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. "~ Abastract

In an investigation of geneé;l struct;re—property

relationships in ion-containing polymers, four materials

"d%ffering,in structuré. positidn of ion, and type of %on
we}e studied. The materials were "Nafion", dimethyl .

diallyl ammonium chloride. 3-;6rylamido-B-methylbutyl

trimethyl ammonium chloride and sodium-e—a;rylamido-a-

methylpropanesulfonate, but only ¥Nafion" was studied in

. O great Aaetail.

The ions in "Nafion", as in Aany other ionomers,

-~ S
are’ clustered. The glass transition temperature and

wvater diffusion coefficient were all found to be unusual

compared with other ionomers. Neutralirzation, absorbed -

vater and degradation drastically influenced the mafganicak
properties of "Nafﬁén". ‘ , ¢
The other three p limers ware studged nostly in
_highly concentrated solution. The glass trénsition

"y temperature strongly depends’ on the coulomb force of the

o

ionic groups and is higher for the polyanionic materials

than for the polycationic materijals. The mechanical
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properti%n and the gltna‘tranaiﬁioni greatly modi fied

'ropeétiéﬂ of these |
materials shov strong similariti %o highly- polar but\\
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non-ionic polymars. v
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RELATIONS ENTRE PROPRIETES ET STRUCTURE
DE POLYMERES A ro_x}.s PIEGES

© e

‘ ' ' «+ Ré€s umé

Dans le cadre d'une,recherche des relations génSrales)

’ ¥
© entre les propriét&s et la structure de polymires & ions
-

piégés, nous a.von'q Gtudis qu;.tre”&chantillo,na différant par

leur st‘ructure ainsi que‘par dla nature et la position de o

l'ion dans le réaea\fdeaziolymére. Ceda Schantillona sont le

"Narion", le chlorlare de dméthyle d:.o.llyl ammonlum, le N

chlorure de 3-acrylamido-3-méthylbutyle tr:.méthyle ammom.um

et le 2 -acrylamido-2-méthylpropanesulfonate de sodium.

Cependant, notre &tude a principalement porté sur le "Nafion". .
Les- ions dans le “Narion".‘ comme dans tout ionomére,

se i-.rouv.ent par agrégats. N%trqu§ons que la tempéro.t.ure

ade trangition v:'z.t;-euae et le coefficient de d:‘.fr\;sio‘n d.e‘al'em.i

sont inhabiﬁtueld conparfs aux valeurs connues pour,d'autres

-

ionoméres., ‘La néutgali\aation, la d€gradation et le contenu

d'egn{ d\;'"Narion" influencent foxrtement ses propriftés -

mécan;quea. . L

Tea ,
‘ N. £

Nous avons &tudif- les trois autré%polyneres princi-
I :

palpment en solution trds concentrfe. La tempﬁratu:ce de
., tranntlon vitreuse dépend rortement des fornea de cculomb
ﬁ;g%t[re‘ les grov'upea ionigques et est plus élevée pour les poly- L
, ’\gnicns quge‘ pour les polycations. Lea propriétés’ ‘mécanlqn\es ‘ , ”

ef. da température de truna:tmn vitreuae sont :ortement

' mﬁd;h&s pur'l'tgld:.tzon de plasti!‘iants. En gén&ral‘le_e‘ ‘ T ek
L i, P : wln I
N ‘ v N - ‘- . i . .
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) which have been recently termed as ion-containing

. have similar structuregsand also Vo sinmilir ionic (e.g. carboxyl)

z GENERAL *INTRODUCTION | :
/ .

’

n bulk properties and

An understanding of the relationships betwe

molecular architecture is the major goal of polymer science researth.

Chemical modification of a polymer has been a pow rful tool for making

«

novel polymeric materials. Many varieties of orgapic ions can be
incorporated into polYmers, either as part of th; ackbone or on & side

chain, imparting a wide range of propercigs to the|resultant materials,

lymers or, in sowme

w

cases, ionomers.

In recent studies on ion-containing polymers, two areas have

received considerable attention. Ome is theﬂ field of polyelectrolyte

.solutions, which ‘has yielded not only a very large number of publications,

but also two monographs(l’z). The other area comprises the solid state "
properties of ionomers, i.e. thermoplastic copolymers .of non—io?ics

containing:small amounts of ionic species. The latter have been the
(7,8

¢

subject of several symbosia(3'6) ,ﬂ and two b\poks . Several additional

families of materials have been explored, especially as they are related

(9,10) (e8]

to industrial applications; e.g. membranes and ion exchange resins

By contrast, saveral areas of ion—coﬁtaining polymers have received i~
ouly scant attention. Among these may be mentioneti the solid state
propert/ies of pol&e;ectmlyteé, where the“higl; glass trgnu;l.tious‘ make
a thorough si:udy' very difficultfu). ‘Also, th; organic ionomers which
have been studied to date aft\e b;sed on materials ihié‘h‘ have‘a narrow

! ) ;
, J ’
range of dielectric constant or cohesive energy dgnsiéy values. They

A

) groups placed on or near the bacl;tbone. , .

. ‘
+ o . ® . . ‘\ 0
. , ‘ - . . A )
' ! . LY A 1 ' -
\ i o, - . N . . - !
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]

It was therefore of considerable interest to ascertain to what
extent the properties of ion-containing polymers,either in highly

concentrated solutions or in bulk, are a function of the type and

structure of polymer and ion involved, or whether the fact that the -

polymers contain ions 1s of predomimant‘importance. For this purpose,
four polymers were selected, diffe}ring widely in structure and type of
ion. These materials were "Nafion", dimethyl diallyl ammonium chloride,
3-acrylamido-3-methylbutyl trimethylammonium chloride and sodium
2-acrylamido-2-methylpropanesulfonate. (The chemical structures of these

are presented later).

-~

Due to the great interest in "Nafion", this material was investigated

¥ H

more extensively than the others, and is described in the first part
7

‘of this thesis. The "Nafions" represents an excellent choice for

!
investigation: the materials are basgd on completely fluorinated polymers,

and also the ion is placed at the end of a rather long side chain.
Furthermore:, while most of the mechanical studies of copolymers have

been performed on materials containing metal carboxylate ions, the

"Nafions"” contain the sulfonic acid group.

The results of the other three polymers are described in the second

3

part of the thesis. In contrast to "Nafion", these three polymers

/

contain high concentrations of ionic éroups, and are water soluble. Also,

con
[

the type of ions and the molecular environment of tﬁe ions in ﬁhg_se

14 A
Luo-

polymers are totally different from one other. ' ‘ -

\

«”

o ¢
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PART ONE

PHYSICAL PROPERTIES AND SUPERMOLECULAR STRUCTURE

OF "NAFION"



1. INTRODUCTION

An ideal structural material s_hcm]xd strike a good balance
between rigidity and toughness, a high softening temperature, high
stability, satisfactory weatherability, good flame resistance, and
eagy processability. However, the more common plastic materials
" guffer serious deficiencies in some of these characteristics. To
achieve ’the rigidity of conventional structural materials such as
glasses and metals, the moduli of most organic polymers would have to
be increased by a factor of about 10 to 100 times while the softening /
temperature would have to be increased /to at least 300°C.

A new class of polymers known as ionomers fulfill some of these

[
requi rements much better than most normal polymers. Subtle structural

o

changes involving the ionic nature of polymeric systems can produce

profound physical and chemical property changes. ' Ionomers are also

11 (1)

aptly described as "Thermoplastic-Thermoset Materials due to the

"

fact that these polymers can not- only be molded by conventional methods
/
as can the thermoplastigs, but they also achieve thermmosetting properties.
S ‘ !

The applications of these materials continue to grow since they combine

] (2)

many of the best features of both thermoplastic and thermoset materials™ °.
) I

i \

m
1.1 Previous Studies on Ionomers

~

A series of recent studies has been devoted to elucidating the
effect of ions on the visoelastic properties and structures of ionomers(?'“n) -
The bulk of the evidence, from small angle x-ray scattering, .water

uptake, glass transition, rheological and mechanical measurements,

suggests that at low ion concentration, the iols are present as multiplets,

”»

f



S.

acting as simple crosslinks, whereas above a critical ilom concentration
more extensive aggregation is encountered, leading to the formation of

clust:eré which contain not only ionic material, but also a considerable
portion of the organic polymér(4’6’25’27). In general,, these ionic
clusters act as a reinforcing fiilet or crystallite, giving the sample

some of the properties of phase separated syst,%:s such as are

(28-30)

encountered in some block copolymers or partly crystalline

materials(SI). The ion concentration at the onset of clusteriﬁg

differs from material to material, occurring, for example, at < 1 molX

of ions in polyethyle.ne(7’32), at ca. 5 mol% in polystyrene(ls) .

(33,34)

at

ca. 12-~15 molZ in ethyl acrylate based materials , and not at all

in the linear polyphosphates(zl').

The physical properties of only very few iounitc copolymers
have been studied in some detail. Except for the polyphosphates,

these are all hydrocarbon based materials and include polyethyleue(}-ll) .

