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ABSTRACT

Dynamic Mechanical Properties and Morphology of &g

Additives-Containing Styrene lonomers

Mohammad Lugman

Academic Advisor: Prof. Kim Joon-Seop
Dept. of Polym. Sci. and Engg.
Graduate School of Chosun University
South Korea

lonomers are the ion containing polymers havingaligwp to 15 mol% of the
ions attached directly or indirectly to the polynoiains. The electrostatic force
of the attraction between the ionic groups anddigeificant difference in the
dielectric constants of the ionic groups and thecteically neutral polymer
matrix lead to the phase separation of the ionigugs into the non-polar
polymer matrix, i.e. the ionic groups tend to foaggregates, called “multiplets”
in the polymer matrix. The rigidity of the multipgéedepends on many factors,
but mainly on the strengths of the interactionsveen the ionic groups. A part
of the polymer chains directly attached to the éagrioups feels reduction in the
chain mobility due to the anchoring of that parthaihe multiplet. As the ion
content increases, the number of the multipletsresses leading to the
overlapping of the multiplets. As a result, largentiguous regions of restricted
mobility are formed, termed “clusters”. The clusteshow their own glass
transition {y) at higher temperatures than that of the usuatixn&j of the non-

ionic polymers. The clusters also lead to the dgwelent of a new plateau like
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transition, called “ionic plateau” in the storagedulus plots and a peak in the
small-angle X-ray scattering (SAXS) profile.

In this thesis, the relationship between the stmgstmorphology and property
of polystyrene-based amorphous, random ionomerggU3MTA, SAXS, XRD
and DSC techniques have been presented. The tmsigrises five chapters.
The first chapter deals with a brief introductidntloe polymers, ionomers and
instrumental techniques for their characterizations

The second chapter discusses about the dynancicamieal and morphological
studies of methacrylate and sulfonated polystyrenemer blends containing
salts of aliphatic dicarboxylic acids. The aim bfst study was to know the
effects of the type and amounts of the salts gfhaliic dicarboxylic acids on
polystyrene-based ionomers. It was found that, astnof the ionomer systems,
mainly the amounts of the additives rather thannideire of the ionomer chains,
nature of the ionic groups of the ionomers and tadi, the nature of the
additives (e.g. functionality, aliphatic or arongatshort or long chains), were
responsible for the increase in the modulus ofidhemers. From the results, it
was concluded that the additives have tendencyh&sgrseparate even at low
weight concentrations in the ionomers.

The mechanical properties and morphology of ionemean be tailored by
varying a number of factors including types, sipesition and degree of
neutralization of the ionic groups, and types aftradizing cations, additives and
plasticizers. Thus, in chapter third, the effectsthee addition of barium and
cobalt salts of short to long chain aliphatic dmtylic acids on the dynamic
mechanical properties of poly(styrecestyrene sulfonate) ionomers using
DMTA have been presented. It was concluded thatiytpe of the cations and
number of the carbon atoms of the added organis Bal’e no significant effect
on the mechanical properties of the resulting ioemnand that the organic salts

acted mainly as filler in divalent systems.
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In fourth chapter, the effects of the amphiphifimmines on the dynamic
mechanical properties and morphology of sulfongt@gstyrene ionomers were
analyzed. It was observed that the incorporationthaf diamines led to a
significant decrease in the clusfigs while the matrixTgwas almost unaffected.
In addition, it was observed that on one handywatibn contents of the ionomer,
the addition of diamines induced the clusteringlieg to a slight increase in the
ionic modulus. On the other hand, at high ion cotstethe diamines disrupted
the multiplets of the ionomers leading to a de@eaghe ionic modulus. It was
also suggested that the properties of the ionoysemss were related with the
number of the carbon atoms, and that the diamioesiaas neutralizing agent-
cum-ionic domain plasticizers.

It is not easy to process the sulfonated polgstgrionomers due to their high
flow temperatures, which in turn, due to the strawtgr-ionic association of the
sulfonate groups. In order to reduce the proces&ngperature without getting
significantly adverse effects on the mechanicapprtes of sulfonated ionomers,
long alkyl chains having sulfonate group at theirclead in one of the monomers
may be used as a typical and simple internaliplast. Thus, for the first time,
new polystyrene based ionomers namely poly(stycer@-sulfopropyle
methacrylate) have been synthesized, and studiedl properties dynamic
mechanically. The presence of the ester/carboxgatesulfonate groups in the
same comonomer unit led us to compare the propesfighe current system
with those of the styrene based ester/carboxyl&te,. poly(styreneo-
methacrylate) ionomers, etc., and sulfonated, eply(styreneco-
styrenesulfonate) ionomers, etc. The results aseudsed in fifth chapter,

followed by the conclusion of the thesis and ackeogements.
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Chapter 1

Introduction



1.  Short Introduction to Polymers
This chapter deals with a brief introduction abahe polymers and

subsequently to the ionomers and techniques tactaize them.

1.1. Basic Definitions

lonomers are a part of the polymer family. Thums,order to have indepth
knowledge about the ionomers, we should be wellrawhout the basics of the
polymers. Polymers (from Greegolu, “many”; andmeros “part”), also known
as ‘macromlecules’ are substances composed of metewith large molecular
mass composed of repeating structural units, or amans, connected by
covalent chemical bonds [1-4]. Usually they repnéserganic compounds,
containing carbon atoms together with hydrogengenxy nitrogen, halogens, etc.
Polymers can be divided into many categories depgndn the type of the
monomer units, chemical structures, origins, plalsjigroperties, mechanical
behavior, thermal characteristics, etc. Dependimg tbe monomer units,
polymers can be categorized into homopolymers, lgapers and terpolymers.
When monomer units are same, the polymer is calbedopolymer. If polymer
consists of two types of the monomer units, theemmltis known as copolymer.
If three different monomer units are connected togieto form the polymer, the
polymer is called terpolymer [4].

As most of the ionomers prepared by us are copaly, it will be suitable to
mention about the copolymers in more details. Cppels can have four
different types of the chain configurations, foaeple, linear, branched, cross-
linked and 3-D network. When each monomer unitingkdd with two other
monomeric units on either side that can form aigdttachain, the polymers are
called linear polymers. During the synthesis of faymers, if some side
reactions also occur, some of the monomer unitdirgiked to the main chains,

and this type of polymers are termed branched petyin cross-linked polymers,
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adjacent linear chains are joined to one and ana@thgarious positions along
their lengths. Trifunctional monomer units, havithgee active covalent sites,
form three-dimensional networks. Polymers congistih trifunctional units are
termed network polymers. Schematic representatimingolymer molecular
structures are shown in Fig.1 [5]. Other types lné tlassification of the
copolymers are based on the type of distributiothefmonomers to each other.
When two different repeating units in a copolymee distributed randomly
throughout the chain, the polymer is termed randopolymer.

-A-A-B-A-B-B-A-B-A-A-B-A- random copolymer
When two repeating units are distributed alterredyivn the chains, the polymer
is called an alternating copolymer.

-A-B-A-B-A-B-A-B-A-B-A-B- alternating copolymer
In a block copolymer, a block of one repeating usitollowed by a block of
another repeating unit, which, in turn, followed &@lock of the first repeating
unit and the sequence continues.

-A-A-A-A-A-A-B-B-B-B-B-B- block copolymer
Graft copolymers are branched molecules where than rohain is made up
entirely of one repeating unit, while the branclaios are made from another
repeating unit.

-A-A-A]-A-A-A graft copolymer

B-B-B-B-B-B-

Among the various types of the copolymers, our growainly deals with the
random copolymers/ionomers. The next section deglsa brief description of
the synthesis of the polystyrene homopolymer amdiomn copolymers (1.2.).
This section will be followed by the section degliwwith the various techniques
used for the characterization of the polymers.



1.2.  Synthesis
Polymers can be synthesized by three methodsinmrgynthesis, biological

synthesis, or by chemical modification of naturalymers.

Figure 1. Schematic representation of (a) linear, (b) tinad, (c) cross
linked, and (d) network polymer structures. Theivitiial
monomer units are shown as dark circles.

Organic synthetic methods can be divided into tategories, addition or chain
growth polymerization, and step or condensationymperization [4]. Chain

growth polymerization is characterized by a seffliidn of the monomer units,
to each other, very rapidly through a chain reactiblo byproduct is formed; the
product has the same elemental composition agtihe monomer. Compounds
containing reactive double bonds that can be clthinge single bonds by the



free radicals or an ionic initiator can undergcttyipe of the polymerization. In
step polymerization, the polymer buildup procedu®ugh a reaction between
the functional groups other than the double borfdh@® monomers in a step-
wise manner. It is a slow process as compared ® c¢hain growth
polymerization. This polymerization is mostly acquamied by the elimination
of the small molecules like water, etc. The elerakecwmposition of the resulting
polymer generally differs from those of the monosner
Free radical polymerization; the most common type chain growth

polymerization was used in the present work. Thusyould be useful to
describe it briefly. It involves three kinetic gge initiation, propagation and
termination [3]. In initiation step, the initiatoe.g. azo compounds, peroxides,
peracids, etc. decomposes into two free radicalk thie help of heat energy,
light energy, or catalysts, followed by the fredical attack to the monomers. As
a result, the unsaturated monomers also decompuseradical monomers
having unpaired electron at one end and the fréieakat the other end. In the
propagation step, the radical site at first monoumt attacks the double bond of
a fresh monomer molecule, resulting in the enlaeggnof the chains by the
addition of the second monomer and transfer of rddical site from first
monomer unit to the second. Since the decomposifaie initiator produces
many free radicals at the same time, each oneeof ten initiate and propagate
a chain growth simultaneously. In termination stem growing chain ends may
react with each other either by coupling or disprtipnation, and the reaction
stops. There is another method of chain terminatamch takes place by a

number of “transfer reactions”.

1.3. Characterization
There are several parameters which should befiggefor the characterization

of a polymer. It is due to the fact that a polynwamsists of a statistical

_5_



distribution of chains of different lengths, andcleaof the chains consists of
monomer residues that affects the polymer promertiehere are many
techniques to characterize the polymers. Only drieem will be described here,
and few of the important techniques used in thegmework, that are common
to both for non-ionic polymers and ionomers will Hescribed in detail in
section dealing with the characterization of th@imers. In a particular analysis,
one may want to know the composition and the mdéecweight of the
polymers. There are many techniques that can bd tsecharacterize the
compositions of the polymers, for example, elemergnalysis, infrared
spectroscopy (IR), nuclear magnetic resonance rgzectpy (NMR) [1-4,6]. The
molecular weight of the polymers can be obtainadgusarious techniques that
can be divided into two groups, depending on whethese are absolute or
relative methods [3]. In absolute methods, diretednination of the molecular
weight of the polymers is possible, while in ralatimethods it is must to
calibrate the procedure based on the absolute whefhlee number average
molecular weight (M) and weight average molecular weight,(Mire the most
commonly used terms to define the molecular weighthe polymers. Some of
the absolute methods based on ebulliometry, crypsand group analysis and
osmometry, which are colligative in nature, carubed to determine the number
average molecular weight. A few measurements irchvthe polymer molecules
contribute to the measure property according to tee also exist. The weight
average molecular weight can be determined fromsetheneasurements.
unltracentrifugation and Light scattering technigjaee examples of these type
of the measurments. Size exclusion chromatographgy wscometry are
examples of relative methods.

It will be suitable to give the definitions ofemumber and weight average

molecular weight, Mand M, respectively. These are as follows:



EN:M.
:"':"111  ——
N,
where N; is the number of the molecules having a moleculeight M;. The

weight average molecular weigM,, is defined below:

.
INM,T  IWM

M W= 1 _ 1 : 1
N i }'Ii E W i

where W is the weight fraction of each type of the polymaslecules. Weight
fraction of the individual polymer molecules is timeass of each polymer
molecule (NM;) divided by the total weight of the polymeEN;M;). The
polydispersity index (P1) is the ratio of the,MM, [1-4].

2. lonomers

2.1. Definitions

lon containing polymers can be divided into twoegafries: ionomers and
polyelectrolytes. The definition of the word “ionem has been the subject of
some uncertainty. lonomers, generally, contain tikel low ion content
(usually up to 15 mol% of the ions), while polydtetytes contain significantly
higher ion content. This definition is commonly epted, but at the same time,
under certain conditions ionomers may behave li@ygbectrolytes and vice
versa. Thus, the boundary between the ionomerspahytlectrolytes is not
certain. To avoid these problems, Eisenberg anduRio [7] have proposed a
new definition for these families of the polymeltsnomers are “polymers in
which the bulk properties are governed by ionierattions in discrete regions
of the material (the ionic aggregates)”, whielyelectrolytes are defined as
“polymers in which solution properties in solvemtshigh dielectric constants
are governed by electrostatic interactions ovetadtes larger than typical

molecular dimensions”.



2.2. General Background

Due to the unique physical, mechanical and trangpoperties of the ionomers,
these have long been used in applications as é\srpackaging film, resilient
covers for golf balls, golf ball inlayers, syntteetlrilling muds, proton exchange
membranes, compatibilizing agents in polymer blemésctive additives in
composite materials, compatibilizers in polymeryclaanocomposites, semi-
permeable membranes and shape-memory materialg.[8Fhe unique changes
in the properties of the ionomers as compared ® ahalogous non-ionic
polymers are due to the presence of low amounitseofonic groups, which have
a much higher dielectric constant than that thgmpel phase. The aggregates of
the ionic groups lead to a dramatic changes imtbghology of the system. The
ionic aggregates are known as “multiplets”, atshme time, “clusters” are also
used to describe them [12].

Numerous studies have been performed on the rolug and viscoelastic
properties of a wide range of the random ionomé&hese studies have been
discussed in a many conferences proceedings [81%]l Xeview articles [16-21],
and books [22-24]. There are many instrumentalrtiegles that can be used to
study the morphology and mechanical propertieshef ibonomers. These are
classified into five groups. The first groups bejsro scattering techniques, e.g.
small angle X-ray scattering (SAXS) [25-29], exteddX-ray absorption fine
structure (EXAFS) [30,31], and small angle neutsoattering (SANS) [32]. The
second one comprises spectroscopic techniques asidRaman spectroscopy
[33], nuclear magnetic resonance spectroscopy (NM8)-36], Fourier
transform infrared spectroscopy (FTIR) (37,38), ceten spin resonance
spectroscopy ( ESR) [39-43], fluorescence (or lw@sgence) spectroscopy
[44,45], and Mossbauer spectroscopy [46]. The thlgrdup comprises the
viscoelastic or dielectric properties of the ionespesuch as, stress relaxation

[47-49], dynamic mechanical thermal analysis [50-38eometry [54-59], and
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dielectric analysis (DEA) [60-62]. The fourth grodgelongs to the thermal
analysis techniques, e.qg. differential scanningraaletry (DSC) [63-68], and
themogravimetric analysis (TGA) [69]. The microsmofechniques [70-75], for
example, scanning electron microscopy (SEM), trassion electron
microscopy (TEM), and scanning-transmission el@ctmicroscopy (STEM)
comprise the fifth group of the techniques. In thisrk, DMTA, XRD, SAXS,
DSC and FTIR have been used. For the sake of thessoIntroduction, a brief
discussion about the most commonly used technigupgesent works, such as
SAXS, DMTA and DSC are described below.

2.3. Important Techniques Used in the Present Work
2.3.1. Small-angle X-ray Scattering (SAXS)

There are different regions of varying electr@msities in polymers. The main
purpose of using the SAXS technique is to get msadpout the electron density
differences in the materials. SAXS is a techniquavhich the elastic scattering
of X-rays of wavelength 0.1-0.2 nm by a sample hgviheterogenieties in the
nano-meter range, is recorded at very low angygscdlly 0.1-10°. In this range
of angles, we can get the information about théadises of partially ordered
materials, pore sizes, shape and size of parti@&XS can deliver structural
information of polymers between 5 to 25 nm, of @dpdistances in partially
ordered systems of ca. 150 nm [76-79].

There are two main groups in SAXS instrumentsntpeollimation and line-
collimation instruments:

a) Point-collimation instruments have pinholes whice responsible for shaping
the beam of X-ray to a circular or elliptical spioat illuminates the sample. Thus,
the scattering is centro-symmetrically distribuéedund the primary X-ray beam,
and the scattering pattern in the detection plamesists of circles around the

primary beam. As a small volume of the samplelisriinated, the intensity of
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scattered beam is small, and hence, the measuréimens in the order of hours
or days. Point-collimation can be used to deterntifeeorientation of the non-
isotropic systems, e.qg. fibres, sheared liquids, et

b) Line-collimation instruments confine the beamoime dimension only, and
hence, the beam profile is a long but narrow lifiee time of measurments with
these instruments are significantly shorter as @ewto the point-collimation,

and take only few minutes to hours [79].

