indicating that this ionomer is

immiscible with PA-66.

To test the effect of decreasing the amide content of the polyamide on the

miscibility of the LiSPSlO with the polyamides, OSC was used to analyse the

blends of LiSPSI0 ionomer with PA-610 and PA-Il. The miscibility of the Li and

NaMAPS8'ionomers with these polyamides was not tested, since it can he

inferred, from the immiscibility of these ionomers with PA-66, that they would

be also be immiscible with polyamides having an even lower amide content than

PA-66. Figure 5.3 (left) shows the DSC data for the blends of LiSPSIO with PA

610. The presence of a single composition depende-'t Tg' as weil as the decrease

of both Tm and Tc with increasing ionomer content in the blend, reflect the

strong miscibility enhancement of the ionome~ with this polyamide. The Tm and

Tc aIso decrease with increasing ionomer content in the PA-11 blends (Figure 5.3:

right). On the other hand, the PA-11 blends indicate the possible presence of two

composition dependent glass transition temperatures: the lower Tg increases

with ionomer content until, at the 50 and 70% compositions, two transitions are

detectable, and only the higher Tg then persists to higher ionomer contents.
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Figure 5.3 Dse data for blends of LiSPS10 with polyamide-610 (left) and
polyamide-ll (right). The * indicates that compositions refer to the amorphous

phase only, as in Figure 5.2.
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C. The precise position of the glass transition temperatures is difficult to determine

from the straight DSC scans, and a dearer picture can be obtained on the position

and breadth of these transitions from the first derivative of the ose traces. A

series of such curves for the LiSPSI0 blends with PA-11 are depicted in Figure

5.4. Il is worth noting that a glass transition appears as a peak in these plots. Il

can be seen that the broad peak on the PA-11 curve (ranging from about 25'C to

75'C), which is associated with the Tg of the PA-11, moves to higher

temperatures as the ionomer content is increased from 0 to 70%. At the same

time, the transition width also narrows, until it measures about 30'C for the

blend containing 70% ionomer. The transition widths are taken as

Tg(completion) - Tg(onset) . In the samples containing 0, 10 and 30% ionomer,

sorne features can be seen occuring at temperatures above the glass transition

temperatures. These are most probably associated with multiple melting

(" endotherms of different crystaIIine phases, as is often seen in aliphatic

polyamides. This is supported by the progressive shifting of these features to

lower temperatures with increasing ionomer content in the blend (dashed Unes

in Figure 5.4, connecting peak positions), foUowing the trend of the principal

melting endotherm (Tm in Figure 5.3: right). The up-turns of the first derivative

curves occurring between 150 and 170'C, for the blends containing 0,10, 30,and

50% ionomer, are du,,: to the principal crystaIIine melting endotherms in these

blends. While a second glass transition is not detectable in the blends containing
'.

10 and 30% ionomer, the first hint of a possible second glass transition

temperature is shown for the blend containing 50% ionomer and is seen as a low

but broad h~mp centered around 11S'C (shown by "a" in Figure 5.4). This second

glass transition appears more pronounced for the blend containing 70% ionomer,

and becomes dominant for the blend containing 90% ionomer. Note that the

( glass transition ôf the 30% blend occurs at a temperature higher than might be

l,



Chapter 5: Miscibility ofaliphatic PAs with ;~!'nmers /136

t
~
"tl
"-Cl.
C,)

"'0 ../30

_50
_70

_90

_100

\
LiSPS10

a 50 100 150

Temperature (oC)

Figure 5.4 First derivative curves of the ose scans for the LiSPS10 blends with
PA-Il. The numbers refer to the weight % of LiSPSlO ionomer in the blend, while
the dashed lines show the position of features that are most probably due to
melting of crystallites. The "a" shows the position of a possible second glass
transition.
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expected from the general trend, and this is also seen for the LiSPSIO blend with

PA-610 (Figure 5.3: left). The reason for this is not c1ear, but is possibly a resu1t of

the influence of crystallinity in these blends.

Oynamic mechanical thermal analysis (OMTA) can often resolve the presence of

one or two phases in a much Jess ambiguous way than OSC. Therefore, il can be

used to confirm the single phase behavior of the 50:50 blend of LiSPSIO with PA

610, and the apparent two phase behavior of the 50:50 blend with PA-lI, as seen

by OSC. The resu1ts of OMTA for 50:50 blends of LiSPSIO ionomer with PA-610

and PA-lI are depicted in Figure 5.5. The PA-610 blend (Figure 5.5: left) is clearly

a one phase system (on the scale accessible to OMTA), and this is shown by the

single drop of the storage modulus (E') and the single peaks of both the 1055

modulus (En) and the tanll. The drop of E' at about 200'C is caused by the me1ting

of the PA-610 crystalline phase, and is not associated with a glass transition, as is

confirmed by the simu1taneous drop in the En at this temperature. The single

glass transition temperature of this blend suggests that the blend components are

miscible on the 50 to 100A level, reflecting the resolution limit of the dynamic

mechanical technique. On the other hand, the PA-Il blend (Figure 5.5: right)

shows evidence of two glass transitions. This is seen as a two sloped decrease of

E' with temperature at around 12S'C, and the presence of humps on the En and

tanll curves. These humps are a result of two overlapping glass transitions and

this is especially evident in the tanll profile. Again, the simu1taneous drop of E'

and En at around 180'c is due to the melting of the PA-Il crystalline phase.

..
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Figure S.S Dynamic mechanical data (l Hz) for the 50:50 blends of LiSPSlO with

PA-610 (left), and with PA-U (right).
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5.5 DISCUSSION

The OSC results on the blends of LiSPS and MAP58 ionomers with PA-66

unambiguously show that lithium styrene sulfonate groups are more effective in

enhanàng the miscibility between polystyrene and PA-66 than either lithium or

sodium methacrylate groups. Sorne basis for this difference in interaction

strength can he obtained by considering the way that the ionic groups interact

with the amide groups. In one study it has been suggested that i0n-dipole

interactions between the Li cation and the amide nitrogen may take place23.

Based upon earlier studies on mixtures of LiCI salts with model amides32-36 and

polyamides37-40 it has aIso been suggested that the Li cations may rather

interact with the carbonyl oxygens of the amides, with the resulting sulfonate

anions interacting with the amide hydrogens2S. Assuming that the latter

interaction mechanism is the correct one, it is reasonable to expect that a similar

mode of interaction aIso occurs in the blends of LiMAPS with polyamides. Thus,

the interactions of the Li sulfonate and Li carboxylate groups with amides could

be written as:

1 , Ir J ,
-503- Li+ + HN + S:O ~ ~S03-H~ + COLi+

\ ,
,1
1:,

1 , ":~-;-
1 \

-COO-Li+ + HN + CO ~ -COO-HN + COLi+, 1 \ ,

[1]

[2]

(

The NH and CO are indicated as independent of each other because the

interactions could be with the same or with different amide units in the blends.

Equations [1] and [2] essentially represent the dissoàation of the -503Li and 

COüLi salts by the polar amide groups, and is akin to the dissoàation of acids in

water. Since the counterions (H vs. Li) are the same for the two types of anions in
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the acid and salt cases, dissociation constants of acids in water can provide some

insight into the relative stability of the -5°3- and -cao- anions in polar diluents,

such as water or amides. Dissociation constants of acids in water at 2S'C are

given as follows41: benzenesulfonic is 2xlO-1 (pK =0.70); benzoic is 6.46xl0-S(pK

= 4.19); acrylic is 5.6xlO-S (pK = 4.25). Thus the higher dissociation constant of

sulfonate anions (benzenesulfonic acid) vs. ':arboxylates (benzoic and acrylic

acid) suggests that the reaction given by Equation [1] is more likely to occur than

that shown by Equation [2]. To some extent, this can explain the better miscibility

enhancement obtained with lithium styrene sulfonate groups as opposed to

lithium methacrylate groups.