/polystyrene(lz_ln, polybutadiene(18-22), as well as some polar °
polymers containing low molecular weight salts(23); the phenomena

r ,
vhich arise due to the presence of ions are quite similar in all thesge |

materials.
It is completely beyond the scope of this introduction to review
the 1iter4ture on the physical properties of ionomers. Only a very

brief summary-will be given here, and only those properties which have

a direct bearing on the present work will be summarized. -



: \
\
N 60
"
\\

For most ionomers, it has been found that the glass transition
temperature (as determined, for example, by DSC)\ increases with
1ncreas:l.ng i(;\n\ content. At low concentrations, this increase is
linear, but as the concentration increases through the clustering

(23,34)

X , . )
region, the rate bf increase also rises . Loss tangent measure-

ments in the glass\\g;ratisition region generally reveal two peaks. At
low ion 'concentratiohs this correlates with the DSC value of glass
ttansitim;, but at hiéh‘ion contents deviations may appear. Usually,
the lower loss tangent p\eak is due to the glass transition of the

lon-poor material, while \\the peak at Pigher temperatures is due to the

ionic regions.

Stress relaxation studies of non-crystalline ionomers reveal

that for systems which are clustered, time-temperature superposition
fails, reflecting the existence of a secondary relaxation mechanism(35) R
This secondary mechanism is associated with the clustered ionic regions.

‘If the ions are present in low enough concentrations so that they do

t

not cluster but act as multiplets‘\ (or crosslinks), no deviation from !

time~temperature superposition is observed.

In all the materials in which clustering of ions is encountered,
this clustering also ‘manifests itself as a small angle %-ray scattering
peak. The Bragg distapces involved are usually of the order of

[ ,
50 A, although smaller distances have b\een found in some systems.
‘ ‘\
1.2 Previous Studies on "Nafions" \

s

|
"Nafion", a perfluorosulfonic acid ‘menbran)e, was developed recently
i

"~ by du Pont(36). R

4,




gy

1.2.1 Composition y

7.

¢

This novel material is a copalyner of tetrafluoroethy]:ene and

a perfluotoethylenically unsaturated monomer, cont:aihing a sulfoni¢® —

\

acid group,and can be teptesent:ed by:

\

»

\:1? 5)~~CFCF,~
%x |
‘0
S |

(CF CI'O) 280311

L,

3

x=5-12

The method of synthesis is described in several U.S. patents

8]

y=1-3

"Nafion" is first prepared as a copolymer with the sulfonic acid

group in some precursor form such as sulfonyl fluoride

a remarkably stable product which can be fabricated easily into various

(&2))

This is

forms. These sulfonyl fluoride groups can then be converted to the

cortesponding sulfonate salt by reacting the copolymer with aqueous -

strong mtganic‘gc:ld such as stoa(?”. The salt and free acid forms

are essentiaily infusible. - «) .-
|l
\\ ’ ° ’
\ ., NaoH . H,S0, \
ZT-SOZP | —rm———— 2—803Na e - 2—80311
Sulfonyl Na salt ' Free acid
fl;uotide form . form . form

vhere Z represents the organic pog:_tion of the polymer.

'base, such as NaOH, and to the acid form by reacting the salt with a

7

(37-42)

N

*
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polymer to absorb wat:\er is thus c{letemined by the EW

- /; . ¢
1.2.2 Phjsical Properties

Ly

Since a number of physical properties relevant to the proposed

(43 45)

comerercial applications have been summarized recently » only

tho;‘e which are concerned with this work are presented below.

The copolymer composition is usually expressed in terms of

\

.equivalent wej.ght, EW, which is defined as the weight of polymer in

grams which will neutralize one equivalent of base. The equivalent
weight of the polymer is solely determined by the ratio of the two
monomers. Copolymers of commercial interest have equivalent weights.

'y

in the range 1000 - 2000. - -

The swellinz of "Nafion" is eontroiled b'y the ratio of the two
monomers, in contrast to that of conventional ion exchange resins in
which it depends on the degree of crosslinking. The higher the equivalent ’
weight of "Nafion", i.e. the higher the TFE content, the less extensive L
the swelling will be. Generally, the polymers with an EW below 1000,
become too weak for use in the swollen f)brm (they may,‘ in fact, be
soluble) and those with an EW above 2000 have too few ionic gt:oups.
It has been suggested"kthat(l}& only the sulfonic acid group of "Nafion" |
shows an affinity for swelling agents such as water, the remainder of
the polymer remaining inert to the swelling agent. The capacity of the
(43,45)

A reproducible absorptivity can result when "Nafionf'-ﬁ is boiled
for 30 minutes  in water. Consequently, this treatment is considered )
as a standard for the ﬂutpose of cémparison. The\ water absorbed umder
these cendicm }is called the "Standard Water Absorption”. It is also
:l:eport:e(l(li3 »45) that the water absorptivity is 'dec_reased if the! H+

/ / ‘ T

o



] the chemical inertness characteristic of fluorocartfon polymers

ions are exchanged for metal ions. ———
"Rafion’l‘ is expected to possess outstanding properties by virtue
of its chemical structure. Apart from the desired hydrophilicity and

reactivity of the sulfonic acid groups, the remainder of the polymer has

containing no carbon—hydrogen bonds. It  absorbs water rapidly even at
room temperature, but the reimforcedﬁlabrane swells only with small i
and predictable dimensional and rigidity changes. It is thus possible
to combine good selectivity vvith low te[s.ist:ance. to lon transportation,
high physical streng;:h and long service life by tailoring the polymer

structure and by special techniques of fabtieatin; and reinforcing the
menbrane. /

1.2.3 Applications

As a result of its extraordinary properties, "Nafion" membranes
have found application as unique, long-life separators in electro-

chenical“?‘sa) and chemical processes, such as the new "Chloromat”

< process, for préducing sodium hypochlorite from salt water. "Kafio;"

is also used in place \of the conventional asbestas in chlor;-a].kal:l/ai/aphragn
cells. Because of potential reductions in energy co;t in other

processes, "Nafion” menmbrane te\éhnology will also benefit other

industrial processes. "Nafion" is viewed as a n;aw ele‘ctrocheuical )
pgr-se.lective— barfiet.‘ In dialysis, it ae;tves as a wettable, ,pZm—’

selective reactor. ‘/&ny other potential uses for "Nafion" are under
| f

develoTnt. ' . . o

e - o~
. N . »

-
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2. EXPERIMENTAL

x5

Polymer samples were kindly supplied by Dr. W. Grot of E.X.
Du Pont de Nemours & Company, inethe form of 1.3 mm thick sheets, of

equivalent weight of 1155 or 1365. Unless specified, all measurements

~were performed on the sample with an equivalent weight of 1365.

2.1 Sample Preparation

"Nafion"—-Na, "Nafion"-K and "Nafion'-Li were prepared by
immersing the "Nafion"-H in the appropriate hydroxide solution, and
"Nafion'-Cs was prepared by immersing it in a CsCl solution. The
"“Nafifon"-Fe used for the Mossbauer effect study was prepared by immersing
" " - .
Nafion'-H in a Fe2(804)3 stol. (2:1) solu’tion. H2804 was added in

order to prevent the formation of hydroxide complexes.

-

2.2 Drying and Thermal Stability
A sample (ca. 1 gm.) which had been stored at ca. 40Z relative
humidity and which had absorbed ca. 6 wtX water (based on a method of
determining the dry weight to be described below), was placed under
vacuum at 25°C for several days until thire was no further weight loss
(<0.1 mg.), and its weight was determined. Subsequently, the same
sample was replaced in the vacuum system, this time at a higher.:
temperature, again\’fgr another few days until another constant weight
has bc\aeu reached. The pr'ochure vas repeated for temperatures up to
210% for the acid form and 330°C for the potassium salt. The results

are shawnwin Fig. 1, and viil be described more fully below.

.
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An inflection point is evident at ca. 170°C for the acid form;
this point was taken as the optimum drying temperature since a sample

of maximm modulus is obtained at this temperature (see Fig. 20'below).
this sample,

It ;.s ?uite possible that some residual water remains ’
but no means were available for detetniniﬁg that ~ t. Subsequently,
samples dried at 170°C. for periods of over 24 hrs. will be referred to
as "dry" samples. It is mtetestinlg to note that, below 17o°c. water
is absorbed and desorbed reversibly, while, above 170°c, the process is
irreversible, possibly due to the inception of degrada’éi.on.

For the salt samples, a drying temperature anywhere frlon 90°%¢
to ca. 240°C yields j,denfical results; al]: the salt sampleswere dried at
their glass tz"a.nsition t@npetature& 1‘8, for a period of 24 hrs. or more.
2.3 Water Diffusion

A sample of dry film, ca. 1 mm thick, was immersed in water in a
constant-temperature bath. After a certain time, the sample Was removed
from the water, ghe surface dried, and the weiéht: gain (Ht:) was
det,exu?.ned. The same sample was then replaced in the bath at the sane

temperature for a second time pe;ioci, and the weight was re-determined.

" The procedure was, repeated until there was no further welght gain;| the

total weight gain is referred to as the equil:lbriun sorption, H:.

All the weighing procedures were done in less than 10 Qec.