Extended Sample to
Detector Distance

‘ Evacuated
Beampath

Beam Stop

Figure 2. Schematic SAXS apparatus [80].

The SAXS utilizes the radiation diffraction on oW particles having
interphase boundaries and the mean electron dgpsitifference from that of
the medium (o) [81]. The intensity of the scattered radiationy the particles
is proportional to:

I(K) = (@ — o) (EK)’
where K is a wave vector, K =tdint/A and is wavelength of the X-ray [82].
The total radiation intensity scattered in the $raafle region, can be expressed

as:

I(K) = |U’° D (R {(RYD(KR)R
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where Dy(R) is a function of the particles size distribution ig¥h depends on
their linear parameter R. For spherical particRsis the radius of a sphere.
m?(R) is an integral over excess density in the madsurrounding the particle,
¢0(KR) is the particle shape factor [83]. On considerihg torrection for the
wavelength effect and the collimation effect, tij@&tion can be written as:

- o i PR e e Pl
LK) = 21|ﬂ dR _|D di |, dt I, dx

x Q(x)P(1)W(4)D,(R)m" (R)D(f)

whered” = 4fi; and W (#) is the wavelength distributionQ(x) is a weight
function for the aperturaidth effect; P(t) is a weight function for the aperture
length effect;

B = R{h—x" + 12 1)
From Equation 1, it is possible to calculate thecfion D,(R) by the inverse
Fourier transform method. In random ionomer systehes SAXS profile shows
only the peak due to the structure factor, sinee dize and the shape of the
particles are irregular. From the position of tlealp maximum, one can get the
OmaxVvalue. For very small anglesn4 is equal to the ”dgragg Where @ragg iS
the Bragg distance (=\2sird, wheref is the X-ray diffraction angle, and n =1,
2,3,.....).

SAXS is used for determining the micro to nanalecstructure of particle
systems in terms of parameters such as shapesbutisin, averaged particle
sizes, and surface to volume ratio. SAXS is norirdesve, accurate and
generally requires a minimum of sample preparat®®XS can be used for the
research and developmemt as well as in qualityrabfadr all types of colloids,

oil, cement, metals, polymers, proteins, foodsyiplageuticals, etc [79].
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2.3.2. Dynamic Mechanical Thermal Analysis (DMTA)

DMTA is used to measure the mechanical properti@saterials subjected to a
periodic, sinusoidally stress. A low stress is #&gplsinusoidally so that the
sample can always be within the elastic regiont®fstress-strain curve. For a
perfectly elastic material, the stress and stragnim phase. A material may flow
instead of reversibly being deformed under loadthis condition, the stress-
strain curves will be 90° out-of-phase since thaistis proportional to the stress.
Most of the polymeric materials show both typeshef behavior, i.e. they react
elastically, and at the same time, they flow to s@xtent, and hence, are termed
"viscoelastic". Thus, the stress-strain curvesoarteof phase, but by an amount
less than 90° (refer to Fig. 3) [1-4, 85,86, 87MTDA measures the amplitudes
of the stress and strain as well as the phase &)gbetween them. It is used to
separate out the modulus into an in-phase compptienstorage modulus (E),
and an out-of-phase component, the loss modulys f&"Argand diagram can
represent the relationship between these quantiidshe dynamic (or complex)
modulus (E*), as shown in Fig. 4 [87].

The damping factor or loss tangent (t&nis related with the amount of
mechanical energy dissipated as heat. For a plrfetastic material and a
perfectly viscous material, tah is equal to zero and infinite, respectively. In
DMTA, a sinusoidal stress on the sample can beieph various modes, e.g.
tensile, bend and shear [88]. Thus, the DMTA caerd@&ne the moduli and tan
o at different frequencies as a function of tempemat A typical DMTA
instrument can deform the sample in a number ofswalie sample is deformed
by the sinusoidal stress applied by a force motdije the resulting strain is
measured by a position transducer. There are maayple-mounting

arrangements in DMTA. For solid samples of low tedmm stiffness, the
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cantilever bending mounts can be used. For sofemadd or even liquids of high
viscosity, the compression and shear mounts carsé& The tension mounts are

useful for fibers or films and elastomers.

In DMTA, when the frequency of the chain motiopincides with the
measurements frequency, the peak maximum in theoplthe loss tangent vs.
temperature is observed. The materials can be edaainvarious frequencies at
the same time as a function of the temperature.pBad& position is dependent
on the frequency, i.e. at a higher frequency, t&tipn of the loss tangent will
be obtained at a higher temperature, since therfabin motion is expected at

higher frequency.

phase difference

applied stress
- measured strain

time

Figure 3. Schematic representation of the stress-strairsepleehavior.
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5 '6\0 0 max
U + 1
0 N E' =E*cos{
£ R
0 ¢ ¢ E' =E*sin0
9 tanﬁ =%
Wi ~<8

E' storage modulus

Figure 4. Argand Diagram representing the storage, lossdgndmic modulus.

The DMTA can be used for 1) the determinationtlodé temperature and
frequency dependence of the storage modulus (E'th8'loss modulus (E", G")
and the mechanical loss factor (&) 2) the determination of the dynamical
glass transition and secondary relaxation proce83dke characterization of the
phase structure of multi-component polymeric matsyi4) the determination of
cross-link densities (from the height of the rubbplateau), 5) the
characterization of the influence of water on themmechanical properties, 6)
the characterization of physical and chemical agprgcesses and, 7) the
determination of the degree of curing for duronj8ey.

2.3.3. Differential Scanning Calorimetry (DSC)

DSC is a technique in which the difference for lieat required to increase the

temperature of a sample and reference are meaasi@flunction of temperature.
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The temperature of both the sample and referenee naaintained same
throughout the experiment. The principle of thisht@que is that, when the
sample undergoes a phase transitions, heat neeflewtoto the sample to
maintain both the sample and reference at the sammgerature. The heat flow to
the sample depends on whether the process is emother endothermic. For
example, as a sample melts from solid to a ligitievill require more heat to
flow to the sample to raise its temperature atstime rate as the reference. It is
because of the absorption of heat by the sampieusslergoes the endothermic
phase-transition from solid to liquid. Likewise, @se sample undergoes
exothermic processes, e.g. crystallization, lesgt e required to increase the
temperature of the sample. Thus, the differendeest flow between the sample
and reference makes the DSC to measure the enesgybad or released by the
sample. An exothermic or endothermic process resula significant deviation
in the difference between the two heat flows. Tesults in a peak in the DSC
curve. An exothermic process will result in postigeaks above the baseline,
while the peaks resulting from an endothermic psecare negative, i.e. below
the baseline. DSC can be used to measure a nurhparameters, characteristic
to the sample. We can observe fusion and crysaéithiz events as well as glass
transition temperaturedd). In addition to these applications, DSC can bedus

to study oxidation as well as other chemical reasti{90-92].
2.3.4. Morphological Models

A wide range of experimental studies has been pedd on the ionomers
using above-mentioned techniques. Due to the pcesehthe ionic groups, the
ionomers show significantly different mechanicatl anorphological properties
than those of their non-ionic counter parts. Theeapance of additional plateau

like transition, one additional glass transitionh&gher temperatures other than
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usual matrix glass transition in storage modulus lass tangent curves, a peak
in small angle X-ray scattering profile, and undshigh melt viscosities and
high relaxation times are the various mechanicdl morphological differences
between the ionomers and non-ionic polymers [93:108e two loss tangent
peaks are related with the glass transitions ofdifferent phases of some of the
ionomers [51,93-112]. The appearance of additipteteau like transition in the
storage modulus plots vs. temperature is thouglitetalue the presence of the
additional phase in the materials. The SAXS prefibé some ionomers show a
SAXS maximum [26-29] that refers to an ionic peaisiag from intraparticle
[26] or interpatrticle interferences [27]. At thisipt, it should be mentioned that
the morphological studies address only the distiginuof the ions or ionic
aggregates in the materials. A successful modelHerionomer morphology
must also account for the mechanical propertigh@fonomers.

A number of attempts have been made to propesedel| that can reasonably
explain the structure-property relationships, éviultiplet-Cluster model, so-
called EHM model by Eisenberg et al [12], Core-Sheddel by MacKnight et al
[113], Hard-Sphere model by Yarusso and Codgéi. | would like to describe
briefly about the EHM model as the morphologicall amechanical properties of
most of the ionomers can most probably be explaioedthe basis of the
assumptions made in this model. According to thsdeh (see Fig. 5), the
electrostatic interaction between the ion-pairsisethe ion-pairs to aggregate to
form the multiplets having small number of the jeirs. At this point, it should
be mentioned that the ion-pairs within the loopbatétances reside in one
multiplet. The loopback distance is the criticadtednce for the adjacent ion-pairs
along the same chain to end up in the one multiplethe ion-pairs are attached
to the polymer chains, the anchoring of the chamshe ionic cores (i.e.

multiplets) take place, leading to a considerabbhuction in the mobility of the
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chains in the immediate vicinity of the multipl&he thickness of the restricted
mobility regions is thought to be the equivalentttud persistence length of the
polymer chains. The persistence length is onedfdlie Kuhn length, the length
of hypothetical segments that the chain can beidered as freely joined. The
persistence length equals the average projectidgheoénd-to-end vector on the
tangent to the chain contour at a chain end inlithi of infinite chain length
[114,115]. It can also be defined as the distaves which the local inflexibility
in a polymer chain persists [114]. On increasirgitn contents of the ionomers,
the number and size of the multiplets increase, I¢wds to the overlapping of
the adjacent restricted mobility regions. Once stze of the restricted mobility
regions reach or exceed ca. 50-180Qthe regions start to act as an independent
phase, and thus are able to show a new glasstioangeak in loss tangent plots,
a new plateau like transition in storage moduluyeuand a peak in the SAXS
profile for many ionomers. At this stage, theseorg are called “clusters”. On
further increasing the ion contents, the volumetfom of the clusters increases,
while that of the matrix regions decreases. Atdame time, the position of the
two loss tangent peaks shifts to higher temperaturbe distance between the
multiplets called “preferred spacing” can be redatéth the SAXS peak position.
Thus, within the clusters, the distance betweennthdiplets is expected to be

more or less regular.
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Figure 5. The Eisenberg, Hird and Moore’s Multiplet-Clusteodel of
ion aggregation in random ionomers.

In addition to the effectiveness of EHM model saccessfully interpreting
many phenomenon encountered in the ionomers, nusetudies conducted
later on proved the predictions made in that madédbe true [35,36,52,90,93-
116].
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Chapter 2

Dynamic mechanical and morphological studies of
methacrylate and sulfonated polystyrene ionomer bleds

with salts of aliphatic dicarboxylic acids
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Abstract

The effects of the addition of sodium salts aptatic dicarboxylic acids
(DCAs) on the dynamic mechanical properties andpmalogy of poly(styrene-
co-sodium methacrylate) MNa and poly(styresesodium styrenesulfonate)
SNa ionomers were studied using DMTA, DSC, SAXS &D techniques.
The addition of small amounts of the DCAs led teamsiderable and slight
increase in the ionic modulus and a negligible geaim the matrix and cluster
glass transitionT) temperatures of the MNa and SNa systems, respéctit
was also found that the rate of increasing thecionodulus was higher in low
ion content system, compared to that in high ionteat systems. However, at
large amounts of the DCAs, the ion contents and tyfpthe ionic groups of the
ionomers, number of the carbon atoms of DCAs hadsigaificant effect on
increasing the ionic modulus. At the same timehath the systems, the addition
of large amounts of the sodium succinate (DCA4Yyedased the matrix and
cluster Tgs slightly and considerably. However, large amouwsftdhe sodium
hexadecanedioate (DCA16) decreased the matrix lastecTys of SNa systems
slightly and significantly, with no effect on thgs of the MNa systems. DSC
thermograms showed no crystalline melting peakaniy of the systems below
the decomposition temperatures of the ionomers,redse X-ray patterns
showed crystalline peaks for the DCAs. The absefdee DSC melting peaks
and the presence of X-ray peaks indicated the pbgzaration of the DCAs in
the ionomers. Now, it can be suggested that DCAddaas reinforcing additive
by increasing the modulus afigs to some extent in both MNa and SNa systems.
The DCA16, however, in addition to acting as reiafiog additive, acted as
preferential plasticizer for the cluster phaseeaist at its large amounts in the
SNa systemslt can also be concluded thdtis mainly the amounts of the
additives rather than the nature of the ionomemghanature of the ionic groups
of the ionomers and additives, ion contents ofittlmmers to some extent, the
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nature of the additives, e.g. functionality, alipbeor aromatic, short or long
chains, which is responsible for the increase @& riodulus, provided that the
additives have tendency to phase-separate evenwawvéight concentrations in

the ionomers.

Keywords: PS ionomers, aliphatic dicarboxylic acids, phasgasation,

reinforcing filler

1. Introduction

lonomers are polymeric materials containing sraailbunts of (usually up to 15
mol %) of ionic groups embedded with relativelyslesr non-polar polymer
matrix [1-6]. The presence of the ionic groupshe polymer matrix generally
causes ion aggregation, leading to the phase-sd&pacd materials into ion-poor
and ion-rich domains and, hence, resulting in neterwith significantly
different physical properties as compared to thedan-ionic forms. The
interpretation of mechanical data and morphologyraridom ionomers can
possibly be done with the help of the multipletst&r or so-called EHM model
[7]. Since 1970s, the mechanical properties, mdggyand spectroscopy of
ionomers have been extensively studied by varyingraber of factors such as
the type, size, position and degree of neutrabpadif functional repeat units (i.e.
ionic units), type of plasticizers, additives aneutralizing agents, and other
experimental conditions [1-6,8-11]. However, littteeknown about the effects of
bi-functional additives on the morphology and mexta properties of
polystyrene (PS)-based ionomers.

Plante et al. performed dynamic mechanical studrethe matrix- and cluster-
dominant carboxylated PS ionomers blended with otediy identical mono-
and bi-functional styrene oligomers [13]. Mono-ftinnal oligomers were found
to plasticize both the matrix and cluster regidnsthe matrix-dominant system,
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the bi-functional oligomers showed anti-plasticiaatbehavior at low oligomer
contents. However, in the cluster-dominant systdra,oligomers were phase-
separated because of the insufficient weight péagen(amounts) of the non-
ionic polymer matrix needed for the non-polar oilger segments. In a
subsequent study, Plante and Bazuin investigateceffiects of the addition of
mono-dispersed, tertiary amine-terminated oligonoéityrene on the properties
of lightly sulfonated PS (PSSSA) [14]. Mono-functad styrene oligomers
plasticized the PSSSA, but considerably less tlm@n mono-functional alkyl
chains did, which might be due to the greater Im@l&s and stiffness of the
styrene segments. The bi-functional oligomers slibaveery little plasticization
effect and, at their higher concentrations, becgrhase-separated despite
extensive inter-component interactions, owing ®ehpolymer effects. Recently
our group investigated the dynamic mechanical pt@gseand morphology of
poly(styreneeo-sodium methacrylate) ionomers containing sodiunts saf
aliphatic dicarboxylic acids (DCAs) [18]. It wasuiled that the DCAs disrupted
the formation of the multiplets of the ionomer. Hexer, later on, authors came
to know that the disruption of the multiplets waartly due to the under-
neutralization of the acid groups of both the acapolymers and aliphatic
dicarboxylic acids. Jeon et al. investigated théeat$ of mono- to multi-
functional carboxylated benzene salts on the mdogyo and mechanical
properties of poly(styrenes-sodium methacrylate) ionomers [19]. They found
that the additives got phase-separated at all #ightv concentrations ranging
from 5 to 46 wt % and, hence, acted mainly as oeaifig fillers. Wakabayashi
et al. studied the effects of few fatty acid salts;£C,, in chain lengths) on
morphology and mechanical properties of ethylemastl)) acrylic acid ionomers
[21]. They showed that the structural and properbdification in the ionomers
induced by the addition of the additives were camphnd depend both on the

neutralizing cation and on degree of the crystijliof the hydrocarbon tails of
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the fatty acid salts and polymer chains. In a regaper, we showed that the
mono-functional organic salts in PS-based iononaeted both as plasticizers
and fillers, while bi-functional organic salts bekd only as fillers [22]. Few

other groups had also studied the effects of tigaroc acids (salts) on various
properties of the ionomers. For the sake of theigeelntroduction, reader is
referred to the concerned articles [12,15-17,20].