It is worth noting that the marginal co-miscibility of the LiMAPS8 ionomer with

PA-66 (as compared to none with NaMAPS8 ionomer), is not entirely

unexpected: several studies have shown that ionomers having Li counterions are

more effective in enhancing the miscibility with polar polymers than ionomers

with Na counterions10,21,25,42. This is generally attributed to counterion size

and surface charge density differences.

The miscibility behavior of the blends of LiSPSIO and LiSPS5 ionomers with PA

66 parallel the results obtained for the blends of these ionomers with PA-6. In

both cases the blends with LiSPSI0 ionomer show strong miscibility

enhancement (a single composition dependent Tg by DSC, and a maximum of

the Tg at 90% LiSPSlO content2S), while the blends with LiSPSS ionomer are only

partially miscible. A notable difference is the absence of crystallinity at 70%

LiSPSS content for the blend with PA-6 as 9Pposed to the presence of some

cry,r,tallinity for the blend with PA-66, as shown by the measured Tm and Tc in

Figure 5.2 (left). The glass transition temperatures of PA-6 and PA-66 are about
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the same (Tg = 50·C), but the melting temperature of PA-66 is considerably

higher than that of PA-6 (260 vs. 220·C). Since crystallization must take place

between Tm and Tg, the higher melting temperature of the PA-66 affords a larger

temperature interval (Tm-Tg) for the crystallization of the PA-66 during the ose
experiment than for the PA-6. Indeed, during the slow heating run (l·C/min) of

the dynamic mechanical analysis of the PA-6 blend, crystallization is also found

to occur25. Thus, the presence or absence of crystallinity in the 70% ionomer

blends is most probably a kinetic rather than a miscibility effect, and, from the

similarity of the glass transition behavior, it can he concluded that the extent of

miscibility of the LiSPS ionomer with PA-6 or PA-66 is about the same.

Furthermore, the immiscibility of the NaSPSIO ionomer with PA-66 also parallels

the result found for the blend of this ionomer with PA-6. Since PA-6 and PA-66

both have the same amide content and only differ in the way that these amide

groups are arranged along the polymer backbone, the results show that the

miscibility is not affected by minor structural differences and is mainly

dependent upon the concentration of amide and lithium styrene sulfonate

groups in the blend.

As the concentration of either the lithium styrene sulfonate or amide groups

decreases in the blend, the driving force for miscibility also decreases, as is seen

when the lithium styrene sulfonate content is decreased from 9.4 to 5.4 mol% in

the blends with PA-66. One way of describing the amide content of aliphatic

polyamides is by considering one polymer "unit" to consist of two backbone

atoms. Using this definition, the aliphatic polyamides then consist of regular

sequences of ethylene and amide units. Thus PA-66 (or PA-6) contains 28.6 mol%

amide units while PA-610, PAon and polyethylene contain 22.2, 16.7 and 0 mol%

amide units, respectively. The DSC and DMTA results show that while the
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blends of LiSPSlO with PA-610 are single phase, the blends with PA-lI are twù

phase. This trend is as expected since the number of favorable interactions

between the amide and the lithium suIfonate groups decreases as the amide

content in the blend decreases, with a simultaneous increase in the number of

unfavorable interactions between the styrene and the ethylene units.

By restricting the description of miscibility to the DMTA level (domain

resolution of sO-100A43-4s) and to the 50:50 blends, and by taking the miscibility

information into account, it is possible to roughly predict "miscible" and

immiscible blends, as a function of the amide (NHCO) and lithium sulfonate (

503-Li+) content of the polyamide and LiSPS, respectively. In this way a

"miscibility map" can be drawn by considering the miscibility of functionalized

polystyrene with polyamides. The blend of LiSPSS (5.4 mol% -S03-Li+) with PA

66 (or P;A-6) represents a blend on the miscibility threshold, while another

miscibility threshold exists between the blends of LiSPS10 (9.8 mol% -S03-U+)

with PA-610 and PA-lI, i.e. between 22.2 and 16.7 mol% NHCO, as previously

diseussed. Polyethylene (PE) is not expected to be miscible with LiSPS,

regardless of the mol% -S03-Li+, due to the strong self-association of the -503

Li+ groups and the lack of polarity of PE. Unfunctionalized polystyrene is

known to be immiscible with PE, and is not expected to be miscible with any of

the polyamides, as has been shown for PA-622. Therefore, the 0 mol% axes

describe immiscible blends on a "miscibility map". Such a miscibility map is

shown in Figure 5.6, with the shaded "miscibility" region drawn to satisfy the

miscibility considerations and experimenta! results, as discussed. Note thât the

"miscible"/"immiscible" boundaries are not weil defined at the 15 to 20 mol% 

503-Li+ range and the 0 to 4 mol% NHCO range, and sorne additiémal

experimental points would be helpful in locating the boundaries more precisely.
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Figure 5.6 "Miscibility map" for 50:50 blends of lithium sulfonated polystyrene
ionomers (LiSPSIO) with polyamides. The shaded region represents expected

single-phase behavior of the blends when analyzed by DMTA or ose.
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However, the shaded "miscible" region in Figure 5.6 has been estimated rather

conservatively, so that the miscibility region at high -S03-Li+ or NHCO contents,

as determined by DMTA, may actuaIly be larger than shown.

From this miscibility map, it can be predicted that 50:50 blends of polyamides-4

and -46 (40 and 33.3 mol% NHCO, respectively) should be miscible (on the

DMTA scale) with LiSPS containing ~ mol% -S03-Li+ groups; while 50:50

blends of polyamides-4, -46, -6, -66, -69 and -610 (40, 33.3, 28.6, 28.6, 23.5, and 22.2

mol% NHCO, respectively) can aIl be expected to be miscible with LiSPS

containing ~10 mol% -S03-U+, Polyamides-ll and -12 (16.7 and 15.4 mol%

NHCO, repectively) may only show single phase behavior when the LiSPSI0 has

15 to 20mol% -S03-Li+ groups.

It must be remembered that the miscibility of the LiSPS with polyamides can be

expected to be composition dependent. A detailed study, using dynamic

mechanical measurements, of the phase behavior of LiSPS ionomers with PA-6

has shown that the miscibility of these two polymers is not only dependent on

the ionic group content of the ionomer, but also on the blend composition25. For

example, if the ionomer contains 5.4 mol% lithium sulfonate groups, the blend

shows a single glass transition only if the ionomer content is greater than 50 wt%.

If the ionomer has 9.8 mol% ionic groups, a single phase occurs only if the

ionomer content is greater than 10 wt% in the blend. Calculation has suggested

that the polystyrene ionomer containing 12 mol% lithium sulfonate groups can

be expected to be miscible throughout the composition range (by OMTA and

OSC). These results are plotted in Figure 5.7 which then represents a "eut" along

the PA-6line of Figure 5.6. In this way the two dimensional "miscibility map" of

Figure 5.6 could be extended into a third dimension, i.e. blend composition. It has
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Figure 5.7 Single phase blends (filled symbols and shaded region) of the LiSPS

ionomer with PA-6 as a function of composition and lithium sulfonate content.

,Experimental p<,.ts from ref. 22.
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also been shown that this composition dependent miscibility can be related to the

specifie interaction of the lithium sulfonate groups of the LiSPS with the amides

of the polyamide2S. This can he expected to be a general rule for blends of LiSPS

ionomers with aliphatic polyamides, so that miscibility would always improve

with ionomer content. Taking this composition dependent miscibility into

account, the shaded region of the miscibility map of Figure 5.6, therefore, defines

a lower miscibility limit for blends containing > 50 wt% ionomer. Despite the

limited experimental data, and the limitations of DMTA in resolving ph~,ses

,'3maller than 50 - 100A in size, this map does provide a useful guide for choosing

miscible polymer pairs.

5.6 CONCLUSIONS

It has been shown that polystyrene ionomers containing lithium or sodium

methacrylate groups are much less effective in enhancing the miscibility between

polystyrene ionomers and polyamide-66 than lithium styrene sulfonate ionic
':..::

groups. This can be expected to be a general rule for blends of ionomers with

aliphatic polyamides.