2.4 Glass Transition Iengeratgge
The glass transition temperatures vere Ieasured by thel follav;lng

i

/

techmiques. ' ' ~

2.4.1 Dynamic Mechanical Hethod

fhe'l' mTteMndby thetan&uﬁmobtalfnedonafree-

. ) /

1 . : .




FIGUORE 1.
Dtying and thermal stability curves for

"Nafion"-H and "Nafion"-K.
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Tee
v

v bration torsional pendulum (to be desc‘ribed in Section 2.°6.1)
t a fi‘equency of ca. 1 Hz. A heating rate of less than 1°c per/hin.
s used.

2.4.2 Calepimetric Method

'+ Calorimetric studies were performed by using a Perkin Elme[rr
Differential S ing Calorimetor (Model DSC-1), employing a heating
rate of 10°C per min. The t:empei:ature at‘ ;rhich the slope of the lines
changed (as determined by the intersection ’o‘f the extrapolated straight

R
line segments) was taken as the positior of the transition.

)

2.4.3 Dilatometric Method < ) ~

The linear variable differential transformer (LYJT) method(>>)

was Femployed. The sample was placed in a quartz tube with a quartz rod

3

resting on top of the sample. The outer tiube.was com/:ected to the outer
part of the L‘;DT, w‘hile the inner rod was connected téo the core. By

heating the sample, the core was moved relative jto the transformer thus
changing the eleg:trical characteristics of the wnit and allowing the |

measurement of the expansion of the sample w:lth temperature by use of

&
the appropriate electronics., A heating rate of ca. 1° C per nin. was
utilized. The expansion coefficients of the sample above and below T

werJ measured. T g ¥as determined as described in Section 2.4.2.

* \
. (&
Y

- P

2.5 Stress Relaxation

. - .
One of the most interesting features of high polymers is that a

given polymer can display all the features of a glassy soliq or an elastic

rubber or a viscous liquid depending on the teuperature and time (or - |

frequency) scale of the measurement. Thus, polymers are usually described
. \ Y '
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as viscoelastic materials. They show creep under load and stress
relaxation ‘under strain.

The stress relaxometer used in this study is similar to that

(56)

described previously The temperature variation during dnhy one

run was held below * 0.1°§. The sample, of thickness 1.2 mm, was'deformed
to a fixed strain as rapi#ly as possible (in a stepwise fashion), and

the stress decayed monotonically with time.

Rapid deformation will cause local heating in a sample, resultsing
y (57)

in an increase in temperature . Because of this drawback, the

deformation of the sample was accomplished in a short time, generally

0.3 sec. Making use of the ''factor of ten rule"(§8), stress readings
@

were taken only after ~3 sec, thereby minimizing the effect of the finite

Yormation time. Most of the runs were dome with ca. 4% deformation
(in

-

Qe region of non-linear viscoelasticity) because smaller deformations
on such thin samples (1.2 mm) could not produce accurate data, due to
the small forces ihvolved.
"In the strain region employed here, the deviations from linear
viscoelasticity are very small. For example, log E values at 10 secs.

for strains of 1.5% and 4.4Z are‘9.80 and 9.82.V Furthermore, the shapes

_of the curves are identical, except for this small vertical shift.” Since ° fe

9 4 . -

all the stress relaxation results were obtained using only a very small -
. P .

ranée /of strains near ca. 4%, the data are believed to be internally
self-consistent. As will bé se'enmlater, ,t:he small devi;atio s from v

linear viscoelasticity are certainly not responsibie for the failure of ‘

®

time-temperature superi:c;sition which 1s observed in someé of the "Nafiors".

Measurements/o/f/.high modulus were I;de in the bending mode, while

*

-
< - y . . -. T
-
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those at ];ower modull (below ca. 5 x lO8 dyn/cmz) were done in

stretching, since bending measurements could not be made accurately

»
in that region again due to the small forces produced. The sources of

error in stress relaxation measurements have been treated by Cayrol(sg).
The Young's modulus, E(t), can be calculated by the following
formulae(60).
E(t) =g B £/ (AL ~ of)
where Al1is the deformation, f is the stress (in grams), o 18 a correction

factor for the compliance of the force transducer, g 18 the acceleration

of gravity and B is the appropriate shape factor defined below.

For bending:

P Al S
L

w h

1 -8)

3
where w and h are the width and thickness of the sample respectively;

Bﬂ" Zf/(ll *A’Zz), 1= Zl + lz and ll < 12, where Zl and

12 are the distances between the point of deformation and the,,@;_;; S

14

edges of the supporting clamp.
For stretching: 4 o

B~ 1/eh ' /

s

where w and h are defined above and 7 is the distance between the clamps. .
/ For samples for which the principle of time~temperature st'xperpos:ltion .

; of viscqelastic .data 48 velid, master curves of redutfe(rl mgdulng versus

Vo ' - -
reduced time can be prepared by shifting the curves of modulus versus

~

time so t,hac/the overlap between successive curves  is maximized“l) .

. The first shift 1s vertical (1n modulus) with the next horizontal (in ti.ne)
~ d : % NN

! S - . .
. -

; e . / Ly /
. . ‘ .
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Shifts are done according to the reduction parameters

Top

E (t) = -OP0 E(t)
r TD
t = t/a

r

The reference point for the measurement of T, and p, is normally
taken as Tg' aT, the shift factor, is obtained by determining the
horizontal shift between two successive curves, after the vertical
reduction parameters have been applied.

In some ionomers, for cases where time-temperature superposition
does not hold, the overlap is maximized in the short time region, so that
pronounced deviations appear at long times(35). This shifting procedure
results in a pseudo master curve, rather than a true master curve.
Modulus—-temperature curves can be derived directly from stress relaxation
data using the 10 sec modulus for each temperature. The distributions
of relaxat:iop times are calculated by the second approximat:lLon method

of Schwarzl and Staverman(62) .

_der) , dle(w)
dint)  dGne)?

H(Ti =

t =2t

or in terms of log-log plots,
3 -
| K * 3
H (t) = - G(t) {d log G(t)/d log t - (d log G(t)/d log t)

- - (1/2.303 ¢% 1og G(t)/d(log £)%)
. } S ET 2

The computer prégram for the calculation s presented in Appendix I.

r
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2.6 Dynamic Mechanical Studies

Since polymers are viscoelastic materials, stress and strain are
not in phase in dynamic (oscillatory) mechanical measurement. Dynamic
mechanical tests make it possible to calculate the real component of
the elastic modulus, as well as the imaginary component which determines
the dissipation of energy as heat. Furthermore, in dynamic tests the
observed responses, especlally damping, are much more sensitive to the
polymer constitution than in step—function experiments, such as stress
relaxation. Greater resolution is achieved at lower frequencies than at
higher frequenéies (a consequence of the different activation energies
of the thermally active underlying mechanisms in the solid state: the
lower activation energies are associated with the lower temperature
damping peaks).

2.6.1 Infrasonic Prequency (0.1 - 3 Hz)

One of the most versatile and well-known techniques for making
low frequency (infrasonic) dynamic mechanical measurements,especially

over a wide temperature range, is the torsional pendulum. The one used

in these studies ha# been described in detail elsewhere(sg). Heating

rates were less than 1°C per min. to reduce thermo-hysteresis effects due

to the poor heat conductivity of polymers.

| A tectangular sample was clamped to a rigid supporting rod at thé

bottom end, and at the top end to the oscillating part of the apparatus,

which consists of a torsional wire, an inertial system and a mobile
.-.. l .
rod. The sample vas set into free torsional oscillations by an initial

torsional displ.acement. of low deformation (less than 2.; deg/cm of
A

specimen length). Therefore, the sample was under a sinusoidal 'strain—

N 1 ‘ B

. ’

e
< r . . _y’

- ; ] , . !
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and it continued oscillating freely with a constant frequency, v,
and a gradually decqusing amplitude (i.e. a damped sine wave). The
viscoelastic parameters can be calculated from the frequency and the
amplitude decay of the damped sinusoidal oscillation as follows:

(1) shear storage modulus, G'

4-tr2 M

G' =

B ° 4 x
‘ .

where Vo is the natural frequency of the supporting wire and‘;hertial
system without the sample, and M is the moment of inertia, B is the
shape factor (defined below), and A is the logarithmic decrement (also
defined below).

(11) shear loss modulus, G"

~

4o M

G" -
B

(111) loss tangent, tan §
tan § = G"/G'
A is defined as A = 1/n ln(AllAn)

where and A are the amplitudes of the lst and nt'h oscillation.
n

.The shape factor f05 a torsion of bar with a rectangular cross-section is

given by(ﬂ)

B=w h3u/16 7.

where y 1s a nmrical factor dependent on the ratio of the thicl:neu

’ (63)

" to the width of the mple , and 1, v, and h are tbe length, width

and thiclmeqs of the smple, rupectively.

N B pooe ’ ’ s -
\ LA e N o s - .
‘\ . \ B -~ o ; d 3 ¢ Y .
- . o, : . e ' N N . v P .
Lo . . o , . 3
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2.6.2 Sonic Frequency (100 - 10,000 Hz)

For this frequency range, a vibrating reed was used. Since it

will be described fully elsewhere(64), only a brief description is

presented here.