Despite extensive studies on the behavior of ttwmo- to multi-functional
oligomers, and aliphatic to aromatic compounds wittwithout the functional
groups and alkyl chains, only a few studies hawenlgerformed on the effects
of the aliphatic dicarboxylic acids (salts) on twe@perties of amorphous PS-
based random ionomers. Now we have known that rmtfonal organic salts
(adipate and dodecanedioate) became phase-sepaatkedct as fillers in
methacrylate PS ionomers having ionic groups smhilahose of the DCAs [22].
However, at this point we are not aware about fifects of chain lengths of
DCAs from very short to sufficiently long in alkghain lengths, and of the
differences in the types of the ionic groups of éldelitives (DCAs) and those of
the ionomers (e.g. carboxylate vs. sulfonate). Regmown morphology of few
of the DCAs in methacrylate PS ionomers, DCAs maweh different
morphology in sulfonated PS ionomers having thécignoups different to those
of the additives (DCAs). They may act either aap@because of the presence of
ionic groups at both the ends of alkyl chain), patar (because of the presence
of aliphatic chains) plasticizers or fillers. Thube above-mentioned factors
provoked us to further investigate the roles of BGA the PS-based ionomers.
To do so, in the present study, we used sodiurs sélsuccinic acid [NaOOC-
(CH,)—COONa], adipic acid [NaOOC—(GH-COONa], dodecanedioic acid
[NaOOC—(CH);—COONa], and hexadecanedioic acid [NaOOC—{eH
COONa] as additives. As the study related to thditih of the adipate and

dodecanedioate to the methacrylate PS ionomeraltesly been performed by
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Lugman et al. [22], the detailed study in this wdtkwever, will be performed
using only two of these additives; DCAs of very gh@e.g. succinate) to
significantly long (hexadecanedioate) alkyl chaivMe have selected ionomers
having different ionic groups (i.e. carboxylate gslfonate groups) to analyze
the effects of the two DCAs, if any, on the morggy and mechanical

properties of the ionomers.

2. Experimental Details
2.1. Sample Preparation

PS homopolymer (MW= ca. 500,000) and poly(styremenethacrylic acid)
SMAA copolymers (MW= ca. 500,000) were synthesiZag the method
described elsewhere [23-27]. The Poly(styreastyrenesulfonic acid) SSA
copolymers were made by the sulfonation of PS whth method reported by
Makowski et al.[31]. To determine the acid contents, the copolysenples
were dissolved in a benzene/methanol (9/1, v/v)tunéxto make a 5% (w/v)
solution and titrated with methanolic NaOH soluttonthe phenolphthalein end
point. The acid contents were found to be 4.5 addnTol% for the SSA and
SMAA copolymers. In order to prepare the ionomerstaining DCAs, the acid
forms of the additives and copolymers were dissblire a benzene/methanol
(9/1, viv) mixture. After complete dissolution obth the components, the acid
groups of both the additives and acid copolymersewally neutralized with
methanolic NaOH solution. In this study, we prepargo sets of the samples. In
the first set of samples, the mole ratio of thadagroups of the DCAs to those
of the ionomers was kept to be 1:1. Since the MWhefDCAs increased with
increasing number of the carbon atoms of DCAsatheunt of the DCAs in the
samples increased with the number of the carbomsatm maintain the mole
ratios of the ionic groups at 1:1 (see Table 1usTthe changes in the properties
of the ionomers by the addition of the DCAs migbktdue to the variations in
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both the number of the carbon atoms of DCAs andatheunts of DCAs in the
ionomers. To prepare the second set of the sampieshose the DCAs of the
low and high numbers of the carbon atoms, i.e. D@getlium salt of succinic
acid) and DCA16 (sodium salt of hexadecanedioid)acand varied their
amounts in the ionomer samples to see solely tleetsfof the amounts of that
particular DCA on the properties of the ionomeitse Bamples were freeze-dried
and further dried under a vacuum at ca. 150 °C2fbrh. For the dynamic
mechanical property measurements, the samplesaoerpression molded at ca.
240 and 260 °C for the methacrylate and sulfonaiedmers, respectively, at a
pressure of ca. 25 MPa. The molded samples wereatethunder a vacuum at
150 °C for 24 h. The notations used in plots fa samples are SNa-Cx-Y and
MNa-Cx-Y, where MNa and SNa are the sulfonated methacrylate ionomers,
respectively, containing DCAs of “x” number of tbarbon atoms, e.g. O (i.e. an
ionomer), 4 (sodium succinate), 6 (sodium adipdt2)sodium dodecanedioate),
and 16 (sodium hexadecanedioate), and “Y” denathsrethe mol ratio of the
ionic groups of DCAs to that of the ionomer or weigercentage (wt%) of the
DCAs in the ionomer blends.

Wt% (Mol
Name Acronym Structure ratio =1)
MNa | SNa

Disodium Succinate DCA04 NaOOC-(CH)2-COONa| 3.94 | 2.44
Disodium Adipate DCA06| NaOOC-(CH)4-COONa| 4.83 | 2.96
Disodium Dodecanoate n DCA12NaOOC-(CH)10-COONa] 7.40 | 4.60
Disodium Hexadecanoate DCA16 | NaOOC-(CH)14-COONa] 9.01 | 5.64

Table 1. Characteristics of the sodium salts of dicarbaxsgttids.
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2.2. Dynamic Mechanical and Thermal Properties Mesurements

A TA dynamic mechanical thermal analyzer (DMTAaM Il) was used to
measure the storage moduls)(and loss tangent (ta#) of each sample as a
function of the temperature in a dual cantilevemébeg mode at five different
frequencies. The heating rate was 1 °C/min. Toyaeathe loss tangent plots,
curve de-convolutions were performed using the fteabmputer program
(SPSS Inc.). The plots were best fitted using tkigorential equation as the
baseline and Gaussian functions for fitting thermadnd cluster loss tangent
peaks. For the thermal property study, a TA diffiied scanning calorimeter
(DSC 3000) was used. The samples were scanned3@ot@ to 300 °C, with a

heating rate of 10 °C/min.

2.3. X-ray Experiments

The SAXS experiments were conducted at Statioh dfCthe Pohang Light
Source, Korea [32]. The generated critical beanmmggneas 2.8 keV (at 2.5 GeV
operation modes). The size of the beam at the sam@ smaller than 1 nfm
The position-sensitive one-dimensional Si diodesardetector was used. The
sample-to-detector distance was 400 mm, which a@&tbVBAXS data to be
obtained in the q range from ca. 0.4 to 5.7 nmhere q = 4 sin6/%; 6 is half
the scattering angle, andis the X-ray wavelength€ 0.1608 nm). The SAXS
data were plotted as relative intensity vs. q afterrection for the sample
absorption and a background. The XRD patterns wexrerded using a Philips
PANalytical X-ray diffractometer (Xpert PRO MPD). The scanning speed and
the sampling width were 0.3 °/sec and 0.018 °,eetbgely.

3. Results and Discussion
The storage moduliE() as a function of temperature for the F($FMANa)

MNa ionomer, P(St.5SSNa) SNa ionomer and their systems containing §CA
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are shown in Figs. 1 (a) and (b), respectivelythese systems, the mole ratio of
the ionic groups of the DCAs to those of the ionmme 1:1. It is seen that with
increasing temperature, the modulus curve charigeshape from a plateau (i.e.
glassy plateau), through a first drop (i.e. magliass transition), through a first
descending plateau (i.e. ionic plateau), througie@nd drop (i.e. cluster glass
transition), to a second descending plateau (iebery and flow regions). It is
observed that below ca. 135 °C there is almostifference in the modulus plots
for all the samples including the pure ionomersovbthat temperature, there is
a slight increase in the heights of modulus pldtbaih ionomer systems with
increasing number of the carbon atoms of the D@Ashould be mentioned that
the widths of the ionic plateaus of the ionomers &und to be almost
independent of the number of the carbon atoms ADThe width of the ionic
plateau is treated as a symbol for the strengtimtefactions between the ionic
groups in the multiplets of the ionomers [5]. Thilge similar widths of the ionic
plateaus imply that the addition of the DCAs havihg -COONa" ionic groups
negligibly affects the formation of the multiplei§ the MNa and SNa ionomer
systems having the -CO@a’ and -S@ Na' ionic groups, respectively. Also,
shown in Figs. 1 (a) and (b) are the plots of ltmsgent as a function of
temperature for the ionomers. Each of the two iogosystems shows two loss
tangent peaks; one for the ion-poor phase (i.etixnalhase) at low temperatures
and the other for the ion-rich phase (i.e. clugtesse) at high temperatures [3-
7,33-35]. It is seen that the addition of DCAs does change significantly the
position, shape and width of the matrix and clustes tangent peaks of both
ionomer systems. Only the heights of the two pesdam to decrease with

increasing number of carbon atoms of DCAs.
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Figure 1. Storage moduli and loss tangents as a functionthef
temperature for the P(841-MNa) and P(S4.5-SSNa) ionomers
and their systems containing DCAs at 1:1 mol% @ itnic
groups of DCAs to those of the pure ionomers, ldiz1
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The modulus at a point of minimum slope in thaicgplateau region is termed
ionic modulus E'ionic) [5,7]. Figs. 2 (a) and (b) show the plots of Hig.c as a
function of (a) the number of the carbon atomshefDCAs and (b) the amounts
of the DCAs in both ionomer systems. It is seen tha values of th& ' for
the MNa ionomer system increase considerably amdostl linearly with
increasing number of the carbon atoms and the armairthe DCAs. Thus, we
tried to fit theE'onic data with the first order polynomial equation akofvs:

Log E’ionic (Pa) = 7.4 + 0.014 x (number of the carbon atohiseoDCAS) (f=
0.9730) and

Log E’ionic (Pa) = 7.4 + 0.023 x (weight percentage of the BIJ& = 0.9449)

Here, f is a linear least-squares correlation coefficiémtthe case of the SNa
system, it is evident that on increasing numberasbon atoms of DCAs from O
to 6, there is an increase in g, but on the further increase in the number of
carbon atoms of DCASs, tHEonic remains almost constant. It is observed that the
initial slopes of the fitted lines for tH&jonic data of both systems as a function of
the number of the carbon atoms seem to be sinalaath other. This indicates
that the initial rates of increasiionic are more or less independent of the type
of the ionomer systems (i.e. methacrylate vs. salf®). When th&',,nic data for
the SNa system were plotted as a function of thghweercentage of the DCAs,
however, it is seen that the initial slope appéaise slightly higher than that for
the MNa system.

The glass transition temperaturd@gsj obtained from the positions of the loss
tangent peak maxima for the matrix and cluster ghase shown in Fig. 2 (c) as
a function of the number of the carbon atoms of BCIAis evident that on the
addition of DCAs the matrix and clust&gs of the ionomer systems remain
almost constant with increasing number of the cadioms of DCAs.
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At this point, it should be mentioned that in soofi¢he filled systems including
chloride-filled polyurethanes [36,38], glass-fibeeinforced methacrylate
polymers [37], alumina-filled polystyrenes [70]lica-filled EPDM rubbers [68]
and wood-fiber reinforced styrene-maleic anhydpdi/mers [69], thds of the
systems were found to be independent of the fdtertent and/or the filler size.
This implies that the DCAs-contaning MNa and SNaoimer systems might
resemble some of the filled systems showing no gingnin the Ty, but
improvedE’onic.

Now, let us discuss the second set of the ion@ystems. Figs. 3 (a) and (b)
show the storage modulus and loss tangent plotié&MNa and SNa ionomer
systems containing different amounts of the DCA4 dsnction of temperature.
Above ca. 135 °C, the heights of the ionic platearease significantly with
increasing amounts of the DCA4 in both systemghénloss tangent plots, the
positions of matrix peaks do not change strongly,those of the cluster peaks
shift to slightly high temperatures with increasib@A4 amounts. However, the
heights of the two loss tangent peaks decreaséisagrily. Shown in Figs. 4 (a)
and (b) are the storage modulus and loss tangets @i the ionomers containing
different amounts of the DCAL16. In the storage muaslplots, again, the heights
of the ionic plateau increase considerably withreasing amounts of the
DCAL16. In the loss tangent plots for the MNa systéms observed that the
positions of the peak seem to remain more or lesstant with increasing the
amounts of the DCA16. However, in the case of Spgsesn, the position of the
matrix peak shifts negligibly to low temperaturesl andependent of the amount
of the DCA16. The position of the cluster peak, bwoer, shifts slowly and then
significantly to low temperatures with increasimg tDCA16 amounts. We will

describe this effect later.
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Shown in Fig. 5 (a) are th&%nic plots as a function of the amounts of the
DCAs in the ionomer systems. It is observed thah wicreasing amounts of the
DCAs, theE'ionic values of the ionomer systems increase almosariyne It
should also be noted that for a particular ionosystem, the plots of th€'ionic
of the ionomers containing DCA4 and DCA16 are sdenbe almost
superimposed on each other. This implies thatythe of the DCA salts does not
affect theE'ionic value of the ionomer, but only the amount of theéA3 does.
The E'onic data can be best fitted with the first and secorgkr polynomial
equations for DCA4 and DCAl6-containing systemspeetively. For the
gualitative analysis, howeveEionic data for DCAL16-containing systems are also
fitted with the first order polynomial equationsfaows:

For MNa system,

Log E'ionic (Pa) = 7.39 + 0.022 x (weight percentage of thé\B)C (= 0.9947),
Log E'ionic (Pa) = 7.4 + 0.023 x (weight percentage of the DE)A(F = 0.9834),
Log E'ionic (Pa) = 7.39 + 0.034 x (weight percentage of théAD&) - 0.000410 x
(weight percentage of the DCAE6)(*= 0.9947),

and for SNa system

Log E'ionic (Pa) = 6.60 + 0.03 x (weight percentage of the BICA(P = 0.9985),
Log E'ionic (Pa) = 6.61 + 0.03 x (weight percentage of the DE)A(F = 0.9894),
Log E'ionic (Pa) = 6.60 + 0.041 x (weight percentage of thé\D&) - 0.000397 x
(weight percentage of the DCAT6)(r*= 0.9982)

The similarity in the slopes of the fitted lineggt order polynomial equations)
for the two ionomer systems indicates again thatrttes of increasing’ionic
depend mainly on the amounts of the DCAs, and nothe types of the ionic
groups of the PS-based ionomers.

Figs. 5 (b) and (c) show thgs as a function of the amounts of the DCA4 and
DCAL6 in the ionomer systems, respectively. Itasrsthat the addition of both

DCA4 and DCAL6 does not change the matgs significantly.
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In the case of the clust@gs of the DCA4 system, thk, does not change much
up to ca. 3 wt% of the salt, then increases slgtehd above ca. 10 wt% it
remains almost constant. The similarity in the disein the clustelys indicates
that the role of the DCA4 might be the same in b®gstems. In the case of
DCA16 systems, with increasing the amounts of die a negligible change in
the clustefTgs is observed in the MNa system. However, in tha Sy$tem, on
increasing the amount of DCA16 from 0 to ca. 10 wt#tly a slight decrease in
the clusterTys is found. On further increasing the amount of D6Aa drastic
decrease followed by a gentle decrease iT§he observed.

At this point, it should be mentioned that alé ttamples except for the pure
ionomers, were opaque; the degree of the opaqueamassised with increasing
amounts of the DCAs. The degree of the opaquenesedVINa system was
higher than that of the SNa system. Since the pbagarated polymer blends
showed opaqueness, we investigated the possibkesegaration of DCAS in
the ionomers using DSC. The DSC thermograms amnershoFig. 6. There is no
crystalline melting peak for the DCAs in all the sems below the
decomposition temperature of the ionomers, i.e28a.°C. It would be worthy
to mention that the thermal decomposition of théism adipate and the sodium
dodecanedioate started at ca. 320 and IDBrespectively [22]. Thus, the
possible reason for the absence of the melting ferathe DCAs would be the
occurrence of the melting of the crystalline dorsaifithe DCAs above ca. 280
°C.