The miscibility of the lithium sulfonate functioilalized polystyrene ionomer

(LiSPS) with aliphatic polyamides decreases with a decrease of the functional
\

group content of the ionomer, or a decr,;ase of the amide content of the

polyamide, or both. Thus, 50:50 blends of LiSp;s'~Çso,ntaining 9.8 mol% lithium

sulfonate groups) with polyamide-610 show a single glass transition by dynamic

mechanical analysis, while the blends with PA-lI show the presence of two

phases. However, even in the two phase PA-lI blends, considerable miscibility
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enhancement occurs, as can be seen by the signifieant shifting of the glass

transitions of the blend comnponents towards each other.

A "miscibility map", defining single phase regions as a function of ionie group

content of the Li5PS and the amide content of the polyamide is drawn as a guide

to expected miscibility on the 50 - IODA level for 50:50 blends of Li5P5 with

a1iphatie polyamides.
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Chapter 6

SULFONATED POLY (STYRENE-ETHYLENE
BUTYLENE) IONOMERS:

SYNTHESIS AND CHARACTERIZATION

Sulfonated poly (styrene-ethylene-butylene) ionomers were obtained by the

hydrogenation, and subsequent sulfonation and neutralization of poly(styrene

butadiene) random copolymers. The poly(styrene-butadiene) random

copolymers, containing 5, 23, and 45 wt% styrene, were selectively hydrogenated

at 50'C and 350 psi by using H2 and Wilkinson's catalyst in p-xylene. The

amorphous hydrogenated polymer (now containing 44 wt% styrene), was

sulfonated in chloroform, using either acetyl sulfate or lauryl sulfate as a

sulfonating reagent, and neutralized with various counterions to produce the

ionomers. Dynamic mechanical characterization of these ionomers revealed the
le

p!'o:!sence of a "low Tg" and a "d~s~~red" phase, which is typical of many random
ï-
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ionomers. With increasing ion content, the glass transition of the low Tg phase

remains at around O'C, while that of the clustered phase increases at about

S'C/mol%.

6.2 INTRODUCTION

Recently it has been shown that sulfonated polystyrene ionomers can enhance

considerably the miscibility between polystyrene and aliphatic polyamides1-S.

However, aliphatic polyamides are semi-crystalline polymers, and this

complicates somewhat the interpretation of the phase behavior in the blends of
•

these materials with ionomers. Amorphous polyamides are also available, and

usually consist of a random distribution of aromatic and aliphatic segments

which serves to break up the regular sequences in the polymer. Due to the

presence of the aromatic moiety, these materials usually have a glass transition

temperature of between 130 and 150'C (e.g. Selar® supplied by Du Pont). 5ince

polystyrene ionomers have a glass transition temperature (Tg) falling in this

same temperature range, it is difficult to study the miscibility of these ionomers ..

with amorphous polyamides using the presence of a single glass transition
.-=~

temperature as a miscibility criterion. Therefore, a sulfonated ionomer having a

Tg that is weil removed from the Tg of the amorphous polyamide, by at least

20'C (but preferably more than 60'C), is desirable for this type of study9. Low Tg

ionomers are particularity attractive, since they do not necessitate the use of

high temperatures during thermal analysis of the blend (which could lead to

degradation), and, furthermore, offer the possible advantage of improving the

impact property of ~e b.1end. Thus,;a low Tg, amorphous sulfonated ionomer is
:;.--;, -,--.. ..::::::. '",:~

needed.
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The sulfonation of unsaturated carbon double-bonds can be achieved readily

and, a number of sulfonated rubbers have been prepared in this way10-15,

However, the high reactivity of the unsaturated linkages leads to cross-linking

and cyclization during sulfonation14,15, The residual unsaturation after

sulfonation also renders these polymers unstable in the solid statell. This latter

problem can be overcome by hydrogenating the residual unsaturation, but this

often leads to semi-crystalline ionomers, as is the case for sulfonated

polypentenamers11.

Another way of overcoming the cross-linking/cyclization and instability

problems is by limiting the amount of unsaturation in the starting polymer to the

extent of the desired sulfonation. This is done in the synthesis of sulfonated

ethylene-propylene-diene terpolymers (EPDM)10,12,13, The principal
.

disadvantage of this technique is that the extent of sulfonation is limited by the

number of double bonds so that a broad range of ion contents cannot be obtained

by using the same base polymer. Furthermore, the synthesis of these type of

terpolymers is complex, and not readily performed in an academic laboratory16.

This paper reports the synthesis of a stable, amorphous, sulfonated low Tg

ionomer based on hydrogenated sulfonated poly(styrene-butadiene) random

copolymers. The starting material for the synthesis is a poly(styrene-butadiene)

random copolymer, which is easily prepared through emulsion polymerization

and is also commercially available at relatively low cost. The first step involves

the removal of the unsaturation, through the selective hydrogenation of the

carbon double bonds, to yield a styrene-ethylene-butylene terpolymer. The

second step involves the sulfonation of the styrene groups of the terpolymer to
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the desired extent, and, finally, the neutralization of the sulfonated styrene

groups to yield the ionomer. The synthetic scheme is shown in Figure 6.1.

6.3 EXPERIMENTAL

6.3.1 Materials: Three poly(styrene-butadiene) random copolymers

containing 5, 23 and 45 wt% styrene were purchased from 5cientific Polymer

Products Inc., and will be referred to as P5B-5, P5B-23 and P5B-45, respectively.

These materials were purified by dissolving in toluC'ne to 3% (wIv) solutions and

precipitating into an excess of methanol. The average molecular weights of these

polymers were determined by viscometry to be 250, 310 and 200 kg/mol for the

P5B-5, -23, and -45, respectively (in toluene at 25'C, using Mark-Houwink

coefficients of K=52.5 x 10-3 ml/g and a=0.667, obtained for a styrene/butadiene

random copolymer containing 25 wt% styreneI7). Infra-red spectroscopy

indicated that about 10% of the 1,4-butadiene was in the cis form in these

materials. The styrene, 1,4-butadiene and 1,2-butadiene content of these

polymers was determined by 1H NMR (see Table 6.1).

6.3.2 Hydrogenation: 30 grams of PSB were added to 600 ml of p-xylene

(HPLC grade purchased from Aldrich) and stirred for two to three days until it

dissolved . Dissolved gases were removed by three freeze-pump-thaw cycles and

the solution was then placed into a two liter Parr pressur~~eactor (Parr

Instrument Co). 20 mg Wilkinson's catalyst, tris (triphenylphosphine) rhodium

(I) chloride, (Aldrich) was added for every gram butadien2 in the solution, and

the reactor vessel closed, purged with hydrogen gas, and pressurized up to 350

psi with H2. The hydrogenation reaction was allowed to proceed at 50'C for 36
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Figure 6.1 ScheI!l~tic diagram outlining the synthetic scheme.
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hrs under constant agitation. The hydrogenated form of the P5B-5, P5B-23 and

P5B-45 will be referred to as P5E-5, P5E-23 and P5E-45 respectively. The

hydrogenated materials were diluted by the addition of xylenes (P5E-5 and PSE

23) or chloroform: xylenes 0:1) (P5E-45) to yield a 1% (w/v) solution, and were

then precipitated into an excess of hot methanol (50·C). This was repéated three

times to remove as much of the residual catalyst as possible. The polymers were

dried in a vacuum oven at SO'C for 5 days, and kept in a desiccator uIltit lISé.'

6.3.3 Sulfonation: A modification of the methods of Makowski et. a/.1S and
"

Thaler19 were used for the sulfonation of the P5E-45. 5ulfonation of P5E-45 was

typically carried out according to the following procedure: 3g P5E-45 ~fs placed

in 150 ml of chloroform (Aldrich, HPLC grade) and was stirred at 50'C under dry

nitrogen for 24 hrs to ensure dissolution of the polymer. The appropriate amount

of sulfonating reagent (see later) was charged into the solution and the reaction

allowed to continue for 12 hrs at 50'C underadry nitrogen blanket. The product
'.:<:

was recovered by steam stripping and was purified by repeated swelling in

water or methanol (ca. 200 ml), agïtating in this solution for 24 hrs, and

subsequent decanting and washing. This purification process was repeated three

times. The product was stored in a "wet" formina sealed container until further

use.