Each polymer sample, previously eut into a small rectangular
beam of approximate dimensions of 1.5 x 0.1 x 0.5 cm. was mounted
vertically in the apparatus by a clamp at its upper end so that it was
stressed as a cantllever.; The polymer beam was vibrated by energizing
a coil with a soft-iron core adjacent to a small iron clip attached to-—

the free end of the specimen.

A complete treatment of the viscoelastic behaviour of the vibrating

reed has been given by Bland and Lee(65). The tan 6 value can be

calculated from the amplitude versus frequency plot, by using the following

formula (66).

tan § — av —

/3 v
o

where vo and Av are the resonance frequency and line-width at half

!

maximum, respectively.

2.7 Dielectric Experiments

Dielectric measurements were carried out on a General Radio

Precision Capacitance bridge (Type 1616) using a three-terminal cell of

a type previoysly employed by McCammon and Work(67). Measurements were

nac}e over the temiperature range -190°¢C to ca. 1$O°C and at frequenties

!

fr&llso Hz to 10kHz. Heating rates of lés; thé; 1°¢c per min. vere employed. /
Due owﬁatep desorption, three frequencies were measured B

- - N . N \\
in one single experiment to ensure the same experimental conditions at \

each frequency. K T
o

%
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0 ] The dielectric polymer sample can be regarded as being
electrically equivalent to a capacitance, Cx, in parallel with a
resistance, Rx, at a given frequency. The dissipation factor, tan 5,
of the sample is given directly from the bridge readings by measuring
the disk capacitance, (Cx and resistance, Rx. The relation 1is:

1l

tan § =
27 v C_R
x ' x

wvhere v 18 the measured frequency.

2.8 Small Angle X-ray Scattering (SAXS)

X-ray diffraction patterns were obtained at room temperature using

'L o
a Kiessig vacuum camera with Nickel-filtered CuK (1.54 A) radiation

(40kV, 20mA). The exposure times were of the order of 100 hr. The
photographs were analysed with a Joyce, Loebl double~beam recording

microdensitometer.

2.9 Mossbauer Effect Studies

Mossbauer effect spectra were taken at room temperature on a

constant—acceleration spectrometer with a multichannel pulse-height

’ nnalyzer. A 10 mC source of’ 0057 1n Cu and a standard métallic iron

absorber were obtained from Hew England Nucleat Corporation and lla;ional

Bureau- of Standard of U.S.A. respectively. The sanples prepated have
l(

thickness 'of ca. 12 mg Fe57/cn2

4

\
o ‘rhe data were recorded as connu per channel vs channel number (up

! .
’

. to 512 1n the present: &ase). The latter vas ebnveﬂ:ed into a veloci.ty
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scale by determining the hyperfine structure of the standard metallic
iron absorber (as described by Shechter et &1(68). Posgitive yelocity
corresponds to the sourée moving toward the absorber. The total number
of counts accumulated per velocity point was 67 x 105. The reproducibi-
lity of the spectra was about + 1 chammel (or * 0.0173 mm/sec) .

The resulting spectra were analyzed using a computer program

written by Professor D. C. Price, University of Manitoba. The program .

is a least-square fit to the generalized equation as follows:
%9

O'(V)': v - VvV . a
1+

L WL TS

where v, and T are the peak position and line-width respectively, and
a the line shape exponent with a = 2.0 for Lorentzian shape.

o (v) and g, are the absorption cross—-section and the maximum absorption
)

cross—-section respectively.

e et o vt Mo f 8

The values of x2 (the sum of the squares of the deviations from the
fitted curve, divided by the variance of a single count) was used as a
criterion for determining optimal fitting. For the fit to be acceptable,
it was required that the value of xz be between the 1 and 99Z points

- L Yy
of the )(2 distribution; that is, between ( £ + 2.2 -~ 3.3 £ ) and
P

(£ + 2.2 + 3.3 £) approximately, where £, the number of degrees of

freedom, 18 the number of channels used in fitting the spectrum, less
|

the number of adjustable parameters in the fitted curve.
N 1

i . The Mossbauer parameters, namely isomer shift {istance between

o

the center of the line or doublet to that of metallic iron), quadruple
splitting (distance between peaks of the doublet), intensity and 1line- \

width (at half intensity) were evaluated totally by the computer progran.

AN , i R -
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The peak area was then calculated as:

P

Area = ( nf2) x ' x I

where I is the intensity. The reccil-free fraction, in turn, was

calculated by using the Area method(69).

It has been shawn(70-75)

that the isomer shift measures the
electron density at the iron nucleus, and the quadrupole splitting
arises from the interaction of the excited Fé57 nucleus with the electric

field gradient about {it.

9

r‘)&; N s - . <
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3. RESULTS
¢ &

3.1 Desorption of Water and Thermal Stability

Figure 1 shows the desorption of water with increasing temperature

e suare

presented both as the number of water molecules per sulfonic group

(HZO/SO3H), and as wtXZ. For the sake of comparison, the weight loss in

the degradation region is also described in the same terms. These plots

PP S

are discussed in Section 2.2. It is evident that the incorporation of

ions into the polymer improves its thermal stability.

Some features of the degradation process are noteworthy: When

"Nafion"-H is heated above 170°C, i.e. when degradation commences, HF
is evolved. This is indicated by the fact that a glass holder in contact
with "Nafion"-H during degradation turns cloudy; if a steel holder 1is

. uged instead, it is also corroded. Natural "Nafion'"-H is transparent
and slightly yellow. It turns white if it is bleached by either

H,0, or HNO,. It becomes black when the absorbed water is completely

272 3
' lost and degradation starts, but it turns white again after 7 wtJ
degradation. Furthermore, the "Standard Water Absorption"(“) goes dowm

drastically as the sample is degraded: A 10 wt% degraded samp}e can
absorb only 2 wtX of water while the undegraded sample can absorbed
24 wtZ of water. Some of these facts suggest that the ionic ﬁroups of

"Nafion”-H are destroyed during degradation. |

3.2 Diffusion of Water ! 7
The diffusion equation of interest 1in this case 18 one in which

an/ infinite sheet of material of uniform thickness. It 1is bathed in an

atmosphere containing the diffusant. For the case of a lamina over a

Is
7
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short time period, the solution to the problem is given by

- Ctank(76’ m as:

M Dt w ph
t g 2 )i{w'i+z I (-1 ferfc

—3 }
M h DD 2(bt)

where D = diffusion coefficient
Ht = amount of diffusant taken up by the sheet at time, t

M, -~ amount of diffusant taken up by the sheet at equilibrium

3

ierfc x _f: erfcydy —=1n ~ exp (-a:z) - z erfc x

erfc X = 1 - erf X = error function complement

3 2 ¥
ff exp (¥ ) d ¥ = error function
o

erf T =27

n = positive integer.

Fig. 2 shows the typical sorption curves at several temperatures.
The linearity of the plots below Ht/M;'i suggests that the diffusion 1s
Fickian and that a constagnt diffus;-lon coefficient 18 operative. The
va\].ues of D were calcula et% from t‘he infitial slope of the plots, 1i.e.
by ’setting the second temm in the bracket equal to zeroas) . The
induction time 18 estimated to be 3 sec.

Fig. 3 shows a plot of log D vs 1/T. The béhaviour 1s of the °
Arrhenius type, leadﬁg to an ession: J

D=6.0x :!.0-3 exp (-4.8 kr;llm,‘) cuzsec"l'

[ 2

y
o
e
e
"
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3.3 Glass Transition akd Dilatometry

Table 1 shows the ;:;Es\transition te;;eratures of "Nafions"
with different counterions, ana also that of polytetrafluoroethylene
(PTFE)(79) for comparison. The B8 peak positions, which are also listed,
will be described below. The incorporation of ions into th= polymer
extends the glassy state to a higher temperature. Except for litﬁium,\
the increase in glass transition temperature 1s inversely proportional
to the fonic size. The addition of 3 HZO/SO3H has a negligible effec§
on the glass transition of the acid sample.

Fig. 4 shows a linear dilatometric measurement for "Nafion'"-H.

The Tg was determined to be 122 # 11°C from a series of 4 measurements.

3.4 Stress Relaxation

s

3.4.1 Acid and Salts

The results of the stress relaxation runs are sho;u in Figs. 5,
6,7 and 9 in which the master curves were plotted with T '="I‘g as the
reference temperature. Fig. 5 also shows the stress relaxation master
curves for styrene and for two styrene 1onomers(15) for the sake of
éomparison. The latternare labelled by giving the molZ of methacrylic
acid followed by letters in parentheses indicating the counterions
followed by a letter indicating th nolecul’ar\weight range.