Shown in Fig. 7 are the SAXS profiles for the dorer systems containing
DCA4 and DCA16. For the MNa system, a small angheiun (SAUT), probably
representing the compositional heterogeneity inibnemers [42-45], is shown

at very low angles.
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A very broad weak scattering (SAXS) peak, attridute the inter-multiplet
distances [46,47], also appears for the pure MNanwer atg (scattering vector)

= 0.3 A" corresponding to agggq(Bragg distance) of ca. 21 A. In the case of the
DCAs-containing MNa ionomers, a sharp peak forRi@A16 systems is seen at
q = 0.3 A, while for the DCA4 system, no well-developed pé&akbserved. It
should also be noted that the sharp peak posisiaoincided with that of the
very broad SAXS ionomer peak. In the case of tha #Kdomers, the SAUT is
also seen with a SAXS ionomer peak for the pure ®BNamer aig = 0.15 A",
For the DCA16 system, again a sharp peat at0.3 A is observed, while no
well-developed peak is observed in DCA4 system. iftensity of the sharp
peak of both ionomer systems containing DCA16 iases initially, followed by
no significant increase with increasing the amowhthe DCA16. It is observed
that the position of the SAUT shifts to higher asgfor the ionomers containing
the DCAs. This indicates that the heterogeneitthefsystems increases upon the
addition of the DCAs. The positions of the broadadmer peak for the pure
ionomers are in good agreement with the resulterteg in previous studies
related to the methacrylaf{&,26,34,35] and sulfonated [44,48-58] polystyrene
ionomers. It is seen that the addition of the D@Ass not considerably change
the positions of the broad SAXS ionomer peak. Boiggests that the multiplet
formation has not been affected by the additioBDGAs. The absence of a sharp
peak for DCA4- containing systems leads us to imgat wide-angle X-ray
patterns for the ionomers. The XRD patterns aravahia Fig. 8. In the case of
the DCA4 systems, a sharp peak, which might indidhe presence of the
crystalline domains of the DCA4 in the ionomerspisserved at@= ca. 12°
(deragg= Ca. 7.4 A)For the DCA16 systems, a sharp peak is also sezh=ata.
4.3° (thragg= Ca. 21 A)the position of which is identical to that of tHeasp peak
found in the SAXS profiles at= 0.3 A™.
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It should be noted that the values of thgd of ca. 7.4 and 21 A are more or
less same as the distances between the ionic godups fully extended DCAs,
which might be ca. 7 and 22 A for the DCA4 and DGAlespectively. This
implies that the occurrence of the XRD crystallipeaks for the ionomers
containing DCAs is due to the presence of the D@Ashe form of phase-
separated and ordered entities in the ionomels. dtso seen that in the XRD
patterns for particular amount of the DCAs, thesmsity of the XRD peaks is
lower in SNa system than that in MNa system. Thiidates that the DCAs are
phase-separated and crystallized to a slight lextmnt in SNa systems than that
in the MNa systems.

Since the modulus of the polymers increases byatidition of the filler [39],
the increase in the modulus of the ionomer systeyrthie addition of the DCAs
might also be due to the filler effects. The X-m@gults have shown that the
DCAs are phase-separated into the matrix of thenwr, which may act as
filler. An attempt was made to fit the experimerd,. data points with the
Guth equation for calculating the modulus of themposites having rigid
spheres. It should be mentioned that this equasiapplicable for the systems
having the non-elastic, spherical filler particlgsto ca. 30 vol% of the fillers in
the sample. The Guth equation shows the relatipeshetween the Young's
modulus of the polymer and the volume fractionhaf filler as follows:

E /E=1+2.5/+14.2V
whereE and E are the Young's modulus of the filled and unfilleolymer,
respectively, and/; is the volume fraction of filler in the compos[®&9,71]. In
the present work, the ionic modul(E'nic) of the ionomer systems having
DCAs is taken a& , and that of the pure ionomersB&sTo calculate th&/; of
the DCAs, we need the densities (d) of the ionoraatsthe DCAs. The density
of the pure MNa ionomer is ca. 1.13 gfnwhich is obtained using a

pychometer in our lab.
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The densities of the DCAs used in this study arrtumately not available.
Thus, we have used an indirect method to evaldstedensity of DCA4, by
analyzing the densities of some of the organicsaaiud their salt forms, whose
chemical structure resembles with those of the DCAsese are formic acid
(d=1.22 g/cm)/sodium formate d=1.92 g/cni), acetic acid d=1.049
g/cnt)/sodium acetatedé1.53 g/cni), and oxalic acidd=1.65 g/cni)/sodium
oxalate (=2.34 g/cml) [76]. Thus, we roughly assumed that the densfty o
sodium salt of the succinic acid (DCA4) would be 2a0 g/cmi. With the
density and weight fractions of the DCAA4, it is pibée to calculate the volume
fractions of the DCA4 in the ionomer blends. A miajieviation between the
experimental data and calculated one is observé&igir9. The curvatures of the
plots are different and the experimental valuessageificantly low as compared
to the values obtained from the Guth equation. Tidgcates that the DCAs do
not behave as “typical” filler, and the effect o€CBs in increasing modulus is
considerably weaker, compared to those of the #&pfilers. Despite the
behavior of the DCAs as non-typical fillers, the ACsurely have reinforcing
effects on the modulus of the ionomers in the presgstems.

In the section dealing with thigs, we have shown that the addition of the large
amounts of the DCA4 leads to a slight and conshderancrease in the matrix
and clusteigs, respectively, of both MNa and SNa systems. Hewedhe large
amounts of the DCAL16 lead to a negligible changé&gs of the MNa system,
and to a slight and significant decrease in therimaind clusterT,s of SNa
systems, respectively. Let us discuss the posséasons for the increase and
decrease in the clust&gs upon the addition of DCA4 and DCA16, respectively
At this point, it would be worthy to recall that latv ion contents, some of the
ion-pairs of the ionomers are not able to take pamultiplet formation, because
these ion-pairs are beyond the loopback distarmethé ion aggregation [5,7].

As the DCAs are phase-separated in the matrixe@idhomers, the DCAs will

_51_



push the isolated ion-pairs of the ionomers to cafose to each other to form
the multiplets, leading to a more clustering, amtteasingls. Thus, we predict
that the increasing degree of the clustering upenaddition of DCA4 in both
ionomer systems is responsible for the increaslediiys of the ionomers.

In the case of the DCA16-containing systems, axelshown that the intensity
of the sharp peaks in SAXS profiles for the DCA6bioth ionomer systems
increases initially, followed by no significant nease on increasing amounts of
the DCA16. This suggests that at large amountshefRCA16, some of the
DCA16 molecules have not been fully phase-separatetl exist singly or as
imperfect crystallites in the matrix of the ionomelt should also noted that the
DCAs being relatively non-polar compounds will nally prefer to reside in
relatively non-polar parts of the ionomers, i.elkbmatrix, and restricted
mobility regions in the cluster phase. On compathgpolarity of the restricted
mobility and the bulk matrix regions, the restrict@obility regions are expected
to relatively be less non-polar because of the gmes of the polar multiplets
surrounded by the restricted mobility regions ie tusters, compared to the
bulk matrix regions. Upon the addition of the DCAmgolecules into the
ionomers, initially, the majority of the DCA16 moldes will prefer to fully
phase-separate into the bulk matrix regions. Upotnér increasing the amounts
of the DCAL16, the major portion of the additionah@unts of the DCA16 will
probably shift to the restricted mobility regiomss per the SAXS and XRD
results, these additional amounts of the DCA16 moés most probably contain
both perfect and imperfect crystallites, i.e. themoants of the imperfect
crystallites or singly existing DCA16 molecules wile more in restricted
mobility regions, compared to the bulk matrix regioThe non-linear increase in
the E'ionic In the case of the DCAl6-containing systems camdreslated with
this factor, i.e. the imperfection of the crystali. In the case of DCA16-MNa

system, the increased degree of the clusteringtaube additional multiplet
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formation should increase mainly the clusigras observed in the case of the
DCAA4-containing systems. However, there is negl@ibcrease in the clust&g

of the DCA16-MNa system. At the same time, the lsingxisting DCA16
molecules whose ion-pairs are supposed to be ig iateraction with the ion-
pairs of the ionomers in the multiplets, are expedo create additional free
volumes in the restricted mobility regions, causitige relatively easy
movements of the polymer chains in the vicinitytbé multiplets leading to
decreasing clustefy. Thus, these two opposite factors (i.e. improvedree of
the clustering and relatively easy movements ofpiblgmer chains) will try to
balance each other, and, hence, negligible chanteiclusteify seems natural.

In the case of DCA16-SNa system, one may expett similar to the DCA16-
MNa system there should not be any significant geain the clustelly of the
ionomers. However, the case is different herethere is a significant decrease
in the clusterTy of the ionomers. The two opposite factors respgmador the
negligible change in the clust&g in the DCA16-MNa system are expected to be
in operation here too. In addition, from the XRBuks we know that the phase-
separation of the DCAs is less in SNa system, coedpto that in the MNa
system. It suggests that the amounts of the fuigsp-separated DCAL16 is less,
or in turn the amount of the singly existing DCAi®lecules are more in SNa
system than that in MNa system at a particular athotithe DCA16. Thus, the
chains in the restricted mobility regions of SNateyn will have more easy
movements, compared to those in MNa system. Ofiaer the factors mentioned
above, it would be worthy to remind that the ionrpaf DCA16 (i.e. -COO
Na") and SNa ionomer (-SONa") are different from each other. Thus, the ion-
pairs of some of the singly existing molecules expected to be in ionic
interaction with the ion-pairs in the multiplets thfe ionomers. Therefore, the
ion-pairs of the DCA16 will decrease the strengthnteraction between the -

SO; Na' ion-pairs because the strength of interaction betw«SQ Na’™ and -
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COO Na' ion-pairs will be significantly less than that bet-SQ Na’and -S@
Na' ion-pairs. If our explanations approved to be these to the reality, then
these may be the most probable reasons for theakein thdys in DCA16-
SNa system. Agarwal et al. have also shown thairtberporation of the zinc
stearate having carboxylate ion-pairs to the ziofosate EPDM system,
weakened the strength of ion interactions betwéenzinc sulfonate ion-pairs
[61] leading to the decrease in fhs.

Now, it can be suggested that DCA4 acts as neiimfg additive by increasing
the modulus andgs in both MNa and SNa systems. The DCA16, howewer,
addition to acting as reinforcing additive by iresang the modulus of both
systems, acts as preferential plasticizer for theter phase at least at its large
amounts in the SNa systems.

It would be useful to compare the effectivenesghe similar additives in
changing the modulus of various ionomer systems.hale selected ionomers
rather than non-ionic polymers, and additives hgwonly carboxylate ion-pairs
for effective comparison with our systems. Anotlkaterion for selecting the
additives containing systems was the full neutagion of both the additives and
ionomers, so we found only a few systems fulfillihgs criterion. The additives
range from mono- to multi- functional, aliphaticacomatic, and salts of mono-
to di- valent cations. It would be worthy to memntithat at least two properties
are common to all of these additives. The first anéhat these additives have
carboxylate ion-pairs, and the second one is tpé@ase-separation in the
respective ionomer matrixes. The data has beem ta&m the enlarged version
of the modulus vs. weight percentage plots fromrdspective papers. Fig. 10
shows theE'qnic data for various ionomer systems having carbogyéatditives
as a function of the amounts of the additives. Jlbpes of the plots are listed in
Table 2.
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lonomer/Polymer blends Slope

P(S-7.1-MANa)Na-succinate 0.023
P(S-7.6-MANa)Na-benzoate 0.026
P(S-7.6-MANa)Na-iso-phthalate 0.025
P(S-7.6-MANa)Na-benzene tetracarboxylat®.026
P(S-6.6-MANa)Na-p-toluate 0.031
P(E-10-MANa)Na-hexadecanoate 0.031
(Na-s-m-EPDM)Zn-stearate 0.021

Table 2. Comparison of the slopes of the modulus plotgHer
effectiveness of additives on increasing modulus.
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It can be observed from Table that the slopes ®@fplbts are more or less same
to the slope of the plot of DCA4; the one of theliides used in the present
study. This suggests that the rate of increaskedrvalues of the modulus is more
or less same irrespective of the types of the i@rarhains and additives, at least
to these selected systems.

On combining these results with rest of the tssaf modulus obtained from
our systems, it can be concluded that in most ef dhses, it is mainly the
amounts of the additives rather than the naturh@fionomer chains, nature of
the ionic groups of the ionomers, similarity orfefénce in the nature of the
ionic groups of the ionomers and additives, theurgaibf the additives, e.g.
functionality, aliphatic or aromatic, short or longgains, which is responsible for
the increase in the modulus, provided that thetagi have tendency to phase-
separate even at low weight concentrations in dm®mers and the additives
have sufficiently high melting points so that thragly not affect the properties of

the polymers owing to the melting of the additives.
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Chapter 3

Dynamic mechanical properties of lightly sulfonated
polystyrene ionomer blends with salts of dicarboxyt

acids, neutralized with divalent cations
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Abstract

We studied the effects of the addition of bar@mnad cobalt salts of short to long
chain aliphatic dicarboxylic acids on the dynamiecmanical properties of
poly(styreneeo- styrene sulfonate) ionomers using DMTA. At 1:1lmetio of
the ionic groups of the organic salts to that o thnomers, the addition of
organic salts led to a negligible change in therimatass transition temperatures,
Tgm in both the barium and cobalt systems, witheligiffect of the number of the
carbon atoms of the salts. The cluster glass tangemperatured,c, however,
almost remained constant in cobalt system, andeasad slightly in barium
system with increasing number of the carbon atomthe salts up to C-12.
Above C-12, however, thgc in both the systems decreased slightly. The ionic
modulus increased with increasing number of théararatoms of the salts in
both the systems. On increasing the mol ratio efitimic groups, and in turn the
weight percentage of the salts in barium-ionoméns, Tgs remained almost
constant or increased slightly irrespective of thenber of the carbon atoms.
The ionic modulus of the systems having low anchimgmber of the carbon
atoms increased significantly and the plots alnsogterimposed on each other.
These results were compared with those of the rsatéal ionomer system
neutralized with mono-valent cation (e.g. sodiuBiilar effects were observed
in the ionic modulus and matriks for the systems having the DCAs of low and
high number of the carbon atoms, while the effe¢thhe DCA of high number
of the carbon atom was much more significant in mheno-valent ionomer
systems. Thus, we concluded that the type of thi®rcand number of the
carbon atoms of the added organic salts has ndisant effect on the modulus
of the resulting ionomers, and that the organit¢ssatted mainly as filler in
divalent systems.

Key words: polystyrene ionomers, aliphatic dibasic salts, snamd divalent
cations, filler effects
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1. Introduction

During the last 4 decades, extensive studieshemtechanical properties and
morphologies of the ion containing polymers havesrbgerformed [1-6].
Polymers having small amount of the ionic groupaslled ionomers, show
important and enhanced mechanical properties apa@a to their non ionic
counter parts, owing to the significant interactlmetween the ionic groups, and
polarity difference between the ion-poor and iarkrregions. As per the EHM
model, the ionic groups tend to aggregate in tHgnper matrix, leading to the
formation of multiplets [7]. The size and numbertbése multiplets increase
with increasing the ion contents of the polymers] &hey start to overlap each
other, hence the mobility of the chains surroundimgse multiplets decreases.
Once, the size of restricted mobility regions alevith the multiplets attains or
exceeds a certain size ca. 50-100 A°, they leathdéophase separation of the
materials into ion-poor and ion-rich domains. Tha-rich regions are termed
“clusters” [7]. Now, the materials show two glasansitions, the one is usual
matrix glass transitions, and the other is attedub the cluster regions.