One of two reagents was used for the ,sulfonation re1.ction, depending on the

desired sulfonation level: reagent A consisted of 2 ml of 95% H2S04 (ACP

Chemicals Inc) premixed with 5.6 ml acetic anhydride (A&C American

Chemicals) in lO,O,ml chloroform (HPLC) at 25'C; rêag;;~tB~?nSisted of 3.7 Ihl of
,1

99% ClS03H (Aldrich) premixed with 12.S g lauric aci9.l (Eastman Organic
'''-.

Chemicals) in 100 ml chloroform (HPLC) . Assuming 100%~q:mversion the
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amount of reagent A needed was calculated to be 0.98 ml per gram of polymer,

per mol percent sulfonation needed, and that for reagent B was calculated to 0.87

ml per gram of polymer, per mol percent sulfonation.

6.3.4 Neutralization: The sulfonation level was determined by titrating a

small amount of polymer with a stilndardized tetramethyl ammonium hydroxide

(TMAH) solution in xylenes:n-butanol (3:1). The most consistent results were

obtained by using the following procedure: to a tared flask wer'! charged 0.5 g of

wet polymer, 50 ml of xylenes: n-butanol (3:1) and several drops of Thymol Blue

indicator solution (0.6g in 250ml absolute ethanol). The solution was titrated with

0.0218N TMAH to the first characteristic red/yellow color change. The solvents

were removed using a rotary vacuum apparatus, the flask and product dried at

90'C under vacuum for 5 days, and then weighed. From the obtained weight of

the product and the amount of TMAH solution used for the titration, the

sulfonation level was calculated.

The bulk neutralization of the samples with various metal counterions was

carried out by dissolving the "wet" sulfonated polymer in xylenes: n-butanol (3:1)

to a 5% (w/v) solution and slowly adding the methanolic metal hydroxide (ca.

O.1N) to the first Thymol Blue transition. Sorne of the polymer solutions turned

cloudy before 100% neutralization was achieved, and the addition of methanol to

these solutions usually resulted in sorne clarification of these solutions.

The ionomers will be identified by the designation XM-5P5E-45, where X is the

mol% ionic group content and M is the counterion type. Thus, 15Na-5P5E-45

represents a sulfonated P5E-45 ionomer containing 15 mol% sodium sulfonate

groups.

0'
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6.3.5 Characterization: The products and the starting materials were

characterized by using nuclear magnetic resonance spectroscopy (NMR),

Fourier-transform infra-red spectroscopy (FTIR), elemental analysis, differential .

scanning calorimetry (DSC), thermo-gravimetric analysis (TGA) and dynamic

mechanical thermal analysis (DMTA).

NMR: IH NMR spectra wert: recorded on a 200 MHz Varian XL 200

spectrometer. Chloroform-d1 (MSD Isotopes) was used as solvent for the PSE-23,

PSE-45 and al! three PSB materials, while p-xylene-dlO (Aldrich) was used for the

PSE-5. Dimethyl sulfô'Xide-d6 (MSD Isotopes) was used as solvent for the

ionomers.

FrIR: An Analect model AQ5-20 spectrometer was used to record the infra-red

spectra. A resolution setting of 2 cm-1 and 30-64 scans were utilized. Samples

were cast as thin films on KBr windows.

Elemental analysis: Elemental analysis was used to determine, the extent of

sulfonation of the PSE-45 materials from the sulfur to carbon ratios. It was

performed by Gu~lph Laboratories Ltd. The average of two determinations was

used to establishl{he extent of sulfonation.
'~

\1
OSC: A Perkin Elmef'DSC n, calibrated with indium, was used to record the

glass transition (Tg)' and melting temperatures (Tm) of the PSB and PSE samples.

The samples were first heated to 120'C then cooled to -100'C at 20'C/min, held

at this temperature for 2-5 min and thf',iscanned at 20·C/min. Tg and Tm were
~

recorded during the second heating scan. The Tg was taken at the midpoint of
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the heat capacity change while Tm was recorded at the maxima of the

endotherms.

TGA: A Seiko 220 TG/OTA instrument was used to record the weight 1055 of the

samples. The samples were scanned at a heating rate of 10·C/min under

nitrogen (200 ml/min).

DMTA: Samples for OMTA were molded at about 200·C under low pressure. A

Polymer Laboratories Oynamic Mechanical Thermal Analyzer (OMTA) was used

to record the dynamic mechanical properties of the materials using frequencies

of 0.3, 1,3, 10 and 30 Hz,md a heating rate l·C/min. To estimate the activation

energies of the transitions, an Arrhenius plot of the reciprocal of the absolute
1.

transition peak temperatures against the logarithmic frequendes was used.

6.4 RESULTS AND DISCUSSION

6.4.1 Synthesis and Structural Characterization:

Hydrogenation: Several techniques exist for the selective hydrogenation of

butadiene in random copolymers of butadiene with other comonomers20-26.

Catalysts, such as platinum black22, p-toluenesulfonylhydrazide23 and

Wilkinson's24-26 have been used successfully. Since Wilkinson's catalyst was

found to be extremely efficient in the selective hydrogenation of

styrene/butadiene star-block copolyrners26, which contain the same two

monomers (styrene and butadiene) as the PSB, this catalyst was also chosen for
'.'-., -;:::;:.."

the present study. p-Xylene was used as the sol~enl: for the hydrogenation C'

reactions as opposed to the methyl ethyl ketone (MEK) used for the star
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copolymers. This ensured the solubility of the high molecular weight PSB

materials during the reaction since p-xylene is a good solvent for ethylene. After

the reaction, the hydrogenated PSB-5 material (PSE-5) was found to form a gel in

this solvent at room temperature. The formation of polyethylene gels in various

solvents including o-xylene, has been previously reported, and this is a function

of both the concentration and the temperature of. the solution27. The PSE-5 gel

again formed a clear solution when heated or diluted to a 1% (w/v) solution, so

that subsequent purification by precipitation was easily accomplished.

The efficiency of the hydrogenation reaction was monHored by FTIR and NMR

spectroscopy. The FI1R spectra of the PSB materials clearly show diene bands at

965 and 910 cm-1 (Irans form) and 995 cm-l which disappear afrer hydrogenation.

This is shown in Figure 6.2 (top) for PSB-45 and its hydrogenated derivative, PSE

45. As can be seen, the styrene bands at 700 and 760 cm-l remain unchanged. The

proton NMR spectra show the complete elimination of the olefinic proton

resonances in the 4-6 ppm region for the PSE materials (Figure 6.2: bol/om) and

suggests that the hydrogenation is essentially quantitative. Table 6.1 lists the

compositions for the PSB materials before, and after hydrogenation (PSE
. ~

materials). The compositions of the PSB materials were deterrnineâ by NMR

from the integrated areas under the peaks corresponding to the aromatic protons

(6.5 - 7.5 ppm), olefinic protons of the l,4-butadiene (ca. 5.5 ppm), olefinic

protons of the 1,2-butadiene (ca. 5.0 ppm), and aliphatic protons (1.0 - 3.0 ppm).
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Figure 6.2 Infra-red (top) and NMR spectra (bottom) of PSB-45 and PSE-45

(hydrogenated P5B-45).
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The composition of the PSE materials was calculated by assuming quantitative

hydrogenation of the PSB materials. Note that the mol% of styrene decreased

after hydrogenation, as opposed to a negligible change in the wt%. This occurs

because every butadiene unit yields two ethylene units ("y" in Figure 6.1).

Table 6.1 Composition of the polymers.