3.4.2 Effect of Water

In corlttast to the behaviour of the thermorheologically simple

hY

dry acid, seen in Fig. 5, tine-—éemperat:ure s{:perposition breaks down

" with the addition of 0.5 H20/803!1 as shown in Fig. 6. Since the\ overlap
. was maximized in thehs!mrt time region, pronounced deviations appeared



~

/
TABLE I
- o, GLASS TRANSITION (a) AND (8) DISPERSION DETERMINED BY VARIOUS ¥ECHNIQUES
“ Py .
. . Dilatometric
. Dynamic Studies (ca., 1 Hz) Cq}lorimet:ric Studies Studies
M_ o o o o : o
T (C) T,(C) T (°C) T, (C) T (TC)
[} ] o
S s Al £
- - whe 2>
preel’9) i ca. 127 18 to 53
~ "Nation"=H (0 nzo/soan) 111 23 104 £ 1 122 ¢t 11
(3 H,0/805H) 109 - -62
"Nation"~Cs 211 160 212 15 116
"?hfion"—i; 225 150 213 t 20 109 + 22
S ’ AN
"Nation'-Na | 235 140 238 t 25 132 £-15 i
"Nation"=Li 217 - 147 212 t 18 120t 9

‘9¢
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G N at lo?g times. ' This shifting proc.gdure results in a pseudo ;aster
curve, rather than a true master curve which wag obtained for the .

3
dry acid. It can be seen that the rate of stress telafstion is

enhanced by the presence of water. This contrasts with the behaviour

“J

of an ethylene ionomer containing 8% acidic groups (477 of which were

r

neutralized with Na) (80) , for which water slowed down the rate of

T

stress decay.

3.4.3 Effect of Neutralization

sFig. 7 shows the stress relaxation data of *“Nafion"-K (100X
neu;:raliz:d). It 18 evident that below 18000, time-temperature
superposition is not applicable, whereas above 180°C, i‘,t 18 re~established.
Some other features are noteworthy: The stress reﬂxatibn is slo:;d down

by neutralization, so that a broadening in the distribution of

e relaxatfon times results, as shown in Fig. 8. Again, data for styrene
and a styrene ionbuer(ls) are shown for comparison. The nfbbery region
for the "Nafion"-K is more pronounced than that in "Nafion”-H.

Distinct viscous flow is observed at high temperatures. ‘ /
v i v /4
3.4.4 Effect on Degradation .

¢ Fig. 9 shows the stress relaxation dat:-a of the degrgde:‘l—"!laﬂo;l"—-n,
while Fig. 1(; con;;ares the :a;ter\pnrves/ for a\degt;ac‘ied amd an uﬁ—degtgded
n sample. - The glassy wodulus dlcreases after deg:adation whereas that in
the rubbery region increases, re\'realing a conpversion from a plastic-'
like -aterul to a -ore rubber—~11ke one as degradation takea place. h
?ouibly some crossl:lnktng also occurs with increasing degradation
and -time-temperature superposition remsins ayplicayle. An inflection
® “pofut 1is observed at log E equal to about 7.5 indicating some type of

» - ‘e
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28.
crosslink structure in the polymer.
o]
The most significant change observed in the master curve is
\
the decrease in the slope of the transition region as a result of
N

degtadai:ion. These resqlts are shilar to those for plasticized
poly (vinyl chloride) (81) in which micro-crystalline regions were'

found to be important.

3.5 Modulus-Temperature Curves —

K

fhe simplest way of characterizing the elastic properties Af z/
polymer is to measure its elastic modulus as a function éf t"emp;;ture.
Since polymers are viscoelastic, even at low stress levels, the mechanical
behavior of polymers 1s often time /dependent. Thergfo;e, in 'sumarizing
behavior over a wide range of temperatures, it is convenient to use

a standardized test and to report the behavior at a definite time, .

say 10 seconds. The 10 sec. modulus 1s plotted vs teﬁpéraj:ure in .
Fig. 11 for both the acid and the,pocuaium. sa}t. Curves for styrene ‘
(15)

and two styrere ionomers are also shown for the sake of comparison.

I -
Arrows indicate ‘the glass transition for each material.

—

3.6 Dynamic Mechanical Studies ‘ { . ; Z
3.6.1 Acid and Salts / , .o

Figs. 12 ~ 15 present the loss tangent over the tempersture

range of -150°C to ca. 250°C for the dry acid and the salts at ca., 1 Hz.  *

. It is clear that three relaxation rogionc -are discernible. tor all the "

undognded samples -tudied. They ura hbclcd as o, B nnd ¥ 'relaxations ¢

. 4n order o£ decreasing puk tempcuturu. ‘rhe .1 rainxat:ﬁon 13 )

\ _ , ‘ :
,
| § .
~ . B N
.

. " ¢ 2
L . , /3
. ‘
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manifests itself as a shoulder or a small peak with tan-§ values of
0.03 to 0.06 above background (shown also after subtraction from
background as a dashed 1line). The ¥ region occurs a‘/t:le Bam/g
temperature as that of poly(tetrafluoroethylene). l

3.6.2 Effect of Water E@Q’ "

k
Fig. 16 shows the loss tangent (at ca. 1 Hz) for h"Naﬁ/ion"-H with

various water cor{t:ents as a function of temperature in the/ g and Y

— a

regions; the B peak, as can be seen, shifts to lower temp raturfs with
the addition of water, and finally merges with the Y p k. For

three of the samples, the shear storage and loss moduli; G’ and G",

are shown in Fig. 17. It can be seen that G' decreases as the wvater

»
]

X

2

3,6.3 Effect of Deggmcio / ‘l'

{ content incr\eases.

\ -
//I In ¥ig. 18, the loss tangent of "Nafion"—ﬁ w:u:h different ' L

ox

degrees of 'degtadation J(deﬂned as % veight los:; is plqtted as a
‘ £;mction of temperature. It is evident that the 8 peak 1is not preaznt,
in the dcguded umplu. The shear abo}:ago and loss moduli are ahown\i
" 4in Fig. 19. The storage nodulus decresses as degrudation increases.
Fig. 20 shows the storage modulus st 0°C determined at ca. 1 Hz,
{or samples with differing water contents and various degrees of
degradation, It can be seen that G' increasei with decreasing water ,'
content, and that s maximum G' ‘valus 1is reached ‘f all the water io
removed. chond this point, G’ decrmu again u a result of degtadqtion

The position of ;%:1- ;uxim vas taken as an indication of dryness.

b \

~ 3,6.4 Effect of Counterions . : 3, ,\,
! In tl[c pr.un/u of water the 8 dispetcion. uhiel‘f 1n the ult is

ususlly prcnpt as s nhoulder, bécomes & pesk (ten 6 » 0.1) which noch

|~

t
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to lower temperatires with Secreasing water content. Eventually

'(at ca. 3 1120/303") the 8 peak merges with the v péak to yield a

single dispersion. This 1s 1llustrated in Figs. 21 and 22 for the
"Nafion"-L1 and "Nafion"-lJa tespeo}ti';vely. The positions of the B /
!

peaks at ca. 1 Hz for the dry polymers are also listed 1in Table 1. -

Pig. 23 compares the Y relaxation of the dry "Nafion" with diffefent

countelinnl.__lt_is_cleaz_that_the_puk_haigh:_ig_imeim

proportional to the cation size, except for the acid.
A plot: of log v vs 1/T for the Y peak of "Nafion H and PTFE ‘ ‘

1s shown in Fig. 24. The activation energy for "Nefion'-H evaluated

from /éhira plot 1s ca. 13 kcal[mole, and‘is close to the wvalue' for

PTFE] The dashed line (for PTFE) was drawn by HcCtm(”) for the

data fron references 82, 83_,1/1;51‘8’4; only the points of’Sauer et 51(83 )

and ‘Schmieder "ﬁ/t 31(\84) a;e not consistent with that line. o

3.7 Dielectric Studies

Figs. 25 -~ 30 present the dielcctric results of ”lution"-n with
vn:ious mtm: contents st frequencies of 100 Hz, 1kﬂz and 10knz A
njor\puk \d.tp a n:lnm" peak adjacent to it are observed in the 8
;r;hution Pugion, whi‘ie the y relaxation 1is dielecfrically inactive,

v !
ss expected. The o rahu}:icn is difficult to observc/ due to the fast

du;)rpcion rate of water above room temperature. The 8 relauti.on
rcgion at 100 Hz 2» & function of water content 1s shown 1n Pig. 31, p
It can be seen that. the g reuution shifts to lower temperatures as

the vater content incresses. For water contents lell than 1.7 1120/80311,
ths minor peask nppc,ra ‘at tapcutuxu lowar thnn the major peak vhile

above 1.7 20:!/80311 watm: conunt, thc :avcru occuru Thc vnrution -
Qf

A . o
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\ N /
of the major dielectric peak positions with water content, and the
corresponding variation of the mechanical peak positions, are
sumarized 4in Fig. 32. L
\
Fig. 33 shows log v vs 1/T plots for the major peaks, for

\;arying water contents. The minor peak 18 not well geparated from

‘the major peak in the region of 0.7 to 2.1 HZOIQQL. The activation

a

energies are given in Table 2. ;
Figs. 34 - 35 show. the dielectric results of "quion”-l with

various water contents at frquencies ;af 100 Hz, 1kHAz and 10kHz, while /

the loss tangent at 100 Hz as a function of water content is shown

in F1g. 36. Again, the B relaxation shifts to lower temperature as

the wvater content increases. y

4

3.8 Small Angle X~ray Scattering Studies
<
Several diffuse halos were seen in the range 1°<29<40°.

The Yesults are 1isted in Table 3, along with those for styrene
snd seversl styrene ionomers‘'”) for comparison. No evidence of

crystallinity was found. k T

e

3.9 Mosshauer Effect Studies ;o ©o- .
” /

© » Mossbauer effect npcétn of.! the ferric sslt of "Nafion" of two
different equivalent weights are shown in Figs. 37 and 38. The '

.paramsters of the Mossbauer spectra obtsined are sumurized in Table 4.