The mechanical properties and morphology of iosimmcan be tailored by
varying a number of factors including types, sipesition and degree of
neutralization of ionic groups, and types of adeii, plasticizers, neutralizing
agents [8-11]. However, little is known about th#ees of bi-functional
additives on the morphology and mechanical propemif amorphous PS based
ionomers neutralized with multivalent cations. Agar et al studied the
mechanical properties of Zn-sulfonated ethylengyplene-ethylidene
norbornene terpolymer (Zn-EPDM) containing Zn-saéar[12]. They showed
that the crystalline zinc stearate phase separatged as filler and, thus, raised
the matrixTy of the ionomer. On the other hand, the zinc steatso acted as a
“multiplet” plasticizer at higher temperatures. @ynic mechanical studies on
the matrix- and cluster- dominant polystyrene (H8)omers containing
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chemically identical mono- and di-functional oligera were carried out by
Planteet al [13]. Mono-functional oligomers decreased fhs. In matrix-rich
system, di-functional oligomers were found to irase theTgs at low oligomer
contents. However, in the cluster-rich system,ahgrs were phase separated
due to the lack of sufficient amount of the nonitompolymer matrix to
accommodate the non-polar oligomers. Subsequéd?itiypte and Bazuin studied
lightly sulfonated PS ionomers containing mono-dispd, tertiary amine-
terminated oligomers of styrene [14]. They showéat tmono-functional
oligomers plasticized the ionomer but considerddédg than did alkyl chains. It
was attributed to the greater bulkiness and ssfn& the styrene segments. The
di-functional oligomers, however, showed a littlagpicization effect, and, at
higher amount of the oligomers, became phase depladaspite extensive inter-
component interactions owing to the copolymer éffie®ecently, our group
investigated the dynamic mechanical propertiesS¥bBsed ionomers containing
disodium salts of aliphatic dicarboxylic acid [15]2It was found that the DCAs
phase separated, and, hence, increased the moduhes than significantly
affecting theTgs. Wakabayastet al studied the effects of the addition of few of
the fatty acid salts on morphology and mechanicapgrties of ethylene-based
ionomers neutralized with mono to divalent catifit®]. They observed that the
changes in the structure and properties of thenmame induced by the additives
were complex, and depend both on the cation andtather the chains of the
fatty acid salts and ionomers were crystallizafleis literature survey shows
that there is a lack of sufficient information abdloe effects of the addition of
difunctional additives on the properties of PS-bagmomeric systems. Thus,
we decided to investigate the roles of DCAs neuztedl with divalent cations to
tailor the properties of SPS ionomers. In the preseudy, barium and cobalt
salts of succinic acid [NaOOC—(GH-COONa], adipic acid [NaOOC—(G)—
COONa], dodecanedioic acid [NaOOC—(§4—-COONa] and hexadecanedioic
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acid [NaOOC—(CH)1,—~COONa] were used as additives. By selecting stoort
long chain additives, we may be able to see thectffof alkyl chain lengths on
the dynamic mechanical properties of the ionomEne. results obtained will be
compared with those of ionomers and DCAs neutrdlizeh mono-valent cation,

e.g. sodium.

2. Experimental Details
2.1. Sample Preparations

PS homopolymer of molecular weight ca. 500,00 wgnthesized by the
method described elsewhere [17,18]. The poly(strenstyrenesulfonic acid)
SSA copolymer was prepared by the sulfonation ofMRE the method reported
by Makowskiet al [19]. In order to determine the sulfonic acid cotiehe
copolymer sample was dissolved in a benzene/methi{@n v/v) mixture to
make a 5% (w/v) solution. The resulting solutionswidrated with methanolic
NaOH solution to the phenolphthalein end point. &b&l content was found to
be 4.0 mol%. To prepare the blends of the ionomeatatning DCAs, the acid
form of the DCAs and copolymer was dissolved ireazene/methanol (9/1, v/v)
mixture. After complete dissolution of both the qmments, the acid groups of
both the DCAs and acid copolymer were fully neutesd with methanolic
Ba(OH).8H,O and Co(CHCOQ).4H,O solutions. The mole ratio of the acid
groups of the copolymers to those of the DCAs wgst kconstant to 1/1. The
samples were freeze-dried and dried further undexcaum at ca. 150 °C for 24
h. For the dynamic mechanical studies, the sampdee compression molded at
ca. 260 °C with a pressure of ca. 25 MPa. The ndok#nples were annealed
under a vacuum at 150 °C for 24 h. The notatiored Usr the samples are
SBa/SCo-Cx, where SBa and SCo are the SPS ionameeatsalized with B&

and C&" ions, respectively, having DCAs of “x” number tfetcarbon atoms,
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e.g. 0 (i.e. an ionomer), 4 (sodium succinate)s@&lium adipate), 12 (sodium

dodecanedioate), and 16 (sodium hexadecanedioate).

2.2.  Dynamic Mechanical Property Measurements

The storage modulusEl() and loss tangent (tad) of each sample were
measured as a function of the temperature using\’a {Thermal Analysis)
dynamic mechanical thermal analyzer (DMTA Mark ih) a dual cantilever-
bending mode at five different frequencies. The @amwere heated at a rate of
1 °C/min. The detailed study was performed usirgdhita obtained at 1Hz.

3. Results and Discussion

In Fig. 1, it is seen that with increasing tengpere, the modulus plots pass
through the glassy region, to the matrix glasssitam, to the ionic plateau (the
plateau between the glass transitions of the matrtk cluster phases) [7], to the
cluster glass transition, to the rubbery plateadiflow region. It can be observed
in the modulus plots that the values of glassy radare almost same for all the
samples including the pure ionomer. It is cleasgrs that above matrix glass
transition, there is a significant increase in ttleeght of the modulus plots for the
ionomers containing DCAs. It is also seen that whéth of ionic plateau is
almost same for all the samples including the pamemer. It suggests that there
is a negligible interaction between the ionic gmuwd the pure ionomer and
additives, i.e. -S@Ba&" SO; and -COBa&'COO, respectively. It may indicate
that the multiplets of the ionomer are negligiblifeated by the addition of
DCAs. In the loss tangent plots, we can observe tha ionomer system
represent characteristic two phase behavior, tts¢ dine is ion-poor phase at
lower temperatures, i.e. matrix phase, and thergkeoae is the ion-rich phase at

higher temperatures, i.e. clustered phase.
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Figure 1. Storage moduliE’) and loss tangents as a function of the
temperature for the P(@&-SSBa) ionomer and its system

containing salts of organic acids at 1 Hz.
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It is observed from the figure that on the additointhe DCAS, there is a
negligible change in the position of the matrix sglatransition peaks with
increasing alkyl chain lengths of the DCAs. Howevke position of the cluster
glass transition peaks shifts to higher temperatbyethe addition of DCAs up to
carbon number 12. On further increasing the nunabehe carbon atoms, the
position of the cluster glass transition peak siuifslight lower temperatures as
compared to the loss tangent peak positions ofahemers having the rest of
the DCAs, but the peak position is still higherrthiat of the pure ionomers.

Like the SBa system, it can be seen in the madplots in Fig. 2 that there is
no considerable difference in the values of modulpsto the matrix glass
transitionsfor all the samples including the pure ionomer.t@& addition of the
DCAs, the height of the modulus plots in the iopiateau region increase
slightly. Contrary to the SBa system, the heighthef rubbery plateau decreases
significantly on the addition of DCAs, with no peporder of the alkyl chain
lengths. It can be seen in the loss tangent phatisthere is no significant change
in the shape, size and width in matrix loss tangesdaks. The trends in the
position of the cluster loss tangent peaks are sirs@me to that in SBa system.
The height of the peaks increases significantlg, sgsems almost independent of
the alkyl chain lengths. On comparing the widthhaf ionic plateau of SBa and
SCo pure ionomers, it can be observed that it dewior the SBa ionomer that
that of the SCo ionomer. The width of the ionictgéa is treated as a symbol for
the strength of ion interactions between the ioinspan the multiplets of the
ionomers [3,5,7], i.e. the wider the ionic platetlhig stronger the ion interactions
between the ion-pairs. The wider ionic plateauhi@ $Ba ionomer implies that
the strength of interaction between the ion-pai80f Ba®" SO5) in SBa
ionomer is more that that of the ion-pairs (:3*" SQy) in SCo ionomer.
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It is observed from Fig. 3 that ionic modulus (tle@ues of modulus in the ionic
plateau regions at a point of minimum slope) ofep8Co ionomer is less than
that of the pure SBa ionomer. It is known that iilv@ic modulus is associated
with the degree of clustering; that is, the highe degree of clustering, the
higher the ionic modulus [3,5-7]. As mentioned iearthat the strength of
interaction between the ion-pairs in SBa ionomemixe that that of the ion-
pairs in SCo ionomer, then clustering will be easyBa ionomer, and, hence,
the number of the multiplets will be more in thesSBnomer as compared to the
SCo ionomer. Thus, the total area of the clusteegibns will be more in SBa
ionomer than that of the SCo ionomer. This mayheeréason for the lower ionic
modulus in SCo ionomer, compared to the SBa ionorteis seen that on
addition of the DCAs there is a significant incre&s the ionic modulus in both
the SBa and SCo systems. In SCo system, howeuer, RCA6, on further
increasing the number of the carbon atoms, theafatbe increasing the ionic
modulus slightly lowers. The values of the ionicdulus seem to be more or
less same in both the systems having DCAs of lombar of the carbon atoms.
It suggests that the effects of the DCAs on the &t increasing the ionic
modulus are almost independent on the type of #ieres, at least, to some
extent if the valency of the cations is same.

It is also clear from the Fig. 3 that there is gliggble change in the matriX;s
by the addition of the DCAs in both the ionomertsyss, irrespective of the
alkyl chain lengths. The clust&gs, however, increase slightly by the addition of
DCAs of up to carbon number 12 in SBa system. Qthéu increasing the
number of the carbon atoms, the clugigdecreases slightly but it is still higher
than that of the pure ionomers. In SCo system,ctuster Tgs remains almost
constant up to DCA12, followed by a slight decreaséncreasing the number of

the carbon atoms of the DCAs.
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Let us analyze the effects of the high amounthhefDCAs on the mechanical
properties of the ionomers. To do so, we prepdredsBa ionomers having up to
30 weight percentage of the DCA4 (the DCA having lilwest number of the
carbon atoms used in this study) and DCA16 (the Da&ing the highest
number of the carbon atoms). As the effects of DIAs on the mechanical
properties of the SBa system seem slightly beti@n that for the SCo system, so
we have selected SBa systems for further study.4~and 5 show the modulus
and loss tangent plots for the SBa systems havi@AD and DCALG,
respectively, as a function of the temperaturés keen that on the addition of
DCAs, there is a significant increase in the heigftthe ionic plateaus in both
the systems.

From the loss tangent plots, it is observed thateths a significant decrease in
the heights of the matrix loss tangent peaks i blo¢ systems. However, there
is no considerable change in the heights of thetetuloss tangent peaks in
DCA4 systems, but significant increase is seenh@ DCA16 system on
increasing the weight percentage of the DCA16.

Fig. 6 and 7 show the ionic modulus and glassstt@n temperatures as a
function of the weight percentage of the DCAs inaS&8nhd SNa systems,
respectively. It is seen that there is a signifidanrease in the ionic modulus in
both the SBa and SNa systems on increasing thentyaggcentage of the DCAs.
Moreover, it is interesting to note that the iomodulus plots of the DCA4 and
DCAL16 in both the SBa and SNa systems almost supese on each other.
This suggests that the effects of the addition 6fAB on the rate of increasing
the ionic modulus is independent of the type ofDi@As, i.e. short or long alkyl
chain lengths, and the type of the cations, i.enanand divalent cations. It is
shown in the glass transition temperature plotsttiere is a slight change in the
matrix Ty in both the SBa and SNa systems, and is seempdndent of the

alkyl chain lengths of the DCAs.
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The clustefTgs increased slightly with the addition of DCA4 ioth the systems.
However, it remained more or less same or increadigitly in DCA16
containing SBa system, and decreased significantlpCA16 containing SNa
system. Thus, it can be inferred that DCA4 has @pprately same effect in
both the systems in slightly increasing the clu3igwhere as the effect of the
DCA16 in decreasing the clust& is much more significant in SNa system,
compared to that in the SBa system. This is mosbahly due to the less
strength of the ionic interaction between the iogioups of the SNa system,
compared to that of the SBa system. The anothenipent reason for this is as
follows: sodium cation is mono-valent, so it catemact with only one anion to
make electrically neutral ion pair, whereas barigrdivalent, and, hence, needs
two anions to form electrically neutral ion-paivée know from the EHM model
that the formation of the ionic aggregates crea®sic hindrance to the
movement of the adjacent polymer chains. The igph, i.e. the movement of
the ion-pairs from one multiplet to another is thest important mechanism for
the occurrence of the cluster glass transition.sTHar the ion hopping, less
energy is needed for the ion-pairs having two iagcups (SNa system) than
that for the ion-pairs having three ionic groupB&System) due to the less steric
hindrance in SNa systems compared to the SBa systberefore, for the
DCAL16 it will be easy to facilitate the plasticizat of the restricted mobility
regions in SNa system that that in the SBa system.

4. Conclusions

The effects of the addition of divalent saltsstiort to long chain aliphatic
dicarboxylic acids on the dynamic mechanical probperof poly(styreneo-
styrene sulfonate) ionomers neutralized with barianad cobalt were studied
using DMTA. At low weight percentage of the DCAetaddition of DCAs led
to a negligible change in thm in both the barium and cobalt systems, with
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negligible effect of the number of the carbon atoafsthe salts. TheTyc,
however, almost remained constant in cobalt systemd, increased slightly in
barium system with increasing number of the carékmms of the salts up to C-
12. Above C-12, however, thgc in both the systems decreased slightly. The
ionic modulus increased with increasing numbethefdarbon atoms of the salts
in both the systems. At high weight percentagehefdalts in barium-ionomers,
the Tys remained almost constant or increased slightgrective of the number
of the carbon atoms. The ionic modulus of the sgstBaving DCAs of low and
high number of the carbon atoms, i.e. DCA4, and DE€MAcreased significantly,
and the plots almost superimposed on each othercdbrparing these results
with those of the sulfonated ionomer system neiagdlwith mono-valent cation
(e.g. sodium), similar effects were observed initimec modulus and matriX,s
for the systems having the DCA4 and DCAL16, while e¢ffects of the DCA16 in
decreasing the clustéfgs were significantly higher in mono-valent ionomer
systems, compared to that in divalent system. Tweasconcluded that the type
of the cations and number of the carbon atomseftided organic salts has no
significant effect on the mechanical propertieshaf resulting ionomer, and that

the organic salts acted mainly as filler in divalgystems.
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Chapter 4

Dynamic mechanical studies on sulfonated polystyren

lonomers neutralized with amphiphilic diamines
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Abstract

As part of a series of investigations of diffdréamilies of ionomeric systems
containing bi-functional linear aliphatic moleculethe study reported here
focused on the effects of short to long chain atghdiamines (ADAS) on the
morphology and dynamic mechanical properties of y(styreneeo-
styrenesulfonic acid) SSA copolymers having 4.3,ahd 11.5 mol% of the acid
groups. Dynamic mechanical thermal analysis andlsmagle X-ray scattering
techniques were used in this study. Upon blendurg-ceutralization of the
copolymers with aliphatic diamines, a negligibleacge in the shape, size and
position of the matrix loss tangent peaks was ofeserin the case of the
ionomeric systems having 4.1 and 7.3 mol% of timcigroups. However, only
a little change in the position of the matrix Idaagent peaks, and a significant
increase in their height were observed in the adsthe system having 11.5
mol% of the ionic groups. A drastic shift in thespmn of the cluster loss
tangent peaks to low temperatures in all systenssfauand to be related with the
number of the carbon atoms of the ADAs. On increashe number of carbon
atoms of the ADAs, a negligible, and a significalecrease in the size of the
cluster loss tangent peaks were observed in themeric systems having 4.1
and 7.3, and 11.5 mol% of the ionic groups, respagt The width of the ionic
plateau decreased significantly with increasing bemnof carbon atoms of the
ADAs, indicating the ion interactions between then-pairs of ionomer
decreased in a similar order. There was a sligirtease, a negligible decrease,
and a considerable decrease in the ionic moduluthenionomeric systems
having 4.1, 7.3, and 11.5 mol% of ionic groups,peesively. Thus, it was
concluded that on one hand, at low ion contenthe@fionomer, the addition of
ADAs induced the clustering leading to a slightrease in the ionic modulus.
On the other hand, at high ion contents, the ADksugited the multiplets of the
ionomers leading to a decrease in the ionic modutusas also suggested that
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the properties of these SSA systems were relatddthe number of the carbon
atoms, and that the ADAs acted as neutralizing tagem-ionic domain
plasticizers.
Keywords: sulfonated polystyrene ionomers, aliphatic diammjnelustering,
plasticization

1. Introduction

lonomers are polymers having a small amount ofcigroups attached
directly to backbones or as pendant groups attatheside chains [1-7].
Because of the presence of attractive electrostatees between the ionic
groups in the ionomers and high degree of incorbpigi between the ionic
groups and the relatively non-polar hydrocarborymper matrix, the ionic
groups tend to aggregate. These ionic aggregathesd ¢multiplets” [8], lead
to the reduction in the mobility of the polymer ohaegments surrounding
them [9]. Based on the extensive studies by masgareh groups using
various experimental techniques, it is now welbbBshed that at very low
ion contents only a few of the multiplets exist. this stage, the ionomers
show one-phase behavior. With increasing ion cdstehe number and size
of the multiplets increase, and, hence, the restticmobility regions
surrounding the multiplets start overlapping, mgkerge contiguous regions.
When the restricted mobility regions reach or edlce 10 nm in their size,
they exhibit their own glass transition at highemperatures than that for the
hydrocarbon rich regions (i.e. matrix phase). A thoint, the restricted
mobility regions along with the multiplets are tewh“clusters”, and the
ionomers behave like biphasic materials. At mudaghéi ion contents, the
cluster regions become dominant [10,11], and thenwmers again behave like
monophasic materials, showing only one glass tiiansiat much higher

temperatures than the glass transition of the i@yenof very low ion
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contents.