A. Before hydrogenationa;

PSB-5 PSB-23 PSB-45
mol% wt% mol% wt% mol% wt%

styrene 3 5 13 23 30 45
1,4-butadiene 80 78 72 64 57 45
1,2-butadiene 17 17 15 13 13 10

B. After hydrogenationb:

PSE-5 PSE·23 PSE-45
mol% wt% mol% wt% mol% wt%

.~%rene 1.5 5 8 22 19 44
et ylene 89 78 84 65 73 46
butylene 9.5 17 8 13 8 10

a, determined by NMR.
b, calculated.

DSC and wide angle X-ray scattering revealed that the PSE-5 and PSE-23 are

both semi-crystalline polymers, containing about 10% and 3% crystallinity,

respectively. The Tm of the PSE-5 and PSE-23 are about 70'C and 40'C,

respectively. In contras t, the PSE-45 is arriorphous. The hydrogenation of the PSB

materials causes an increase.incthe.polymer glass transition temperatures. The
. - . ~

variation of the Tg with styrene content ôf,1he PSB and PSE is shown in Figure



Chapter 6: SlIlfonated PSE Ionomers / 162

6.3, as determined by DMTA. The Tg values obtained by DSC parallel those by

DMTA, but are about lS'C lower. The almost linear variation of Tg with

composition for the hydrogenated PSB (PSE) materials is similar to that observed

for other hydrogenated butadiene copolymers, e.g. those with acrylonitrile24.

Note that the extrapolation of the Tg for the PSB materials to 0% falls slightly

above the value for polybutadiene. This is most probably due to a higher number

of 1,4-butadiene units (relative to 1,2-butadiene units) in this polybutadiene than

in the PSB materials.

Sulfonation: In order to keep the sulfonation reaction as simple and as easily

performable as possible, the reagents and solvents used were ail used as

received, as is conveniently done for the sulfonation of polystyrene18,19. HPLC

grade chloroform was used as the solvent since it contained amylase as a

stabilizer, as opposed to the ethanol in reagent grade chloroform, which

interferes with the sulfonation reaction. The polymer was found to dissolve weil

in this solvent at SO'c. Reagent A was successful in sulfonating the PSE·4S up to

a level of approximately 9 mol%. Attempting higher sulfonations with this

reagent was found to lead to a decrease in the sulfonation efficiency which can

be ascribed to the precipitation of the polym.:.r during the course of the reaction,

presumably due to solvent/polymer polarity differences. The study of Thaler19

of various reagents for the sulfonation of polystyrene in a low polarity solvent

(cyclohexane) showed that lauryl sulfate is quite effective in improving the

sulfonation eŒciency. Thus, sulfonation to higher levels of the PSE-4S was

achieved by using reagent B, with the lauryl sulfate acting as a phase-transfer

catalyst. Evel);with this reagent, however, the conversion was usually between

40-50%. Thes~;sulfonation reaction conversions are simiIar to those obtained for_. -.

the sulfonation of the styrene/butadiene di-blocks (50 - 60% conversions)28 and
, ~-
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Figure 6.3 Glass transition temperatures of the PSB and PSE polymers as

determined by DMTA. The Tg was taken at the temperature corresponding to the
tanS peak maximum at 1 Hz.
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star-blocks (where a threefold excess of acetylsulfate is used to achieve the

required degree of sulfonation)26,29.

The complete removal of residual acid from the final product after sulfonation is

very critical in these polymers since they can interfere with the titration results

and the final product properties. The effectiveness of the repeated washing with

water or methanol te remove residual acid is borne out by the unchanging

sulfonation level after th:ree repeated washings, and also by the close

corres1JOndence of the sulfonation levels obtained by titration with those

obtained by elemental analysis (Table 6.2).

Table 6.2. Sulfonation levels.

mol% Sulfonation

Designationa titration SIC ratiob

5M-SPSE-45
9M-SPSE-45

10M-SPSE-45

4.5
8.9

10.9

5.3
8.9
9.9

a, 'M' denotes the counterion, either H or Cs.
b, From elemental analysis.'

The highly sulfonated polymers (e.g. 15H-SPSE-45) are partially soluble in water

or methanol, forming highly swollen, loose gels in these solvents, and therefore

these polymers were recovered by precipitating into an excess of anhydrous

ether as opposed to simply decanting the solvent. The use of anhydrous ether

was also effective in removing the excess lauric acid From these polymers, as was
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seen by the disappearance of the strong carbonyl band at ca. 1700 cm-1 in the

FTIR spectra of the polymers after purification.

It must be noted here that the sulfonated polymers in the acid form are unstable,

turning dark brown and cross-linking upon thorough drying. Therefore, these

polymers have to be kept in a "wet" form, in a sealed container, until neutralized.

This problem has also been found for the sulfonated star-block ionomers26, and

is weil known to be operative in other low Tg sulfonated polymers.

Neutralization: During the neutralization of sorne of the sulfonated polymers

with the metal hydroxide solutions, it was found that the polymer sometimes

precipitated near the end-point of the titration. This was overcome to sorne

extent by the addition of n-butanol or methanol to the polymer solution during

titration. In ail cases, however, the neutralization before precipitation was greater

than 80%.

The highly sulfonated polymer, containing ca.l5 mol% sulfonate groups, was

found to be soluble in a 1:1 solvent mixture of methanol:THF. The complete

dissolution in this solvent, however, io5 a slow;process and can take severa! weeks

before a cle,; solution is obtained. This polymer was easily titrated with a
~.//

sodium hydroxide solution (-o.lN) to a phenolphthalein end-point, without any

precipitation of the polymer.

Characterization: FTIR and NMR were used to confirm the sulfonation of the

styrene groups of the P5E-45 polymer. Figure 6.4 shows a typical series of FTIR

spectra before sulfonation, after sulfonation and after neutra!ization with

sodium. The broad band centered::'!)'ound 1200 cm-1 is characteristic of the
<: ;-;.=-"::: 1

/~-"

,l,'
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Figure 6.4 FTIR spectra of the PSE-45 polymer (top), after sulfonation to 15

mol% (middle), and after neutralization with sodium (bottom).
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o=s=o asymmetric stretching vibration,lI,30 while that occurring at ca. 1040 is

due to the symmetric stretching vibration. These bands are also seen for

sulfonated polypentenamers, where the sulfonic acid groups are attached to

olefinic carbons along the polymer backbone11. However, the bands at 1130 and

1010 cm-1 are characteristic of sulfonated polystyrene and are not observed for

sulfonated polypentenamers. The intense absorption at ca. 1130 cm-1 is due to the

in-plane skeletal vibration of the disubstituted benzene ring30. The broad

hydroxy peaks at 3400 and 1650 cm-1 indicate the presence of water in the

sulfonated.pol}'lners, suggesting their. hygroscopic na.ture, as,is the usual case for

ionomers.

Figure 6.5 shows the NMR spectra of the highly sulfonated P5E-45 (15Na-5P5E

45). The peak at 7.5 ppm is due to the aromatic protons adjacent to the sulfonate

group on the styrene unit, as indicated. The absence of any peaks between 4.0

and 5.0 ppm and at 6.6 ppm suggests that none of the sulfonate ions are attached

to aliphatic or olefinic carbonslI. This provides further evidence of the

sulfonation of the styrene uni';s of the P5E-45. The presence of two small peaks at
/;:", .

7.7 and 7.9 ppm is most pr\>bably due to the presence of sorne styrene units

. containing two sulfonate groups (in the para- and ortho- positions), as suggested

by the assignments in Figure 6.5.