]

The isomer shifts given are relstive to metsllic iron. It 1s clear
that the’ isomer shifts are the same %or both ‘equivalent weights. The
—_ ' ) ! 3
- . experimental dats are wsll fitted by a broad singlet peak. uwcrchchs\s,

o

| ]
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ACTIVATION ‘ENERGY OF DIELECTRIC RELAXATION FOR “NAFION"-H
/ Water Content E,, Major Peak E,, Minor Peak
(820/8033) . (Xcal/mole) (Keal/mole)
0.4 ’ 25.4
0.7 27.7 ca. 16
‘ . ’ 1.4 25.0° ca. 16
3
1.7 ca. 26
3.0 25.3 / 16.2 N
4.1 29.6 14.9
15.0 g 22.7 T
4
A
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a ,doubiet gave a better fit to the experimental points (Fig. 39) for
an equivalent weight of 1365, though the quadrupole splitting is
rather small (which is chatac;:eristic gf distorted l!’e3+ ion).

For both equivalens weights, the peak area, and therefore
recoil~free fraction as well, are the same, but the heig}‘xt and line~

width differ somewhat. The observed linewidths are considerably

greater than the naturalvljinewidth of 0.19 mm/sec.

3.
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TABLE 3

XJRAY DI ON DATA FOR "NAFION"-H, "NAFION"~Cs,
POLYSTYRENE AND THREE STYRENE IONOMERS /

Samples - | Bra angle (20

"Nafion"—Cs 1%3* 9°16* - 32°20°

"Nafion"-H (Dried) 3°g (2) 9°26*

"Nafion"-H (degraded) 9%22°¢ 27°48"

Polystyrene 9%32° 18°38'

PS 3.8 (Cs)h ' 4°40° $°32° 18°38'
| J@ P8 7.9 (Cs)l 1°%28' 9°32°¢ 18°38!

P8 9.7 (Cs)h 1°34° . 9%32° 18°38'

| | r
(.’)Thh value is 4in close agreement with the one communicated

to Dr. A. Eiunbctg'ptivately by Dr. W. Crot of Du Pont.’




TABLE 4

MOSSBAUER PARAMETERS OF NAFION-FE

EW = 1155
8 A T
/ (mm/sec) (mm/sec) (mm/sec) I (%) rff

Singlet 0.444 1.3 1.02 0.06

(Lorentzian)

Singlet 0.444 * 1.34 1.17 0.07

(a=— 1.57)

Doublet 0.436 0.017 1.30 0.51 0.06
° (Lorentzian)

EW = 1365 )

I’ Singlet \ 0.447 0.98 1.32 0.06

(Lorentzian)

Stnglet 0.448 0.99 1.29  0.06

Doublet 0.449 0.381 0.70 0.78 0.05

(Lorentzian) )

Doublet 0.416 0.367 0.60 0.63  0.05

(Assymmetric) z 0.83 0.91




Y
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chnz 2.

Water sorption curves of "Nafion"-H (EW = 1155).

36.
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\

Plot of log D vs. 1/T for "leion“—\ll (EW = 1155).
i . .

37.



L ‘J . 1 /




| —

°
2
5
'
- -
1
. ! .
o
v .
£}
¢
M
- .
/ . .
-~
T, 1
T - H
°
“
‘
2 ?
"
* 1
N {
o
!
'
!
. f -
v ¥
.
- .
—
-
o e N
.

~ 7 ,.4‘

¥
i PICURE 4.

&

[y

t

Linear expansion coefficient as a funct
.of temperature for "Nafion"-H.

fon

hY

4



| 1 1
= ~N r~4

- . » . Is 7
o (=] o o

e
.
L]



.

/ ' ) 39
. »
3 ‘ . “an
, .
,

PIGURS 5.

Original stress relaxation cu:vu and master
curve for "Nafion"-H as well as master curves
for polystyrens PS8 and two styrene ionomers
PS 3.8 (Na)h, and PB 7.9 (Na)Z. To"' T‘.
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: FIGURE 6.
[
b
Original stress relaxation curves and

‘ pseudo master curve for "Nafion'-H with
0.5 H20/803H. ‘l’o "'"T‘.
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FIGURE 7.
i / \Z,

Original stress relaxation curvées and pseudo
master curve for_ "Nafion"-K. T, ™ T8.
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TIGURE 8.

Distribution of relaxation times for "Nafion'-H,
"Nafion"-K, PS and P8 3.8 (Ne)h. T = 25°C.
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FIGURE 10.

Stress relsxation u&cet curves for degraded
and undegraded "Nafion'-H, T =T g
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FIGURE 11.

Cl i
10-sec. modulus 've. temperature for "Nafion"-H,
"“Hafion'~K, P8, P8 3.8 (Na)h and P8 7.9 (Na)l.
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TIGURE 12.
Machanical ioss tangent vs. tamperaturs for
"yafion'=K and '$iafion”=Cs st ca, 1 S, \ '
Dashed lines zepresent valuss for the £ paak

above background. ' , ‘
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FIGURE 13,

. TN .
' Machanical loss tangent vs. tempsraturs for "Nation''~K
at cs, 1 Hz, Dashed 1lines repressnt valuss £
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3

FIGURE 19.

Shear storage and loss modulus (G' and G") 'vs.
temperature for "Nafion"-H samples with varying

dagree degradation at ca. 1 Hez.
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PIGURE 20.

Shear storage modulus (oqc. ca. 1 Hz) vs.
weight loss for "Nafion"-H.
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FIGURE 21.

Machanical loss tangent vs. temperature for “Nafion"-Li
with varying water content at ca. 1 Hs.
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* FIGURE 22.

Y

Mechanical loss tangent vs. temperature for "Nafion''-Na

“with varying water content at ca. l Hz.
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FIGURE 23.

Mechanical loss tangent vs. temperature

‘"Nafion" with various counterion in the

y-relaxation region at ca. 1 Hz.
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FIGURE 25.
Dielectric loss tangent vs. temperature for
"Nafion"=H with 0.7 nzolsosn at 100 Hz, lkHz
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*  FIGURE 26.

kY

Dielectric loss tangent vs. temperature for
"Nafion'"-H with 1.4 B20I803H at 100 Hz, lkHz
and 10kHe. ¥
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FIGURR 27.

Dielectric loss tangent vs. temperature for "Nafion"-H
with 1.7 nzolsoau at 100 Hz, lkHz and 10kHz.
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FIGURE 28. -

/

Dielectric loss tangent vs. temperature for "Nafion"-H
with 2.1 HZO/SO3H at 100 Hz, lkHz and 1OkHez.
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' FIGURE 29.

Dielectric loss tangent vs. temperature for
"Nafion"-H with 3 H20I803H at 100 Hez, 1lkRz
and 10kH=.
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FIGURE 30.
Dielectric loss tangent vs. temperature for
"Nafion"-H with & nzolsoan at 100 Hz, lkH=z
and 10kHe.
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* FIGURE 31.

° Dielectric loss tangent vs. temperature for "Nafion"-H
with varying water content at 100 He.
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. FIGURE 32.

Mechanical 8 peak position and dielectric major
peak position vs. water content for "Nafion"-H.
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FIGURE 33.

Log v vs. 1/T for dielectric major
peak for "Nafion"-H.
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FIGURE 34.

Dielectric loss taﬁgent vs. temperature
for "Nafion"-K with 1.9 H20/SO3H at 100 Hz,
1kHz and 10kHz.
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FIGURE 35.

Dielectric loss tangent vs. temperature for
"Nafion"-K with 3.6 H20l803n_ggk100 Hz,
1kHz and 10kHz. \ 1y
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FIGURE 36.

3

. o Dielectric loss tangent vs. temperature
for "Nafion"-K with varying water content
at 100 Hz.
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* FIGURE 37.

Mossbauer spectrum of "Nafion"-Fe (EW = 1155).
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FIGURE 38.

Mossbauer spectrum of "Nafion"-Fe (EW = 1365)
Singlet fitting.
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FIGURE 39.

Mossbauer spectrum of "Nafion"-Fe (EW = 1365)
. > Doublet fitting.
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e 4. DISCUSSION

i Wer .