It is well known that the mechanical properties amdrphology of the
ionomeric systems are influenced by various fadtwkiding ion contents, type
of the counter-ions, type and position of the iggendant groups, and type of the
backbone chains [1,9]. In this paper, our study feasised on the roles of the
neutralizing agents in changing the mechanical gntigs and morphology of
lightly sulfonated polystyrene (SPS) ionomers. ®awert the acid groups of the
copolymers into the ionic groups, one could useouarneutralizing agents. In
the case of anionic ionomers, counter-ions carlkadi aalkaline earth, transition
and rare earth metal cations. In addition, podifiaharged organic molecules
can also be used as counter-ions. In the case taf oaions, an effective charge
density of the ions is the main factor that affdbis packing of the ion-pairs in
the multiplets, which, in turn, can influence thebility of the polymer chains
emanating from the multiplets. However, for the amig cations, their
functionality, shape and size play the dominarg oltailoring the properties of
the ionomers. Thus, the selection of the counterif one of the important
factors to control the visco-elastic properties amatphology of ionomers. When
multi-functional organic molecules are added to ibeic polymers, they
introduce ionic cross-linking sites to the polymdrains, and the resulting
ionomers get enhanced physical properties. Modbgiy, it was for the first
time that Brown recognized this effect in the ceuc$ the preparation of the
elastomers containing carboxylic acid and hexantetigy diamine [12]. Rees
studied the ethylene—methacrylic acid copolymergraézed with the aliphatic
diamines and those with metal cations [13]. He haded that the diamine salts
of the copolymer showed weaker ion interactionsnthize metal salts. The
thermal, mechanical and rheological propertiesR$® $onomers neutralized with
mono-, di- and tri-substituted alkyl amines, th&yhlchain lengths of which

range from @ (ammonia) to &, were studied by Weiss et [d4]. The authors
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demonstrated that the properties of the ionomense vadfected by the chain
lengths of alkyl amines, the number and size of ghbstituents. Smith and
Eisenberg studied the effects of neutralizationS&S ionomers with either
flexible or rigid mono-functional amines of low nealular weight (MW) on the
mechanical properties of the ionomers [15]. Thaynfbthat the flexible amines
plasticized the system, and that the decreaseeigltss transition temperatures
(Ty) of the ionomers was proportional to the numbethef carbon atoms of the
amines. However, the rigid amines showed anti-jiastion effects (i.e.
increase in thely) by acting like physical grafts. Few other groupsl lsso
studied the effects of the organic compounds, lgafumctional groups used in
the neutralization of the acid copolymers, on wasiproperties of the ionomers.
For the sake of the precise Introduction, the egtd readers are referred to the
concerned articles [16-25].

The above-mentioned literature survey shows tti@tsmall organic molecules
can be used as neutralizing agents, plasticizersjeatralizing agents-cum-
plasticizers, depending on the functionality, shapd size of the molecules. In
addition, amine-containing compounds among otheallsorganic compounds
can also be used as neutralizing agents as wetloaster-ions to tailor the
physical properties of the ionomers. Although, ¢fffects of a few of the organic
diamines on the properties of the crystalline ethglbased ionomers had been
studied, little attempts had been made to explwestfects of short to long chain
aliphatic diamines (ADAs) on the morphology and ayic mechanical
properties of the amorphous polystyrene-based ienenThe additives that are
expected to show many applications at the same tivayg be more interesting
and useful candidates as compared to the addighesving only a single
application. Four aliphatic diamines, the alkyl icisaof which range from ethyl
(Cyp) to dodecyl (&) in number of the carbon atoms, were selectethferstudy.

All the ADAs have one amino functional group atlead the alkyl chain end.
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The copolymers of low, medium and high acid corsemre chosen to explore
the effects of the degree of clustering on changfiregmechanical properties of

the ionomers containing ADASs.

2. Experimental Details
2.1. Polymer Synthesis

Polystyrene (PS) homopolymer (MW= ca. 500,000 synthesized by the free
radical polymerization of purified styrene at 60 G§lng benzoyl peroxide as the
initiator. After the pre-calculated polymerizatitime to give the conversion of
ca. 30% by weight, the polymer solution was cookad diluted with
tetrahydrofuran. The polymer was recovered by tieeipitation of the solution
into an excess amount of methanol. Lightly SPS sandopolymers were made
by the sulfonation of PS with the method reportgdakowski et al [26,27].
The sulfonation reaction was carried out in 1, xtlimethane at 60 °C for 1 hr.
By controlling the amount of the sulfonating agehg degree of sulfonation was
achieved as per need. The reaction was terminatédebaddition of methanol
into the reaction mixture. The PSSSA copolymersewascovered by steam
stripping in boiling water followed by pulverizatidn a blender. The resulting
powder samples were washed several times with medd water and with
methanol. To determine the acid contents, the gopal samples were dissolved
in a benzene/methanol (9/1, v/v) mixture to maké&% (w/v) solution and
titrated with methanolic NaOH solution to the phiphdhalein end point. The

ion contents were found to be 4.1, 7.3 and 11.%4nol

2.2. Sample Preparation

For blending-cum-neutralization of the acid cgpoérs with ADAs, the solid
and acid form of the copolymer and the ADAs weressdived in a
benzene/methanol (9/1, v/v) mixture to make a 5%v)wsolution. The
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copolymer solutions were freeze-dried and driedh&mr under a vacuum at ca.
130 °C for 24 h. The ratio of the moles of ioniogps of the copolymers to that
of the amino groups of the ADAs was kept at 1/1r. @mmparing the results of
ionomers neutralized with ADAs to those of the ratutralized ionomers, we
also prepared sodium-neutralized ionomers. The @polymers were dissolved
in a benzene/methanol (9/1, v/v) mixture to make¥a (w/v) solution. A pre-
determined amount of methanolic NaOH solution wdded to the copolymer
solutions for complete neutralization. The copolyms@utions were freeze-dried
and dried further under a vacuum at ca. 130 °Q4#bh. The acronym used for
these samples is x-Na/ADAy, where “x” stands fa thol% of the ionic groups
in SPS ionomers neutralized with either sodiumao®DAs, and “y” stands for
the number of the carbon atoms in a particular ADdlecule, e.g. 2 (ethylene
diamine), 6 (hexamethylene diamine), 10 (decametigyldiamine) and 12
(dodecamethylene diamine). For the dynamic mechbproperty measurements,
samples were compression molded at ca. 150-25arfCat a pressure of ca. 25
MPa. All the molded samples were transparent. Tledded samples with
approximate dimensions of 2%7.0X 30.0 mni were annealed under a vacuum

at 130-150 °C for 24 h.

2.3. Dynamic Mechanical Thermal Analysis

To measure the dynamic mechanical propertieeefdnomers, a TA dynamic
mechanical analyzer (DMTA Mark Il) was used. Thealdoantilever-bending
mode at frequencies of 0.3, 1, 3, 10 and 30 Hzwtiéized. The heating rate was
1 °C/min. For each sample, the storage modkli)(and loss tangents were
obtained as a function of the temperature. Althoutymamic mechanical
measurements for each sample were conducted adliffeeent frequencies, the

detailed analysis was performed only on 1 Hz data.

_87_



2.4, X-ray Experiments

The small angle x-ray scattering (SAXS) experitaevere conducted at Station
4C1 of the Pohang Light Source (PLS) synchrotratiateon source (Pohang,
Korea). The generated critical beam energy wak@\8(at 2.5 GeV operation
modes). The size of the beam at the sample wadesntiahn one mfm The
position-sensitive one-dimensional Si diode-arragtedtor was used. The
sample-to-detector distance was 400 mm, which a@&tbVBAXS data to be
obtained in they (scattering vector) ranging from ca. 0.4 to 5.7 navhereq =
4n sin6/A; 0 is half the scattering angle, ahds the x-ray wavelengtli€ 0.1608
nm) [28]. The SAXS data were plotted as relativensity vs.q after correction

for sample absorption and a background.

3. Results and Discussion

Fig. 1 (a) shows the storage modlli)(as a function of temperature for the
SPS ionomers containing 4.1 mol% of the ionic geoneutralized with sodium,
SNa (4.1-Na), and ADAs, SADAs (4.1-ADAs). With ieasing temperature, the
modulus curve shows a glassy plateau, a steepxngaéiss transition, an ionic
plateau, a cluster glass transition, a rubberyaafidw region. The ionic plateau
(i.e. the region between the glass transitionfiefmatrix and the cluster phases)
[6] extends up to ca. 225 °C for the 4.1-Na iongrteeca. 170 °C for 4.1-ADA2
and 4.1-ADAG, to ca. 145 for the 4.1-ADABD to ca. 150 °C for the 4.1-
ADA12 ionomers. This indicates that the width oé ttonic plateau decreases
with increasing number of the carbon atoms of tiBeAA. The width of the ionic
plateau is treated as a symbol for the strengtheofnteractions between the ion-
pairs in the multiplets of the ionomers based am shme non-ionic monomer
[8,17,21,27]; the smaller the ionic plateau, theakex the ion interactions

between the ion-pairs.
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Figure 1. Storage moduli as a function of the temperatoreife P(S4.1-
SSA) and P(S1.5SSA) ionomers neutralized with sodium
and ADAs, at 1 Hz.
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This suggests that the strength of the interactlmetsveen the ion-pairs in the
multiplets of the ionomers neutralized with the ADdecreases with increasing
number of the carbon atoms of the ADAs. It will Wwerth mentioning that the
height of the ionic plateau in the ionomers gergraflects the development of
the cluster phase to some extent [1,9,10,29,3Bar@, it is the highest for the
4.1-Na ionomer, suggesting the highest stabilityttod cluster phase of the
ionomer neutralized with the sodium. It is alsorst#&t the curve for the cluster
glass transition of SADAs becomes steeper andsstaftow temperatures with
increasing number of the carbon atoms of the AD3snilar trends in the
storage modulus plots (not shown here) are obsenviak case of the ionomeric
system containing 7.3 mol% of the ionic groups. @mon Fig. 1 (b) are the
storage modulus plots for the ionomeric systemrgil.5 mol% of the ionic
groups. Here, again, the trends are similar to dhahe lowest ion content (i.e.
4.1 mol% of the ionic groups) system in this stuglycept that once the number
of the carbon atoms of the ADAs is higher than tthe, modulus curves seem to
be similar to each other.

Fig. 2 (a) and (b) show the storage modulus asetifin of temperature for the
three SPS ionomers having 4.1, 7.3 and 11.5 mol%thef ionic groups
neutralized with the sodium, and the ADAs having tbwest and the highest
number of the carbon atoms in this study, e.g. AlAR ADA12, respectively.
It is evident that the height of the ionic plateauncreasing with increasing the
ion content of the SNa ionomers. It is also seanttie width of the ionic plateau
decreases and its slope becomes steeper with simgeaumber of the carbon
atoms of the ADAs. It may be interesting to notattbn increasing the ion
content of the ionomer, the gap between the iolatepu of the SNa ionomers
and the ionomers neutralized with the ADAs incresigaificantly. This will be

described later.
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Figure 2. Storage moduli as a function of the temperatoretfe P(S4.1-
SSA), P(S7.3SSA) and P(S:1.5SSA) ionomers neutralized

with sodium and ADAs, at 1 Hz.
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Let us focus on the loss tangents plots. The tasgent as a function of
temperature for the SNa ionomers and the SADAsogvn in Fig. 3 (a) and (b)
for the ionomeric systems having 4.1 and 11.5 mof%he ionic groups. From
Fig. 3 (a), it is clear that these ionomers represbiphasic behavior by showing
loss tangent peaks for the ion poor phase, i.etixnaltase at low temperatures,
and ion rich phase, i.e. cluster phase at high ¢eatpres. It is found that with
the addition of ADAs, there is a no change in thape, size and position of the
matrix loss tangent peaks. However, a drastic ghithe position of the cluster
peaks to low temperatures is clearly seen, for @@nthe cluster peak appears
at ca. 260 °C for the 4.1-Na ionomer, at ca. 1900t@.1-ADA2 and 4.1-ADA6
ionomers, and at ca. 170 °C in the case of 4.1-AD&Aid 4.1-ADA12 ionomers.
At this point, it will be useful to remind that tletensity (i.e. the height) of the
loss tangent peaks does appear to be relatedhvattieigree of neutralization, the
proton transfer, and the development of matrix ahdter phases [18]. No
significant change in the size and intensity ofhbtbte phases is observed with
increasing number of the carbon atoms of the AD¥ssshown in the Fig. 3 (b),
the loss tangent plots in the case of the iononsrstem having 11.5 mol% of
ion contents are quite different than that of thgteams having 4.1 mol% of the
ionic groups. The cluster phase is well dominatest the matrix phase. Like the
systems having 4.1 mol% of the ionic groups, aigdsé change in the position
of the matrix phase, while drastic shift in the ipoa of cluster phase is
observed here, too. A significant decrease in the of the cluster peak, with a
subsequent increase in the size of the matrix petkincreasing number of the
carbon atoms of ADAs is also seen. The shift ingbsition of the cluster loss
tangent peaks towards lower temperatures in albyseems seems to be more or
less related with the type (i.e. number of the caratoms) of the ADAs.
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Figure 3. Loss tangents as a function of the temperatur¢hio P(S4.1-

SSA) and P(S:1.5SSA) ionomers neutralized with sodium
and ADAs, at 1 Hz.
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Fig. 4 shows the values of the ionic modulus,the modulus at the point of
minimum slope in the ionic plateau region [9,10,36]a function of number of
the carbon atoms of the ADAs. The overall trendhiese three systems shows
that there is a slight increase, a negligible deseand a considerable decrease
in the ionic modulus in the ionomeric systems hgwril, 7.3 and 11.5 mol% of
ionic groups, respectively. For a better understanpdf these trends of the ionic
modulus in these systems, the plots of ionic maglfiun SADA2 and SADA12,
shown in the Fig. 5 (a) and (b), respectively acetlwy to see. Shown in the Fig
6 are the plots of glass transition temperatufigs) (vs. number of the carbon
atoms of the ADAs in all the three systems. Itasrsthat on increasing the ion
content, thelgs of ionomers increase significantly. It is evidémat there is a
significant decrease in the clustgs, while a negligible change in the matffigs
are observed in the SADAs. Initially, the clusigrdrops significantly but on
increasing the number of carbon atoms of the ADW®secomes less significant
on the type of the ADAs.

Let us discuss the possible reasons for the eéhamghe properties of the
ionomeric system by the incorporation of the aliphdiamines. It is found that
the length of the ionic plateau decreases withemsing number of the carbon
atoms of the ADAs. According to the law of electadie force of attraction
between the ions, the electrostatic force is iralgrproportional to the square of
the distance between the ions. The ionic groupiserSNa ionomer are Nand -
SOs, while those in the SADAs are -NHand -S@. It is worth reminding that
all the ADAs are bi-functional, having one aminmyp at each of the alkyl
chain end, and, hence, one molecule of an ADA seambe capable of
neutralizing two ionic groups of the copolymerscBase of the relatively long
distance between the two alkyl chain ends of theAd\0the ADAs are expected
to naturally increase the distance between thgars in ionomers, either in the

fully or partially extended or folded form of theDA chains.
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and P(S11.5SSA) ionomers neutralized with sodium and
ADAs, at 1 Hz.
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The long and flexible aliphatic chains of the ADAsd the large size of amine-
sulfonate ion-pairs; acting as mechanical graf&s33], are expected to naturally
decrease the ion aggregations by preventing thee cipproach of the amine-
sulfonate ion-pairs. As a result, the strengthndéractions between the adjacent
ion pair will decrease with increasing number o tarbon atoms of the ADAs.
The decreasing width of the ionic plateau with @asing number of the carbon
atoms is in accordance with this expectation. Asaf the effect of aliphatic
diamines on the modulus is concerned, it is interggo remind that a slight
increase in the ionic modulus is observed in theeaaf the ionomeric system
having 4.1 mol% of the ionic groups. The ionic miodus probably related with
the degree of the clustering, which depends omyihe and size of the multiplets,
contact surface area, persistence length of thgnmol chains and restricted
mobility regions surrounding the multiplets [6,40,30]. The mechanism
involved in the neutralization of the ionic grougfsthe copolymers by the small
organic molecules is the creation of the ion p&ithe proton transfer from the
ionic groups of the copolymers to the basic groapshe organic molecules
usually having amine or related groups. As theaaroups of the copolymers
have been neutralized with the ADASs, the size ef thultiplets is expected to
increase because of the long chains of the ADAs lange size of amine-
sulfonate ion pair, i.e. the ion aggregation isestpd to decrease with increasing
number of the carbon atoms of the ADAs. We condlutte SAXS experiment
in order to know the whereabouts of the ADAs artteoimorphological details
of the blends.