Figure 6.6 shows the TGA curves for the unhydrogenated PSB-45, the

hydrogenated P5B-45 (P5E-45) and two P5E-45 ionomers containing ca.15 mol%

. lithium or sodium sulfonate groups. The P5E-45 has a higher thermal stability

than the P5B-45, due to the absence of the unstable, unsaturated linkages, present
/i '::::-.
i,in the PSB-45. The ionomers show a small but graduaI weight loss from 160'C to,

(: .;/ 400'C, followed by major decompo~jtion at around 450·C.this initial weight 1055
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Figure 6.5 Solution lH NMR spectra for the 15Na-SP5E-45 ionomer taken in
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Figure 6.6 TGA traces for PSB-45, hydrogenated PSB·45 (PSE-45) and h\TO

ionomers containing 15mol% ionic sulfonate groups with either lithium or
sodium as counterions (as indicated).
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can he attributed to the loss of water, since these ionomers are hygroscopie, as

seen by the presence of a hydroxyl band in the FTIR spectra (Figure 6.4). A

distinctive feature of the Ionie materials is the large amount of residual material

above 480'C as has also been noted for other ion containing polymersll,28. The

primary source of this is the inorganic component of the ion containing polymers

whieh accounts for about 80% of this residue in these ionomers; the balance of

this residue most probably due to char formation. Despite the high sulfonation

levels of these ionomers, they are quite stable when compared to hydrogenated

polypentenamers whieh show sorne signifieant decompositon at 350'C11.

6.4.2 Ionomer phase behavior:

Dynamie mechanieal methods have been extremely useful in the analysis of the

phase behavior of random ionomers31,32. By these techniques, random ionomers

typieally show the presence of two glass transition temperatures: the lower one"is

associated with a low Tg phase, and the higher one with that of a clustered

phase32,33. Plots of storage moduli (E') and loss tangents (tanS) as a function of

temperature are shown for P5E-45 and for a number of sulfonated P5E-45

ionomers: in Figure 6.7 at a frequency of 1 Hz. The E' curves for the sodium

neutralized ionomers show the presence of a pseudo-rubbery plateau, whieh

increases with increasing ion content. For the ionomer containing 15 mol%

sodium-s:uJfonate groups, this plateau is at least one order of magnitude higher

than for the ionome>r containing 5 mol% sodium sulfonate groups. Also evident

in this figure is the more extended pseudo-rubbery plateau, for the ionomer

containing 15 mol% of cesium sulfonate groups compar~d to those of the

ionomers containing lithium or sodium sulfonate groups. This may be due to the

--"--" ;---~.
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Figure 6.7 Plots of E' (top) and tan8 (bottom) for unfunctionalized PSE-45 and a
series of sulfonated PSE-45 ionomers, The numbers refer to the mol% sulfonation
and the letters to the counterion type,
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.iarger size of the Cs counter ion when compared to Li and Na so the the total

volume fraction occupied by the ionic groups in the Cs neutralized material is

higher than in the Li or Na neutralized materiais. The effect of the counterion in

these materials needs to be further explored.

Figure 6.7 (bottom) shows that these ionomers have two loss tangent peaks, the

one occurring at lower temperature can be ascribed to the presence of a low Tg

phase, while the one occurring at higher temperature to that of a clustered phase.

As the ion content of the ionomer is increased, the tanll due to the low Tg phase

decreases in height while that of the clustered phase increases in height.

These plots are very similar to those reported for poly(styrene-co-sodium

methacrylate) ionomers. There are two notable differences: 1. the loss tangent

maxima of the low Tg phase in the P5E-45 ionomers remains essentially constant

at ca. O'C as opposed to a 4-5'C/mol% increase for the polystyrene ionomers, 2.

the presence of an extended pseudo-rubbery plateau, whieh spans almost 100'C

for the cesium ionomer, and whieh is only seen as an inflection cf the E' vs.

temperature curve for the polystyrene ionomers. The relatively constant value of

the transition temperature for the low Tg phase for the 5P5E-45 ionomers is

probably due to the fact that only the styrene units of the]5E-45 are

functionalized with Ionie groups, and this results in the incorporation of the

styrene units into the multiplets with the resultant removal of these units from

the multiplet-free material. Thus, the removal of styrene units fram the

multiplet-fre~ material in the low Tg phase and the reinforcing effect of the

multiplets have opposing effects on the transition temperature of this phase. This

results in relatively insignificant net movement ofthis transition temperature.
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This invariance of the low Tg phase transition temperature can also, to a certain

extent, accounts for the extended pseudo-rubbery plateau seen in these

ionomers.

The increase of the transition temperature of the clustered phase with ion content

in these ionomers is approximately 8'C/moi% ion content, and this corresponds

closely to that seen for the polystyrene ionomers, containing sodium

methacrylate ionic groups31.

Apparent activation energies (t.Ea) were also determined for sorne of the 5P5E-45

ionomers, and these are shown in Table 6.3. It must be remembered that the

confidence limit for these numbers is ±30 kJ/moI32., and may even be larger

considering that only single determinations were done per sample. They are

presented here to show the relative magnitude of these values and also to show

that they are considerably lower than for the poly(styrene-co-alkali methacrylate)

ionomers.

Table 6.3 Apparent activation energies t.Ea for the
phases.

t.Ea (kJ/mol)

sample

5Na-5P5E-45
9Na-5P5E-45

15Na-5PSE-45

280
210
250

clustered

110
150
_a

a, could not be determined.
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For the poly(styrene-co-alkali methacrylate) ionomers DEa for the low Tg phase

ranges from 500 to 650 kI/moi while the tJ.Ea for the dustered phase ranges from

200 to 450kI/moI32. The corresponding values for the 5P5E-45 ionomers are

much lower, as would be expected from the lower transition temperature of the

phases in these ionomers.

6.5 CONCLUSIONS

The synthesis of a novel sulfonated ionomer has been described. The method of

synthesis consists of the hydrogenation of a poly(styrene-butadiene) random

copolymer, to remove the olefinie unsaturation, followed by sulfonation and

neutralizadon of the styrene units in the polymer to yield the ionomer. The

hydrogenation of poly(styrene-butadiene) random copolymers, containing 5, 23,

and 45 wt% styrene yield semi-crystalline polymers frorn P5B-5 and -23, but an

amorphou~material from P5B-45. Although this paper describes the

functionalization of only the amorphous material, similar sulfonations of the

,P5B-5 and -23 can be carried out to yield semi-crystalline sulfonated ionomers.

The synthesized ionomer is characterized by D5C, NMR, FTIR, TGA and

dynamie mechanieal methods. These ionomers show the presence of a low Tg

and a dustered phase, which are often seen in random ionomers. With increasing

ion content, the transition temperature of the low Tg phase remains relatively

constant at O'C while the dustered phase transition temperature increases with

the rate of ca. S'C/mol%. An extended rubbery plateau is seen for these materials

whieh can span almost 100'C when the Ionie groups is cesium sulf~,nate, and the

ion content is 15 mol%.
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Chapter 7

CONCLUSIONS, CONTRIBUTIONS TO
')

ORIGINAL KNOWLEDGE AND SUGGESTIONS
FOR FURTHER WORK

7.1 CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL
KNOWLEDGE

This work shows that the functionalization of polystyrene with. certain ionic

groups can considerably enhance the miscibility between aliphatic polyamides

and polystyrene. The choice of the ionic group is critical in determining the

extent of the miscibility enhancement achieved. Thus, at equal functional group

content, the polystyrene ionomer containing lithium sulfonate groups is much

more effective in enhancing the miscibility between polystyrene and aliphatic

polyamides than ionomers containing either sodium sulfonate, lithium

carboxylate or sodium carboxylate groups. Miscibility enhancement is also seen

when the polystyrene is functionalized with unneutralized sulfonic acid groups,
~ ;;:;::::';;.0_-
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although the extent of this miscibility enhancement is less than that obtained

with lithium sulfonate groups.

In the first part of this study it is shown that the unneutralized sulfonic acid

groups interact strongly with amide grt,..tps, but cause the catalytie degradation

of the polyamide. Thus, solution blends of polyamide-6 (PA-G) and polystyrene

(PS) functionalized with sulfonic acid groups, form a gel at certain amide (A) to

sulfonie acid (5) ratios (AiS). Scanning electron micrographs of fracture surfaces

of the melt blended PA-6 and sulfonated polystyrene (SPS) samples show that

the PS is weil dispersed, even when functionalized with as little as 2.2 mol%

sulfonie acid groups. Analysis of the extracted PA-6 from the melt blended

samples, as weil as DSC studies on solution cast blends, reveals that the wlfonic

acid groups in the blend cause the catalytic hydrolysis of the PA-G at processing

. temperatures (ca.250·C). The extent of this degradation is inversely related to the

AIS ratio. Degradation of the PA-6 is not observed when the sulfonie acid

groups are neutralized with either lithium or sodium.