4.1 lass Transition and Linear FExpansion

R

While the agreement between DSC and tan § results for the

1

glass transition of the "Nafions" is gratifying, the values obtained
by the above technique are seemingly inconsistent with the low value

of the 10-second modulus, Er(IO), for the same materials at the glass

transition temperature. As can be seen in Fig. 11, for the styrene :

R

{onomers the Er(IO) value at the glass transition temperature is of

L v T

the order of 1010 dynes/cmz, while for the "Nafions'" the value is two :
orders of magnitude lower, both for the acid and the salt. Also,
an inspection of Fig. 5 reveals that in the glassy reglom the stress
relaxation master curve for "Nafion"-H is placed ca. 10 orderd of

o magnitude of time below that for the styrenes, reflecting the same
problem as was found in the isochrof@l modulus curve. On the basis of
the stress relaxation or m;dulus temperature curves, it might be -

/ tempting to think of the glass transition as being closer to 30°C

for the acid and to 100°C for the potassium salt. The acid does show

I

a tan § peak (ca. 1 Hz) at 23°c, but this peak is extremely small

(tan § =0.07 )in comparison with the glass tramsition peak (tan § = 0.4).°

Furthermore, the salt sttows nc; peak or shoulder at 100°C, the 8

region appearing only 40 to 60° higher; however, here again the peak
value of tan § above the background 1is only 0.04 to 0.06, which suggests
that it 1s, most probably, not the glass transition. Thus, in spite

of the low value of the modulus, it seems preferable to take the high

. temperature tan § peaks ({.e. ca. 110°c for the acid and ca. 220°C for
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the salts) as the glass transition temperature. Also, the results
of gtudies on wet samples, to be discussed later, support this
interpretation.

If this low vallue of the modulus at the glass transition is
correct, then some type of unusual packing in these materials is to
be inferred. This unusual packing, incidentally, might also correlate
with the high water tramsport and high dimensional expansion that is
observed. The densities of the materials are most revealing in thig
The density of the "Nafion" precursor (the material in which

1)
the —SO3H group 1is replaced by SOZF) is ca. 2.1 for an equivalent weight

of 2100(85) and that of PTFE is 2.0(86). By contrast, the densities
~

context.

of the acid and salts are appreciably lower, suggesting the presence

of volds (or pores) and channels.

4.2 Transient Studies

Despite the absence of crystallinity, as revealed by x-ray studies,
the stress relaxation master curves for the "Nafions" (Figs. 5 - 7)
are quite broad, resembling those of the styrene ionomers much more so
than those of polystyrene or other non-ionic and non—crystalline
polymers. Furthermore, time-temperature superposition breaks down for
both the dry potassium salt below 180°C and the acid in the presence
of 0.5 HZOISO3H. These: data, together with the presence of halo at
a low angle in SAXS, suggest that in the "Nafions™ the ions are clustered
in the same way as in the other ionomers. It should be recalled, in

this context, that, clustering is taken to mean not just simply small

AN

“ -, R ) o . - B
" .~ L re s g, ~ . D - -
p g PR e ~h' (R by, by yg;:’?: TR A v L e .. B -
e T L . ST TR PG T L R L . - . : 2 ot
*l e : . s ~ M »

P Lot dare gl

el e

el Tae uu

e F X

B T IS S P




76.
scale ion aggregation of the type leading to crosslinking, but large
scale clustering incorporating a large number of ions and also some
non—-ionic material.

The failure of time-temperature superposition is a very strong
indication that the ionic regions contribute to the relaxation process.
Most probably this involves a reorganization of the cluster, possibly
a hopping of sulfonate terminated side chains. This would represent
a secondary relaxation mechanism and céntribute to the total relaxation.
The breadth of the distribution of relaxation times (Fig. 8) as well
as the breadth of the modulus-temperature curves (Fig. 11) also
support the idea that this polymer is phase separated, since it parallels
the behavior in the styremes. The fact that superposition applies in
the dry acid but fails in the presence of 0.5 HZO/SOBH is puzzling,
but might indicate that the secondary process, while presemnt, contributes
very little to the total relaxation in the dry material. This is
consistent with the finding in plasticized poly (sodium acrylate)
that water, even in large”amounts, decreases the lifetime of the clusters
without destroying them(as).

The re-establishment of time-temperature superposition in the
potassium salt is also consistent with the behavior of a low molecular
weight clustered polystyrene ionomer containing 7.9 molZ sodium methacrylate.
In contrast to the high molecular weight styrene ionomers, which remain
thermorheologically complex even at the highest temperatures which
were studied, in that particular low molecular weight sample time-temperature

superposition 18 re-established above ca. 180°C. This suggests that

>
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at those high temperatures the secondary mechanism does not contribute
appreciably to the relaxation, possibly because of a breakdown, or
shortening of the life-time, of the clusters. In many other polymers,
it has been shown that molecular weight has a strong effect on phase
separation, with high molecular weight samples showing the greatest
tendency to phase separate. Furthermore, it is found that ion clusters
can maintain their integrity up to 180°C in other ionomers as well(ls’so).

A comparison of the master curves of degraded and undegraded
"Nafion"~H (Fig. 10) reveals that the long-time modulus, which
correlates with crosslinking, increases with degradation. This fact,
coupled with the lower water absorption of the degraded sample, and
the disappearance of the SAXS peak (Table 4) suggests that above 180°C
the ion clusters decompose, and, that possibly smaller ionic aggregates
or multiplets are formed. These multiplets behave as temporary cross-
links, a phenomenon which is also found in many other ionomers.

It is worth noting that for “Nafion” linear viscoelasticity is
valid only for small deformations (less than 27) as is also the case

(89). For the latter, it has been suggested(sg)that the

for PTFE

nonlinearity arises from the inheremt crystallinity and deformation

induced crystallization. However, no crysta ty 18 found in "Nafion",

and the cause of the nonlinear behavior must therefore lie elsewhere.
The faflure of gime-tempetature superposition could be caused

either by nonlinear viscoelasticity or by the presence .of a second

relaxation mechanism. In the former case, superposition should be

achieved by vertical shifting as well as the unusual horizontal shifting.

This 1s not found, however, indicating that a second mechanism 1s the

[ ——
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probable cause of the non-superimpossibility. Moreover, the fact
that for the "Nafion"-K superposition is re—established above 180°C,
indicates that the nonsuperimpossibility is not due to nonlinearity.
Also, the small angle x-ray scattering peak which was observed.in
"Nafions", suggests that well defined large ion aggregates exists,

which may be the locus of the proposed secondary relaxation.

4.3 Dynamic Studies

A dynamic mechanical investigation of the a relaxation in the
acid, which has been ascribed to the glass tramsition, reveals that
water (ca. 3 HZO/SO3H) has only a minor effect on the magnitude or
position of the peak. This tends to reinforce the identification of
the peak;as due to the glass transition of the non-ionic phase. Water
would not be expected to interact with the hydrophobic fléorocarbon
backbone, but would interact strongly with the ionic regions. Therefore,
i1f this peak were due to the 1o;ic reglons, then a strong lowering of
%ts position would be expected as the water content is increased,
as is found in the case of nylon(go).

In the salts, the position of the a peaks for Na+, K+ and Cs+
salts is in qualitative agreement with the q/g; effect which has been
found operative in many 1on—contain1ng‘polymers(gl). This effect
suggests that the glass transition should be proportional to the ratio
of the cation charge, 4, to the distance between centers of charge, q .
The fact that the I.i+ salt does not fit this relation suggest;
possibly thaz some of the SO;H groups have not been converted into

cause of the selective‘;ule (Li<H<Na<K<Cs). The effect

Ra

SO3L1 form b
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of water on the position of the a peak could not be studied because

the desorption rate of water in these materials is high at the glass
transition.

} The mechanical B8 peak in the dry acid occurs at 23°C at ca. 1 Bz
and moves to lower temperatures with increasing water content. Similar
behavior is seen in the salt, a shoulder appearing at ca. 150°C

in the dry materials, and again moving to lower températures with
increasing water content, although now as a small peak. The downward
motion of the peak with increasing moisture parallels the behavior

found in many other polar polymers such as polyacrylamide(gz), nylon(9:D

and polyvinyl alcohol(ga). This type of behavior is most probably due

either to a change in the nature of the moving group which is responsible

. ‘ for the specific relaxation, or to a change ®n the barrier which hinders
the motion of the group, or to both. In the "Nafions'", however, a
third possibility exists. Since the polar groups probably exist in
clusters, it 18 quite possible that we are dealing with the glass
transition of these highly polar regions. This interpretation 1s reinforced
by the drastic decrease in peak temperature with water content
(Figs. 16, 21 and 22). The drastic effect of water is, incidentally,
further evidence against identifying the 8 peak with the glass
transition of the bulk phase, since PTFE would not be expected to
interact with H2°° As can be seen, the a peak, at least in the acid,
18 ingensitive to water, and 1s thus most likely the glass transition.
With regard to the B region, on the other hand, the higher tan § values
obs:tved in the dielectric experiments, compared to those observed in

. the mechanical tests, again indicate that we are &ealing with the polar
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regions. It is however, also possible that the 8 peak is due to
a more specific motion within the ionic region or of a polar group,
such as the ether’oxygen or a water—ether complex.

. .

Only very few experiments were performed on the mechanical B
peak in the salts. 1In so far as it has been studied, 1its behavior as
a function of water content parallels that of the acid, except that
the peak is much smaller in the dry salt than in the acid, and it
occurs at ca. 150°C. It is reasonable to infer that the iomic regions
in the salts hold together much more tightly than those in the acid,
and thus contribute much less to the relaxation. The absence of the
8 peak in the degraded sample again reinforces the suggestion that
the B peak reflects a relaxation in the ionic region, since, as

a
discussed previously, the ionic clusters are destroyed as degradation
proceeds.