Shown in the Fig. 7 are the SAXS profiles for tbadmer system having 4.1
mol% of the ionic groups. No well developed peakdnly a broad plateau like
appearance is seen @i(scattering vector) = 0.1¥™, which corresponds to a
Bragg spacing of 3& These Bragg spacings are almost same as compared t

the results obtained in the previous studies (35-46
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4.1-SSA) ionomers neutralized with sodium and ADAs.
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A broad plateau like appearance for the SAXS p&akat much surprising
because of the fact that the ion content in thidesy is only ca. 4.1 mol%. The
SAXS peak is ascribed to the inter-multiplet dises[2,26]. Almost the same
Bragg spacing for all the samples, most probablgicates that the
intermultiplets distance remained almost same ewten the incorporation of the
ADAs into the copolymer, which, in turn, shows thlae process of the multiplet
formation had not been disturbed much by the amditf the ADAs in this
system. At the same time, the intensity of the @rp@aks decreased with
increasing number of the carbon atoms. The decrgasnd in the intensity and
broadening of the peak with increasing number ef ¢tarbon atoms may be
because of the following two factors: 1) the numbensity of the scattering
centres, i.e. multiplets at prevalent distances bwyery low in SADAs, and 2)
the scattering centres may have different or bad-distributed electron
density. As the intermultiplet distance is almasne in each case, so it indicates
that the number density of the multiplets is aisailar in each case including the
SNa ionomer, hence the first speculation is ruled d©he rejection of the first
possibility leads us to most probably the last #redonly remaining possibility.
It seems to be applicable here by considering thationic groups of the
copolymer had been neutralized with the ADAs, asesult, the size of the
multiplets will increase because of the long chaihthe ADAs and large size of
the amine-sulfonate ion pair. Therefore, ion aggtieg will decrease with
increasing number of the carbon atoms of the ADskg], hence, the electron
density will naturally disperse over a larger aathe decrease in the intensity
with increasing number of the carbon atoms of tBEA\A can be understood.
From the morphological picture, now it is cleaait by the addition of the
ADAs, no disruption of the multiplets but only ancrease in the size of
multiplets took place in the case of the systemirttad.1 mol% of the ionic
groups. In the case of SADA2 and SADAG, the distabetween the two alkyl
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chain ends of the ADAs seems not to be too muctreate multiplets of very
large size; otherwise it might result in the ovevedings of the polymer chains
surrounding the multiplets. But, crowding of polynohains will surely be more
in these samples because of the larger size ahtligplets as compared to the
SNa ionomer. As the ion interactions decrease witlieasing the distance
between the ion pair, so these two opposing fadices the crowding of the
polymer chains and a decrease in the ion interagtiovill try to nullify the
effects of each other, and, as a result, the iamclulus will change slightly.
Whereas, in the case of SADA10 and SADA12, the iplattsize is expected to
increase significantly, so severe crowding will m&se the mobility of the
chains surrounding the multiplets, and, hence, nusdis expected to increase
significantly, but at the same time, the ion intdiens also decrease drastically
with increasing number of the carbon atoms of tH2A8. Again, these two
opposing factors seem to reduce the effects of ettadr, so the ionic modulus
increased slightly. Here, in the case of SADA10 §AdDA12, the overcrowding
seems to play the dominant role in changing théciomodulus. Gauthier and
Eisenberg also observed similar results in theidiss of alkylated styrene
ionomers with variable length spacers [47]. Thegvatd that the clustering is
extensive for the materials of either very shorwery long side chains. In the
case of long chains, clustering is extensive bexatithe reduced mobility of the
chains, which, in turn, because of the very laige sf the multiplets.

Let us discuss the difference in the behaviorAdiAs in changing the
properties of the ionomers of higher ion contefitss well known that the
degree of the clustering increases with increagiegon content of the ionomer
and the cluster phase start to dominate over thexhpdase at ca. 8 mol% of the
ionic groups in lightly SPS ionomers [9,10,30]. Ass mentioned in the
previous paragraphs that there is no disruptiorthef multiplets but only an

increase in the size of multiplets took place by #dldition of the ADAs in the

- 101 -



system having 4.1 mol% of the ionic groups. It nb@ybecause of the fact that
the number of the ion-pairs per multiplet and ollenamber density of the
multiplets may not be very much due to the less dontent. If there is an
increase in the size of either the cation or aniban the distance between the
ion-pairs will reduce, leading to the enhanced myitament of the polymer
chains, and, hence, will increase the degree oftaling [2,9,10]. On
incorporation of the ADAs, the distance betweenitrepairs, and, hence, the
size of multiplets will definitely increase becausdehe larger size of the ADAs.
It is evidenced by the well-developed loss tangeaks for the cluster phase in
SADAs. Therefore, on the addition of the ADAs, thkBAs may enlarge rather
than exploding the multiplets into further smaltere. Similar results are also
seen in the case of the system having 7.3 mol%eofdnic groups. The similar
explanation seems to be applicable here, too. d$gethngent plots in the case of
the ionomeric system having 11.5 mol% of ionic greare slight different than
those of the low ion content systems. As shownhim Fig. 3 (b), the cluster
phase is well dominated over the matrix phases Well known that the size of
the multiplets, the number of the ion-pairs pertipldt, and the number density
of the multiplets itself may increase significantly increasing the ion contents
[2,9,10]. At this point, it would be worth remindjrthat the multiplets have an
upper limit in their size [8]. In this case, thenioontent itself seems to be too
high to let further increase in the size of the tipiéts by the addition of foreign
elements of large size in the multiplets. So, weeek that due to the large size of
the ADAs, the multiplets may not accommodate thmesamumber of the ion-
pairs as accommodated before the addition of thAADNherefore, it will surely
explode, leading to the decrease in the size otlirger phase and subsequent
increase in the matrix phase. This explanation segme on analyzing the
DMTA plots.
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We have already described about the slight iser@athe ionic modulus by the
incorporation of the ADASs in the ionomeric systeavimg 4.1 mol% of the ionic
groups. Let us think about the effects of the ADdksthe ionic modulus of the
ionomeric systems having 7.3, and 11.5 mol% ofidinec groups. A 7.3 mol%
of the ionic groups seems to be an average ionenbnh the sense that the
multiplets of whose may neither be too small teehtarged significantly by the
addition of the ADAs to increase the chain entamglet which may
considerably increase the modulus, nor, too highdanuch exploded by the
presence of the large size of ADAs to decreasechistering leading to the
decrease in the modulus. So, overall there is #gilelg decrease in the ionic
modulus in this case. In the case of 11.5 mol%hef ibnic groups, the well
dominance of the cluster phase over the matrix @lma®vident from the loss
tangent plots. As there is an upper limit for tiee of the multiplets, then the
multiplets may not be able to accommodate the saimaber of the ion-pairs as
was before the addition of the ADAs. So, it willrsly explode, leading to the
decrease in the clustering, and, hence, the ionuhas. The higher the number
of the carbon atoms of the ADAs, the more the gsom of the multiplets is
expected. The ADAs having lower number of the carlaboms seem to be
sufficient to disrupt the multiplets so the increas the number of the carbon
atoms of the ADAs may not have the correspondirigcefon disrupting the
multiplets as was the trend expected naturally.

It is clear from the Fig. 1 (a) that above ca0 '€, the steepness of the
modulus curve increases significantly with incragsnumber of the carbon
atoms. At higher temperatures, the movements of piblgmer chains will
increase. The higher movements of the chains ardd#trease in the ion
interactions between the ion pair will decreasedh&n entanglements, leading
to the steepness of the slope, i.e. the rubberyulneddecreases significantly.

The results in this study most probably suppors tekplanation. It is also
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observed that the flow region started at lower tratures on increasing the
number of the carbon atoms. The very early attammoé the flow region can

also be understood by the same explanation.

4. Conclusions

The effects of the aliphatic diamines (rangingrirG to C2in number of the
carbon atoms) on the morphology and dynamic mechhpiroperties of SPS
copolymers had been studied. Upon blending-cumrakzdtion of the
copolymers with aliphatic diamines, a negligibleacbe in the shape, size and
position of the matrix loss tangent peaks was ofeserin the case of the
ionomeric systems having 4.1 and 7.3 mol% of timcigroups. However, only
a little change in the position of the matrix Idaagent peaks, and a significant
increase in their height were observed in the adsthe system having 11.5
mol% of the ionic groups. A drastic shift in thespmn of the cluster loss
tangent peaks to lower temperatures in all theesystwas found to be related
with number of the carbon atoms of the ADAs. A igigle change in the size of
the cluster loss tangent peaks, while a significd@trease in their size on
increasing the number of the carbon atoms of thengies were found in the
ionomeric systems having 4.1 and 7.3, and 11.5 mol%he ionic groups,
respectively. There was a slight increase, a nibifigdecrease, and a
considerable decrease in the ionic modulus indhemeric systems having 4.1,
7.3, and 11.5 mol% of ionic groups, respectivellgug, it was concluded that at
lower ion contents of the ionomer, the additiorAdfAs induced the clustering
leading to a slight increase in the ionic moduliile at higher ion contents, the
ADAs disrupted the multiplets of the ionomers |eggdio a decrease in the ionic
modulus. Finally, it was suggested that the praogerof these systems were
found to be related with number of the carbon atarasthe alkyl chain lengths
of the ADAs, and that the ADAs acted as ionic danpasticizers.
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Chapter 5

Dynamic mechanical properties measurements of newly

synthesized polystyrene-based ionomers
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Abstract

lonomers show unique mechanical properties owinthe presence of small
percentage of the ionic groups in one of the momoum#s. It is not easy to
process the sulfonated polystyrene ionomers duehér very high flow
temperatures. In order to reduce the processingdmture without getting
significantly adverse effects on the mechanicalpprties, various types of
plasticizers, additives, etc are used. Rather thdding plasticizers in the
ionomers, we tried to use the comonomer unit itaslthe internal plasticizer.
For the same purpose, we have synthesized newtyr@ygs based ionomers
namely poly(styreneo-3-sulfopropyle methacrylate) SPMANa. On comparing
its mechanical properties with poly(styreo@styrenesulfonate) SSNa and
poly(styreneeo-methacrylate) MANa ionomers, we found that at loon
contents, the ionic modulus for SPMANa is highemttsSNa and MANa, but at
high ion contents, the ionic modulus shows the nedrend. The matriXy
increased with increasing ion content and is maréess similar to SSNa and
MANa systems specially at low ion contents. Howewerrprisingly the cluster
Ty either remained constant or decreased slightlly initreasing ion content, and
it is essentially intermediate to SSNa and MANatays. Thus, we concluded
that poly(styreneo-3-sulfopropyle methacrylates) ionomers showed good
mechanical properties. Moreover, SPMANa ionomersreheluster Tys
intermediate to those of the SSNa and MANa systefherefore, the new
ionomer may serve the purpose of the internal iplaation, at least to some
extent, and may be helpful in understanding thtadee effects of the ion pairs
from the main polymer chain.
Keywords: polystyrene ionomers, internal plasticizers, iomodulus, glass

transition temperature
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1. Introduction

The polymers having small amounts of the ionicugs attached directly or
indirectly to the relatively less or non-polar polgr matrix are called ionomers
[1]. The interaction between the ionic groups &&al the formation of small
ionic aggregates, called “multiplets” [2]. At velgw ion contents, the multiplets
are treated as a part of the matrix phase. Asothveontent increases, the number
as well as the size of the multiplets increasedihegato the reduction in the
mobility of the adjacent polymer chains. At suféiotly high ion contents, the
restricted mobility regions formed from the chamsgrounding the multiplets
start to overlap, forming contiguous restricted itighregions, called “clusters”
[2]. The mobility of the polymer chains in and anduthe clustered regions
becomes so restricted that the clustered regionavieeno longer as a part of the
matrix phase. As the clustered regions host thenityjof the ionic groups in
addition to the part of the adjacent polymer chaiitscreates significant
difference in the polarity of the clustered regi@amsl rest of the polymer matrix,
leading to the phase separation of clustered regimo the matrix phase. Thus,
it leads to the appearance of plateau like trasitind additional glass transition
at higher temperatures than that of the usual rmglaiss transition [3-6].

Due to the presence of the ionic groups, the nmrs show significantly
different mechanical and morphological propertieant those of their non-ionic
counter parts. The appearance of plateau like itrams one additional glass
transition at higher temperatures other than usoalrix glass transition in
storage modulus and loss tangent curves, a pesatl angle X-ray scattering
profile, and unusual high melt viscosities and hrgexation times are the
various mechanical and morphological differencesvben the ionomers and
non-ionic polymers [5-10]. The ionomers, being digantly different from their

non-ionic counterparts, provide the polymer scstata wide variety of options

- 110 -



to tailor the properties of the ionomers as per rieed of the hour. Those
options may be as follows: type, position and cotst@f the ionic groups, type
of the backbone chains, comonomers, plasticizevs, plasticizing additives,
counter ions, etc [1-10]. Various types of the ptazers are widely used by
polymer scientists and engineers to modify the erigs of the polymers.
Generally, three types of the external plasticizens be used in the ionomers.
First type is the plasticizers of low polarity fire polymer matrix, the second
type belongs to the polar plasticizers for the ipldts, and the third type is the
amphiphilic plasticizers for the multiplets and thestricted mobility regions
adjacent to the multiplets [3-6,11-18]. We can gbbasticize (without adding
external plasticizers) the ionomers via direct pdirect attachment of the
flexible side chains of low glass transitions tce tholymer backbone, the
technique called internal plasticization [3-6]. \Mwdn et al [19] had studied
about the effects of the size of the counter iog., @doalkanes having up to 10
carbon atoms in alkyl chains, on the mechanicapgmies of the styrene-co-4-
vinylpyridinium ionomers. They observed a decreasehe glass transition
temperature Tg) of the backbone chains on increasing the chaigtle of the
iodoalkanes. Similar studies of chain length spmaceere also performed by
Gauthier and Eisenberg [20], and Moeteal [21]. The plasticization effects of
non ionic alkyl chains (e.g., 1-decene) as changtle spacers attached @dra
position of the benzene ring on the dynamic medsdnproperties and
morphology of the P($9-MANA) ionomer containing 7.0 mol% of the
methacrylate units had also been studied by Gauéimd Eisenberg [22], and
Moore et al [23]. They reported that th§, of both the phases of the ionomers,
i.e., matrix as well as the cluster dominated phatecreased with increasing
level of the alkylation. They also found that avltevel of the alkylation, th&g
for the clustered phase increased slightly and tdewpped after further

increasing the level of alkylation. It was attriedtto the inducement of the
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clustering by a low level of the plasticizer. Wodmet al [24] conducted a
plasticization study using both the external (ediethylbenzene, DEB) and
internal (e.g., 1-decene attached at para posifaime styrene ring) non-polar
plasticizers in a low or unclustered random styr@h@lkyl-4-vinylpyridinium
iodide) ionomers quaternized with varying chaings of the iodoalkanes. It
was shown that plasticization of the styrene mde&dkto the inducement of the
clustering, and, hence, an unclustered system eldamgo the clustered one,
while, quaternization of the pyridine group by tbag chains of the counter ion
(iodoalkanes) led to a decrease in the maifix and system remained
unclustered. It was also reported that DEB; theereet plasticizer was much
more effective than that of the internal plasticiz¢ similar concentration in
inducing the clustering in the unclustered systdime reason for the higher
effectiveness of the external plasticizer was ts-attachment to the polymer
chain, which led it to create higher free volumtithe polymer chains than did
an internal plasticizer of similar structure attadhat one end to the polymer
chain.