Strong miscibility enhancement is seen between PA-6 and polystyrene ionomers

containing lithium sulfonate groups (LiSPS). This is the first detailed study of

these blends. It is shown that these blends are either one or two phase (on the 50-:"

100A scale), depending on the lithium sulfonate content of the ionomer as weil as

the blend composition. This phase behavior is described by a simple and novel

equation whieh considers the heat of mixing to be dominated by two opposing

interaction enthalpies: the specifie interaction of the lithium styrene sulfonate

units with the amide units of the PA-6, and the random, unfavorable interaction

of the styrene withihe amide units. This equation adequately models the
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miscibility behavior of these blends, and predicts miscibility throughout the

composition range (onthe;O -looA level) if the LiSPS contains ~12 mol%.

Numerous studies exist on the effect of low molecular weight diJuents on the

ionic aggregation in random ionomers. It is shown here, by dynamic mechanical

measurements, that the PA-6 acts as a high molecular weight polar diluent when

blended (up to 25 wt%) with LiSPS, but acts as neither a polar nor a non-polar

diluent when the ionomer contains sodium sulfonate groups instead of lithium

sulfonate groups. This is the first report of the polar diluent nature of PA-6 in

blends with LiSPS ionomers. Furthermore, it is shown that there is a singular

blend composition for the LiSPS/PA-6 blends at which the simultaneous

hindering of crystallization and ionic aggregation is at a maximum. This results

in a single phase material with considerable phase purity, as suggested by a

sharp and narrow loss tangent at this composition.

The miscibilityenhancement between LiSPS ionomers and aliphatic polyamides

is also shown to depend on the amide content of the aliphatic polyamide, a~ c

expected. Thus, PA-6 and polyamide-66 (polymers which contain thesame

amount of amide groups) show the same extent of miscibility enhancement with

LiSPS ionomers. On the other hand, the miscibility enhancement decreases when

going from polyamide-610 to polyamide-ll in the blend, corresponding to a

decrease in the amide content of the polyamides. Collating the miscibility

information on the 50:50 blends of the LiSPS ionomers with the various aliphatic
~,.

polyamides, il "miscibility map" is drawn as a function of the lithium sulfonate

content of the ionomer and the amide content of the polyamide. This provides a

useful guide to the level of lithium sulfonate content of the LiSPS required in
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order to observe a single glass transition temperature in a 50:50 blends of this

ionomer with any selected aliphatic polyamide.

Although this work primarily concentrates on the miscibility enhancement of

blends of polystyrene with aliphatic polyamides, the miscibility enhancing effect

of the lithium sulfonate groups is expected to be applicable to other polymers

that can also be functionalizecl with these groups. With the view of showing this,

and with the possibility of improving the impact strength of the polyamide

component, nove! sulfonated hydrogenated poly(styrene-butadiene) ionomers,

having a low glass transition temperature, were synthesized and characterized.

These new ionomers are thermally stable up to 450'C in the neutralized form,

and show the presence of a "Iow Tg" phase and a "clustered" phase, as is often

seen in other random ionomers.

The ease with which lithium sulfonate groups can be chemically attached to

organic molecules, as weil as the strong interaction of these groups with amide

groups, can be expected to lead to their use in many areas of research and

applications involving amide containing polymers. This is especially evidilnt

when considering the vast number of naturally occurring, as weil as synthetic

polymers contain amide groups. In the case of naturally occurring polymers, the

amide group (often referred to as the peptide linkage), occurs in polypeptid~s

and proteins. Among the proteins, for example, are important biological

materials such as keratin (found in skin, hair, nails and wool), collagen (found in

tendons), fibroin (found in silk), insulin and hemoglobin. Among the synthetic

polyamides are aromatic polyamides (e.g., Kevlar), mixed aromatic-aliphatic

polyamides (e.g., Selar) and, of course, aliphatic polyamides (e.g., polyamide-6).
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Synthetic polyamides have a variety of important commercial applications,

ranging from textile fibers to engineering thermoplastics.

7.2 SUGGESTIONS FOR FURTHER WORK

7.2.1 Model compound studies: The nature of the specifie interaction (by

FTIR) between the lithium sulfonate and the amide groups in PA-6/LiSPS blends

is currently in progress. As an aid to this stuây, blends of metal neutralized p

toluene sulfonic acid (PTSA) and. N-methyl acetamide (NMA) could also be
• c

investigated. These model compound mixtures have the advantage of being easy

to prepare, allowing a large number of counterions to be easily investigated, and

avoiding the swampirigof the spectra by non-interacting groups.

Heat of mixing experiments (using a calorimeter) of the metal neutralized PrSA

with NMA could also be invaluable in comparing the interaction enthalpies of a

variety of metal neutralized sulfonate groups. In L'1is way a table of inte.action

enthalpies for a variety of metal sulfonates with amides could be obtained.

7.2.2 Blending thermodynamics: The equation deriveà in Chapter 4 ..~

predicts that the LiSPS ionomer should be miscible with PA-6 throughouUhe

composition range when the ionomer contains ca. 12 mol% ionic groups

("miscibility" being defined as a single glass transition for the blend, as seen by

dynamic mechanical measurements). This prediction should be experimentally

verified.
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Synthetic polyamides have a variety of important commercial applicatio••s,

ranging from textile fibers to engineering thermoplas tics.

7.2 SUGGESTIONS FOR FURTHER WORK

7.'..1 Model compound studies: The nature of the specific interaction (by

FTIR) between the lithium sulfonate and the amide groups in PA-6/Li5PS blends

is currently in progress. As an aid to this study, blends of metal neutralized p

toluene sulfonic acid (PTSA) and N-methyl acetamide (NMA) could also be

investigated. These model compound mixtures have the advantage of being easy

to prepare, allowing a large number of counterions to be easily investigated, and

avoiding the swamping of the spectra by non-interacting groups.

Heat of mixing experiments (using a calorimeter) of the metal neutralized PTSA

with NMA could also be invaluable in comparing the interaction enthalpies of a

variety of metal neutralized sulfonate groups. In this way a table of interaction

enthalpies for a variety of metal sulfonates with amides could be obtained.

7.2.2 Blending thermodynamics: The equation derived in Chapter 4

predicts that the LiSPS ionomer should be miscible with PA-6 throughout the

composition range when the ionomer contains ca. 14 mol% ionic groups

("miscibility" being defined as a single glass transition for the blend, as seen by

dynamic mechanical measurements). This prediction should be experimentally

verified.



(

c
,, '

Chapter 7: Conclusions, contributions & further work / 183

Previous work has shown that the miscibility of poly (alkalene oxide)s with

poly(styrene-co-lithium methacrylate) ionomers depends on the ionic group

content of the ionomer as weil as on the blend composition (as has been found in

this work for the LiSPS blends with PA-6). It should therefore be possible to

obtain a similar Equation to that presented in Chapter 4 to predict the miscibility

behavior of these blends.

7.2.3 PolyesterlLiSPS blends: Since it is believed that the lithium interacts

with the carbonyl oxygen of the amide unit in the LiSPS/PA-6 blends, LiSPS may

also be strongly interacting with polyesters. A whole variety of polyesters

(biological as weil as synthetiC) are commerciallYf available and therefore the

effect of molecular parameters (e.g. ester content) on the miscibility with LiSPS

could be studied.

7.2.4 Small-angle neutron scattering (SANS): SANS is a powerful tool

in accurately determining the size of phases in polymer blends. It could be

applied in studying the average phase size in blends of deuterated LiSPS with

PA-6 as a function of composition and ionomer functionality. These results could

be compared to those obtained by dynamic mechanical measurements and NMR

spectroscopy, providing further insight into the morphology of these blends.