These are a few of the internal plasticizatiad&s which had been carried out
either by chemically attaching the ionic or nonitoalkyl chains directly or
indirectly to the polymer backbone chains, or usiegnter ions of long alkyl
chains. In most of these studies, the carboxyiid gmup had been used to make
the ionomers. However, up to our knowledge, norimftion is available on the
similar systems having sulfonic acid as the iommu@s. In addition, we lack the
information related to the ionomers having the re@arboxylate) and sulfonate
groups in the same monomer units with sufficiemdiyg alkyl chains. Further
more; sophisticated chemical processes were indalvadding the ionic groups
at the end of the alkyl chains or attaching thelatkain itself to the backbone of
the polymer chains, so for the same purpose, Itheilbetter if we can find an

easy method of adding the ionic groups at the alkgin ends. Thus, in order to
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fill this knowledge gap, for the first time, we legynthesized new polystyrene
based ionomers namely poly(styrese3-sulfopropyle methacrylate), and
studied their properties dynamic mechanically. sltniot easy to process the
sulfonated polystyrene ionomers due to their higlv ftemperatures, which in
turn, due to the strong inter ionic associationhef sulfonate groups. In order to
reduce the processing temperature without gettiggifcantly adverse effects
on the mechanical properties, rather than addirajtaching, external or internal
plasticizers, respectively in the sulfonated ionmnéong alkyl chains having
sulfonate group at the chain end in one of the mwe may be used as typical
and simple internal plasticizer. The presence a #ster/carboxylate and
sulfonate groups in the same comonomer unit wiidleis to compare the
properties of the current system with those of tkgrene based
ester/carboxylated, e.g., poly(styrecemethacrylate) ionomers, etc., and
sulfonated, e.g., poly(styremm®-styrenesulfonate) ionomers, etc. Most probably,
the properties of the current system may be sinolarclose to any of the

carboxylated and sulfonated systems or intermetbabeth of the systems.

2. Experimental Details
2.1. Polymer Synthesis

Poly(styrenezo-3-sulfopropyle methacrylate) copolymers were sgsaitred by
the free radical bulk polymerization. We purified thé/rene monomer by
distilling it under reduced pressure and made it t@ght until use. The 3-
sulfopropyle methacrylate, potassium salt (98% pwas used as received. As
the reactivity ratios for these monomers are nailable in literature, we used
the reactivity ratios (0.6/0.37) of the related mowers, e.g., 2-sulfoethyl
methacrylate and styrene [25]. As there is a mdjtberence in the polarity of
the monomers, so we used 2-methoxy ethanol (9918% pnhydrous, was used
as received) as the solvent [26] for dissolving mi@nomers, and the initiator,
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e.g., benzoyl peroxide (75% pure, used as recei@esl)Ifopropyle methacrylate,
potassium salt was dissolved in 2-methoxy ethafodlipwed by the complete
mixing and dissolution of the styrene and the aitr in the 3-sulfopropyle
methacrylate, potassium salt solution. The soluvas then freezed and thawed
three times to make it gas free, followed by tbmerization of the monomers
at 70 °C for the calculated time to get the dest@aversion of the monomers to
the copolymer and to keep the degree of heterogemess than 0.1. The
copolymer, poly(styrenee-3-sulfopropyle potassium methacrylate) solutiors wa
poured into the excess volume of acetone to prtetgpthe copolymer and to
dissolve polystyrene, if any, followed by washiig ttopolymer sample several
times with excess volume of methanol. The obtainedolymer sample was
dried at 60 °C for 12 h under reduced pressure. ther similar dynamic
mechanical and morphological studies of the ion@merany research groups
including ours had used mainly the sodium ion foe nheutralization of the
ionomer, so it will be very easy to compare ouutsswith the results available
in the existing literature if we can also have ibbeomers neutralized with the
sodium ion. In order to know the exact ion contithe ionomer, and to change
the potassium ionomer into acid copolymer and tietihe sodium ionomer, we
dissolved the potassium ionomer sample in a beznetieanol (9/1 v/v) mixture
to get 5% (w/v) solution. After complete dissolutiof the ionomer sample,
excess volume of 35% (v/v) aqueous hydrochlorid golution was poured into
the ionomer solution followed by strong stirringlaast for half an hour. The
color of the solution turned from colorless to milkTo precipitate the acid
copolymer, two types of the non-solvents were ugeatess volumes of the
hexane and methanol were used to precipitate, @sth Whe acid copolymers of
expected high levels of the ion contents, respelstivFor low levels of the ion
contents, methanol was used to precipitate and whshacid copolymer,

followed by drying the copolymer samples at 60 W€ 12 h under reduced
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pressure. To measure the acid content, the aciolysopr was dissolved in the
benzene/methanol (9/1 v/v) mixture and titratechwitethanolic NaOH solution
to the phenolphthalein end point. The sulfonic acdtents were found to be 1.3,
2.5, 4.5, 8.6 and 10.5. To convert the acid copelymto the sodium ionomer, a
pre-calculated amount of the methanolic NaOH soifutvas added to the acid
copolymer solution. The ionomer samples were fredrmed, and dried further

under vacuum at 150 °C for at least 24 h.

2.2. Sample Preparation and Dynamic Mechanical Pperty
Measurements

To prepare the samples for the dynamic mecharieahtal analysis (DMTA);
depending on the ion contents, the samples wer@m@ssion molded at ca. 210-
240 °C, with a pressure of ca. 4 MPa, maintainedatdeast 5 min. The mold
was cooled to room temperature followed by removtiregsample from the mold.
The samples were in the form of rectangular slath wdimensions of ca.
30x7.0x2.5 mm The annealing of the samples was performed watarum at
ca. 150 °C for 24 h. For the dynamic mechanicaperty measurements, we
used a Polymer Laboratories’s dynamic mechanicaimhbl analyzer (DMTA,
Mark Il). The experiments were performed in a deeitilever-bending mode at
five frequencies ranging from 0.3 to 30 Hz. A hegtrate of 1.0 °C/min was
used to get the values of the storage moduhiy &nd loss tangent) as a

function of temperature.

3. Results and Discussion

Fig. 1 shows the storage modulus (LB plots as a function of temperature
for poly(styreneco-3-sulfopropyle sodium methacrylate) SPMANa ionosnef
various ion contents. With increasing temperatihe® modulus plots goes
through various transitions, e.g., through glaggyan, to matrix glass transition,
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to ionic plateau, to cluster glass transition,ublrery plateau, and flow region. In
line with the characteristics of the styrene-basmtbmers, the values of the
glassy modulus are found to be similar for all $henples irrespective of the ion
contents [27]. The glassy region extends, and tstipn of the modulus plot
related with the matrix glass transition shiftshigh temperatures on increasing
the ion content. It is well clear that the heightlwe ionic plateau [2,5,27] (i.e.,
the plateau, characteristics of the ionomers, eatefigpm the formation of ionic
clusters due to the strong electrostatic force ttfaetion between the ionic
groups) increases with increasing the ion contdiitere is no significant
difference in the rest of the regions in the modudlot.

In Fig. 2, the values of loss tangedit &re plotted as a function of temperature
for the SPMANa ionomers of various ion contentsisltobserved that the
position of the matrix loss tangent peak shifts high temperature with
increasing ion content. Surprisingly, however, ¢hegems no significant change
in the position of the cluster loss tangent pedlte height of the matrix loss
tangent peak decreases, while the same for clicgsrtangent peak increases
gently with increasing ion content.

Shown in Fig. 3 are the plots of ionic modulusadanction of the mole percent
of the ionic groups for SPMANa, poly(styrene-sodium methacrylate) MANa,
and poly(styreneo-sodium styrenesulfonate) SSNa ionomers. It is mfeskthat
the value of the ionic modulus for the SPMANa iomomnincreases with
increasing ion content. On comparing the ionic nhasluesults of SPMANa
ionomer with those of the MANa and SSNa ionomersiwiilar ion contents, we
found that at low ion contents, the ionic modulos §PMANa ionomers is
higher than those of the SSNa and MANa systems. edewy at high ion
contents, the ionic modulus shows the reverse tremd the MANa and
SPMANa systems have the highest and lowest ionicduboe values,

respectively.
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Figure 1. Storage moduli as a function of the temperatardife P(Sco-
SPMANa) ionomers at 1 Hz.
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Figure 2. Loss tangent as a function of the temperaturetferP(Seo-
SPMANa) ionomers at 1 Hz.
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Figure 3. lonic moduli as a function of the mol% of the imgroups of
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ionomers at 1 Hz.
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The SSNa ionomer have slight higher value thandhtte SPMANa ionomers.
The glass transition temperatures as a functidheomole percent of the ionic
groups for SPMANa, MANa, and SSNa ionomers are shiowFig. 4. From the
SPMANa ionomer plot, it can be observed that thdrimnaglass transition
temperatureTygm) increases, while the cluster glass transitiomperature TqC)
remains almost constant on increasing the ion obntép to almost 6 mol% of
the ions, thelym is found to be almost same for each ionomer,enditer that
ion content, theTym for the SSNa ionomer increased, and differ sicgtly
from the MANa and SPMANa ionomers. Moreover, abthet ion content, the
Tym for MANa and SPMANa ionomers are almost samehéncase of th@c,
however, the SSNa and MANa ionomers show the higiresthe lowest values,
respectively. It can be inferred that at low iomtemts, theTym is almost
independent of the type and position of the iommugs. In addition, th&yc of
the SPMANa ionomer is found to be the intermediatéhose of the SSNa and
MANa ionomers.
From the results mentioned above, it is clear that ionic moduli of the
SPMANa ionomer are close but less than that of 8&Na ionomer at
comparable ion contents. Thgc of SPMANa ionomers, however, seems
intermediate to those of the MANa and SSNa ionon#&tréow ion contents, the
Tyc resembles more with that of the SSNa ionomerdgevah high ion contents it
resembles more with the MANa ionomers. It is sdeat the MANa ionomer
shows the highest ionic modulus, but the lowEgt Here, it will be worth
mentioning that the ionic modulus is assumed toebated with the volume of
the clustered regions in the ionomers [2,27-30]isltwell reported that the
smaller the distance of the pendant ionic groupsfthe backbone chain of the
ionomer, the smaller will be the size of the muéip in the ionomers.
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Figure 4. Glass transition temperatures as a function ofnb&s6 of the
ionic groups of the P(8e-SPMANa), P(Seo-MANa) and P(S-
co-SSNa) ionomers at 1 Hz.
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Thus, at particular ion content, for the ionomeasihg the ion-pairs closer to the
backbone chain, size will be smaller, but numbethef multiplets will higher,
leading to the higher volume of the clustered regim the ionomers [2,5,6,28].
The —S@Na’ pendant ionic group is common in both of the SPNa/d¥d SSNa
ionomers, but the distances of the ionic groupsftbe backbone chains are
different in both the ionomers. In SPMANa ionomettse —S@Na’ pendant
ionic groups are attached to the backbone chawugfr alkyl chains of four
number of the carbon atoms, while in the SSNa iarsnthese ionic groups are
attached at para position of the benzene ring. iBecaf the farther distance of
the —S@Na" pendant ionic groups in SPMANa ionomers as contpéoethe
SSNa ionomers, the size of the multiplets will bghker in SPMANa ionomer
than that of the SSNa ionomer at particular ionteot) and hence, the volume of
the clustered regions in SPMANa ionomer will betiekly less than that of the
SSNa ionomer. Thus, the results related to thecionbdulus are in full
consistence with the reasons mentioned above. Astioned earlier in this
paragraph, th@yc for the SPMANa ionomers is also close but less tiam of
the SSNa ionomer at particular ion content. It W&l worth reminding that the
TyC is associated mainly with the strength of thermttion between the pendant
ion (e.g., in this case, —g0on) and associated neutralizing ion (e.g., is tase,
—Na'ion), and between the adjacent ion-pairs (e.ghigicase, —SENa') in the
ionomers [2,27,28,31-38]. THic is also partly related with the distance of the
ion-pairs from the backbone chain, bulkiness aral ftbxibility of the chain
segment directly attached with the ion-pairs [3]-38 the pendent ion-pairs are
same in both the ionomers, then the strength oiftieeaction between the cation
and anion in both the ionomers will be same, amtégetheT,c should be the
same in this respect. As this is not the case lilees, now, it is the turn of the
flexibility of the backbone chain segments attachétth the pendent ion-pairs

that may be responsible for the difference in Tge in both the ionomers. In
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SSNa ionomers, the bulkiness of the benzene ridgchoseness of the ion-pairs
from the main backbone chains, will lead the ioirgpéess mobile to ion hopp
(the process of inter-multiplets ion pair exchangemovement of the ion-pairs
into and out of the multiplets) [31-38]. Thus, thge will be higher in SSNa
ionomers than that of the SPMANa ionomers in wiiahion-pairs are attached
with long and flexible alkyl chains and are pladadher from the backbone
chains. The reasons for the highest ionic modubus,the lowestTyc for the
MANa ionomer among all the three ionomers in thisdg can easily be
understood in the light of the discussion preseateul/e.

From Fig. 4, we came to know that with increasthg ion content of the
SPMANa ionomers, the height of the cluster lossgeéam peaks increases,
surprisingly; there is no considerable change eTyc. Currently, it is not easy
for us to speculate the reasons behind this obsenvgust by analyzing the
results obtained from the dynamic mechanical pitigeemeasurements. In order
to get the detailed insight into the morphologyhase ionomers, we have to get
the X-ray diffraction (XRD) and small angle X-ragagtering (SAXS) results.
This will be a part of future study.

4. Conclusions

For the first time, we have synthesized new pghgsne based ionomers namely
poly(styreneeo-3-sulfopropyle sodium methacrylate) SPMANa. Thpmperties
were studied using dynamic mechanical thermal aealy(DMTA). On
increasing the ion content, the ionic modulus d@rhatrixTy increased, while,
the clusteiTy remained almost constant. On comparing the mechbpioperties
of these ionomers with poly(styreme-sodium styrenesulfonate) SSNa and
poly(styreneeo-sodium methacrylate) MANa ionomers at particutar content,
the ionic modulus of SPMANa ionomer was found tddwveer than those of the
SSNa and MANa systems, but was more close to tiNaS$stem. The matrix
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Tgwas similar, while, the clustéli; seemed to be the intermediate of the SSNa

and MANa systems. Thus, we concluded that the nmecalaproperties of

SPMANa ionomers seemed to be the intermediate dforsmied and

methacrylate polystyrene ionomer systems, but shmse resemblance to the

sulfonated system.
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CONCLUSIONS

This thesis presented studies related to thetioethip between the
architecture-morphology and properties of polysigrbased amorphous,
random ionomers using DMTA, SAXS, XRD and DSC teghas.

After the Introduction about the ionomers in deafd, the dynamic mechanical
and morphological studies of polystyrene-basednwroblends having aliphatic
dicarboxylic acid salts have been discussed insdw®nd chapter. It was found
that, for most of the ionomer systems, it was nyainé amounts of the additives
rather than the nature of the ionomer chains, eabdirthe ionic groups of the
ionomers and additives, the nature of the additigas functionality, aliphatic or
aromatic, short or long chains, which was respadasibr the increase in the
modulus of the ionomers, provided that the addstihave tendency to phase-
separate even at low weight concentrations indhemers.

In chapter third, the effects of the type of tbations on the dynamic
mechanical properties of lightly sulfonated polystye ionomer blends with salts
of dicarboxylic acids, neutralized with barium asabalt cations were described.
It was suggested that the organic salts acted ynagfillers in divalent systems,
while in the mono-valent systems, the organic satted both as fillers and as
fillers-cum-plasticizers. In addition, rate of tiemic modulus values were almost
independent of the type of the cations and numbehe carbon atoms of the
organic salts.

In fourth chapter, the effects of the amphiphilimmines on the dynamic
mechanical and morphological studies on sulfonatagstyrene ionomers were
analyzed. It was concluded that the incorporationth@ diamines led to a
significant decrease in the clusfig; while the matrixTgwas almost unaffected.
It was also observed that on one hand, at low mtents of the ionomer, the
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addition of diamines induced the clustering leadioga slight increase in the
ionic modulus. On the other hand, at high ion cotstethe diamines disrupted
the multiplets of the ionomers leading to a de@easthe ionic modulus. In
addition, it was suggested that the propertieb@igdnomer systems were related
with the number of the carbon atoms, and that thmithes acted as neutralizing
agent-cum-ionic domain plasticizers.

The processing of the sulfonated polystyrenenoers is a tough job due to the
occurrence of the flow of the materials at high penatures. For reducing the
processing temperature without getting significargidverse effects on the
mechanical properties of the sulfonated ionomewaglalkyl chains having
sulfonate group at the chain end in one of the mme may be used as typical
and simple internal plasticizer. Thus, we have Isgsized, for the first time, a
new polystyrene-based ionomers namely poly(stycen@-sulfopropyle
methacrylate), and studied their properties dynammechanically. It was
concluded that the mechanical properties of thisomeer seemed to be the
intermediate of sulfonated and methacrylate ionosystems, but show more
resemblance to the sulfonated system.
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