7.2.5 Semi-crystalline sulfonated PSE ionomers: The synthesis

presented in Chapter 6 of an amorphous sulfonated Ethylene based ionomer

should be extended to the sulfonation of the semi-crystalyne poly(styrene

ethylene-butylene) (PSE) materials. The phase behavior (by DMTA) and
. . ~j

morphology (by SAXS) of these new ionomers can then be compared to that of

the amorphous PSE ionomers. This could provide some insight on the influence
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of the polymer backbone architecture on the ionomer characteristics, such as

ionic aggregation numbers, distance between multiplets and apparent transition

activation energies.

7.2.6 Improvement of the Impact Properties of Polyamides: The

strong interaction of the lithium sulfonate group with amide units provides a

way of achieving compatibility between materials possessing good impact

properties and polyamides. For example, high impact polystyrene (I-ITPS) and

polyamide-6 are both commercially available materials. LiSPS interacts strongly

with the PA-6, as has been shown in this thesis, while LiSPS can be expected to

be at least partially compatible with the polystyrene component of the I-ITPS

(depending on the LiSPS functionality). Thus the compatibilization of HIPS with

PA may be achieved by the addition of a small amount of the LiSPS ionomer to

the blend.

In a similar way polyethylene may be, compatibilized with various aliphatic

polyamides by the inclusion of a small amount of lithium sulfonated PSE

ionomer, synthesized according to the method described in Chapter 6.

Altemately, the lithium sulfonated PSE ionomers could be blended directly with

various aliphatic polyamides in order to improve their impact properties.

Sulfonated, hydrogenated styrene-butadiene-diblocks may also be useful as

interfacial agents for the compatibilization of polyethylene with aliphatic

polyamides.

"
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DERIVATION OF EQUATION [3.4]

Let the original average degref:! of polymerization be P(1). Let X be the average

number of cuts pel' chain. The final average degree of polymerization, P(2), after

X chain cuts is given by

P(2) = P(1) / (1 + X) [A.l]

X now needs to be related to the number of sulfonic acids in the system. Let n be

the number of chain cuts pel' sulfonic acid group. 5ince (5/A) is equal to the

sulfonic acid to nitrogen (amide + amine) ratio in the blend,

(5/A) n = number of cuts pel' nitrogen [A.2]

5ince each repeat unit of PA-6 contains one nitrogen, Pm also represents the

number average nitrogens pel' PA-6 polymer chain (amide + amine nitrogens),

andso

(5/A) n P(l) = number of cuts pel' chain = X

Thus,

P(2) = P(l) / [1 + (5/A) n P(1)]

which is Equation [3.4].

[A.3]

[A.4]
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DERIVATION OF EQUATION [4.4]

The equilibriurn constant K for the reaction LiS + PA ~ LiS-PA can be

expressed in the usual way as

K =
[LiS-PA]

[LiS] [PA]
= V [B.l]

where V is the volume of the system, ne is the equilibrium moles of LiS-PA

complex formed and ni and nI are the initial moles of LiS and PAunils,

respectively. Since ni = nz~ , where nz is the total number of LiSPS polymer

repeat units in the system and ~ is the fraction of these that are ionic, Equation

[B.l] can be written as

K = V [B.2]

We need to relate the nurnber of moles to the volume fractions of the different

species in the system. The volume fractions are given by

[B.3]

where Ve is the volume occupied by the LiS-PA spedes at equilibrium, and Vz
and VI are the volumes occupied by the LiSPS and PA polymer units,

respectively. Let the reference volume Vr be the average molar volume of a

polymer repeat unit. Note that the amorphous densities and the average repeat

unit molecular weight of the PA-6 and LiSPS are about the same so that V r
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closely represents the polymer repeat unit molar volume of both the LiSPS and

thePA-6. Wenow get

giving

[BA]

[B.S]

Note that one mole of LiS-PA complex occupies a volume of 2Vr since this

complex is made up of two polymer repeat units. Substituting the terms from

Equation [B.S] into Equation [B.2J, and factoring out the Vr terms, gives

[B.6]

Using Equation [B.3J, the equilibrium constant can be expressed in terms of

volume fractions:

K =

which is Equation [4.4].

[B.7]
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SUPPLIMENTARY DATA FOR CHAPTER 4

The data are presented in the table on the next page.



n "

Supplementary data. LiSPS10 and LiSPS5 blends with PA-6: analysis of the DMTA data.

tan/) (PA) tan/) (cl) tan/) (blend)
En a A/Li Tg H WHH Tg H Tg H WHH E'b Eubmax

% (MPa) ("C) ("C) ("C) ("C) ("C) (MPa) (MPa)

LiSPS10 Blends

0 79 75 0.09 50 - - - - - 650 70
10 134 92 81 0.11 54 - - 107 0.03 25 524 65
30 180 24 - - - - - 118 0.27 37 426 134
50 190 10 - - - - - 130 0.60 25 136 92
70 282 4 - - - - - 134 1.56 19 28 52
77 222 3 - - - 183 0.51 140 1.18 19 30 42
90 170 1 - - - 208 0.39 154 0.67 32 52 52

100 159 0 - - - 230 0:45 150 0.36 39 158 68

LiSPS5 B1ends

0 79 75 0.09 50 - - - - - 650 70
10 94 159 78 0.08 58 - - 108 0.03 23 615 57
30 135 41 97 0.13 56 -- - 114 0.13 19 347 91
50 243 18 103 0.06 31 - - 122 0.38 23 310 142
70 275 8 - - - - - 119 1.69 20 17 32
82 264 4 - - - 191 0.36 129 1.67 17 29 52
86 280 3 - - - 191 0.31 130 1.48 i8 39 63
90 222 2 - - - 202 0.25 132 1.21 19 30 40

100 200 0 - - - 217 0.39 132 1.09 18 40 47

~
Symbols: H, absolute hei~tof deconvoluted tan/) peak; WHH, width at half height of deconvoluted tan/) peak. ~
a, maximum recorded v ue of En in the experimental temperature range, 0 to abOut 220 "C. '"::t
b, values of E' and En taken at Tg(blend) >:l.

H'
0
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SUPPORTING DATA

The supporting data for the figures in this thesis are provided on high capacity

floppy diskettes, which are formatted for use with IBM®PC compatible

computers. The complete figures, along with data listings, can he accessed from

disk # 1 using the SigmaPlot"" software (Version 4.1) supplied by Jandel

Scientific (65 Koch Rd., Corte Madera, CA 94925; phone: (415) 924-S640 ), and

available from computer software suppliers. The figure numbers and the
corresponding file names are listed here :

File
CH6FIG3.SPG
CH6FIG7.SPG

File
CH5FIGl.SPG
CH5FIG2.SPG
CHSFIG3.SPG
CH5FIG5.SPG
CH5FIG6.SPG
CHSFIG7.SPG

Chapter 4:(collt'd)
Figure File

4.5 CH4FIG5.SPG
4.6 CH4FIG6.SPG
4.7 CH4FIG7.SPG
4.S CH4FIGS.SPG
4.9 CH4FIG9.SPG

Chapter6:
Figure

6.3
6.7

Chapter5:
Figure

5.1
5.2
5.3
5.5
5.6
5.7

Chapter4:
Figure File

4.1 CH4FIG1.SPG
4.2 CH4FIG2.SPG
4.3 CH4FIG3L.SPG

&
CH4FIG3RSPG

4.4 CH4FIG4.5PG

Chapter3:
Figure File

3.1 CH3FIG1.5PG
3.5 CH3FIG5.5PG
3.6 CH3FIG6.SPG
3.S CH3FIGS.5PG
3.9 CH3FIG9.5PG

3.10 CH3FIG10.5PG

Chapter2:
Figure File

2.2 CH2FIG2.SPG

Disk # 2 contains aU the above data in ASCII format, e.g. for Figure 4.2 the ASCII

data file is CH4FIG2.PRN.
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