Since the position and the activation energy of the Y peak im both

the acid and the salt are the same as those found in PTFE, there is

little doubt that In all cases it 18 due to the same mechanism. The
height of the peak is affected somewhat by the type used, but
this effect 1is not drastic. It .is worth recall that the height

of this peak is also affected by the level of crystallinity ian PTFE.

%he/dielectric results are most unusual. Clearly the major
telaxatiéh of the acid involves two peaks (Figs. 27 and 33), the
mechanism of the higher peak being probably independent of water
content throughout the region. While the pogitton and the height of that

peak viries with water content, its activation energy does mot. It -~
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is conceivable, although by no means certain, that this peak is
due to the glass transition of the polar regions. This 1s supported
by the rapid change of the peak position with water content, but
would appear to be inconsistent with the observed invariance of the

activation energy. The origin of the minor peak remains unknown.

4.4 X-ray Scattering and Mogssbauer Effect Spectroscopy

The presence of a SAXS peak 1s clear evidence in support of the

clustering suggestion. Many ion-containing polymers show this behavior,

among them the ionomers based on ethylene and styrene. Single peak

data are difficult to interpret, but the presence of such a peak, without

a doubt, 1s related to the presence of distinct scattering centers

in the polymer.
The Mossbauer effect is a technique well suited for the study
of the influence of condensed phases on the binding and mobility of

Lk
exchangeable cations in polyanionic frameworks.

The values of the isomer shift for both equivalent weights

(70)

correspond to an effective 48 electron contribution of ca. SZ.

!
They indicate thdt the bonding between Fe3+ and the polymer sulfonate
group is predominantly 1onio(98). This is in agreement with previous

tesults(gg_loa) on other materials. Ferric ion has a d5 electronic

configuration and hence a spherically symmetric cba?ge distribution.

It should, therefore, be characterized by the absence of any electric

field gradient at the nucleus unless an unsymmetric environment produces

such a gradient. Howvever, the small quadrupole splitting in the high
equ;lvélent weight sample suggests that the 4s electron distribution

of Fe in the high equivalent weight "Nafifon" is partially distorted in
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contrast to the low equivalent weight sample. Furthermore, the wide
:é
linewidth indicates either that a distribfition of environments exist,

or that the ions diffuse. The former seems more likely, although both

are possible.

4.5 Diffusion and Drying

The differente in the drying behavior between the acid and the
salt is profound. Figure 1 shows clearly that the{inkeraction of water
with the acid is much stronger than with the salt; already at 100°c
the salt can be obtained in a dry state, while a temperature of over
i60°C is necessary for the acid. It is also clear that the salt is
much more stable than the acid at high temperatures, the degradation
curve for the salt being ca. 130°c higher than for the acid. These
results parallel the findings of the Du Pont group(ss).

The diffusion coefficient for water in the acid is extremely high,
higher than that for any other partly ionic or non-ionic polymer for
which data are available. It is comparable to that of the ion exchange
resins and only one order of magnitude lower than the self-diffusion
coefficient of water 1tself(104). Furthermore, the activation energy
for diffusion is only 4.8 Kcal/mole, close to that for the iom
exchangers and for self-diffusion of water. Table 5 compares the diffusion
coefficients and activation energies for diffusion for a wide géhge
of representative polymers, showing that "Nafion" 1s, indeed very
permeable and comparable to the completely ionic fon exchangers. This
fact reinforces the suggestion of unusual packing of the polymer chains
in the "Nafions”. This low density packing 18 undoubtedly due to the
presence of the ionic aggregates. It should be noted, however, that N

\ . |
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the presence of ions does not always decrease the diffusion coefficient
for water. In the case of polystyrene, for example, at 9.7 molZ
of ions (i.e. in the clustering region), the diffusion coefficient UVis

a vis the pon-ionic material is decreased by a factor of 500

(see Table 5).



TABLE 5

DIFFUSION COEFFICIENTS OF WATER IN COMMON POLYMERS AND SELF-DIFFUSION COEFFICIENT OF WATER

Ve

Temperature (°(D D(cmZLaec) l':D (Kcal/mole) Referenc;
Self-diffusion of Water 25 3 x 107° 4. 41 102
28 2.3 x 1078 4.8
28 2.6 x 1078 This work
25 9.1 x 1077 4.6 103
(16% DVB) 25 2.2 x 10 5.2 ‘
Polystyrene . . 26 5.5 x 10-7 Appendix II P
Polyethylene(p = 0.922) 25 2.3 x 1077 14.2 104
Ethyl Callulose 25 1.8 x 1077 6.3 105
Polymethyl methacrylate 50 1.3 x :LO"7 11.6 106
Poly;'inyl chloride 30 1.6 x 1078 .. - 10 107
Nylon 6 25 - 9.7 x 10710 6.5 108
Styrene Ionomer 25 9.0 x 10-10 Appendix II

"8
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5. CONCLUSIONS
Perhaps the most interesting conclusion of this study ~
concerns the supermolecular structure of the "Nafions™. It is

suggested that the sulfonate groups are highly ionic, as revealed by
Mossbauer effect results, and these ions in the materials are clustered,
i{.e. present in large aggregates containing also some fluorocarbon
material. This suggestion is based on both the rheological properties
of the material and the existence of a small angle x-ray scattering
peak.

The glass transition is much higher than would be expected on the
basis of rheological data alone. The discrepancy suggests an unusual
packing effect, which is also supported by the high value of the diffusion
coefficient for water and the low activation energy as well as by*the
decrease of density on neutralization. ‘

The failure of time-temperature superposition in the materials
suggests the presence of two relaxation mechanisms, one due to chain
diffusion (as in normal organic polymers) and the other to the presence
of ifonic clusters (as are also found in the clustered styrene ionomers,
among others). The sen.;mdary mechanism most probably involves a hopping
of fon-terminated chains from one cluster to another. The clusters
seem to become mobile above 180°c, as suggested:‘by re—establishment of
time-temperature superposition above th;n: tenp.eratute :l.n the salts.

The § peak in dynamic studies is probably also related to the ionic
regions. Its position is strongly gffected by the presence of wa;:er, and
may reflect the glass transition in those regions. Dielectrically, a

double pesk is observed which 1s also highly sensitive to-water. The

e »
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Y peak is of the same origin as in PTFE.

The diffusion coefficlent for water is extremely high, higher
than in any other non-ionic or partly ionic polymer for which data
are available, and comparable to that of ion exchange resins although
the polymer has a very different structure. The activation energy is
comparable to that for self-diffusion in pure water.

It is evident that the "Nafions" resemble other organic ionomers
in a wide range of properties, notably in the presence of ion clustering
and the resultant effect on the rheology of the materials. By contrast,
the dramatic decrease in the density upon ionization and the accompanying
increase in the diffusion coefficient for water are novel features,
not encountered in ‘other ionomers. The reason for this dif;erence needg
to be elucidated. Finally, the dynamic mechanical studies suggest Fhat,
at least in the presence of water, the glass transition of the ioéic
regions may be lower than that of the matrix. This has also not been

- -

encountered in other ionics.
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s APPENDIX I

Program for the Calculation of 8hift Pactorps

The folloving program is designed to compute the
shift factors for a series of stress relaxation runs at
successively increasing temperatures. It requires a
discrete set of force versus time data at each temperature,
plus a number of paiametera ineluding TS {or any con-~ \
venient reference temperature); ag and az (@hggq need only

be estimates); o, Al and B, as defined in Bection 2.5. j

{

Program "MASCURVE"

SHIFT FPACTORS FROM PURCE vS Timt

<
c
A C SECTIUN 3° s00 UNE BET PEH SAWILE iMAR, 40 CURVES)
.€ .
' $ST CASD MAME 2  ALPHAMERLC LAGBLL OF 80 CHARACTERS 20Ae
' ) .
c 2M0 CASD  ALPHMAG 2  EXPAMISEUN CUEF. AUUVE TO s 10896 £10.3
- c ALHPIAL 2  EXPANSIUN JUEF. BELCY TG . * L0606 103
c IF E£4P. COEFPS. SELE HOT KNUSH, ASSUME THEM TO UE 2EHO
c - 76 : N DEG. C F10.3
T C IPRENT w 0 3 AL DATE € RESLTS PRINTED - o 1%
C JPUINT 5 O 3 MODULE TABLE FUN THESIS PHINIED - ' 18 -
C IPUNCH & U 5 MINCH WT NOOWLE & SHIFT FALTOMS FOR CALCONS PLOT \ 1
C WN 3 WU, UF CURVES TO BE MHINTED PLR SHEET (FOR Jvuxnft 18
<
¢ :chuu» o ,
€ IPLUTE = 0 2 PLOT LUG E VS LG T s = § OONST PLOT I8
€ IPLUTZ2 = 0 2 MUT MABSTER CURVE $ = 3 OUMIT PLUT §8
€ 1MOY3 = 0 3 MOT LG £ VS I 5§ = 3 OON'T PLOY §S
C fWF 5 O 3 CALCULATE wLF CUONBSTANTS £ LNEKOY $ = 3 DON® 18
C IMIT 5 0 5 CALCULATE MAKINUM FPLAXATION TINES $» 3 OONY ! f
€ IR0 # 0 3 CALCULATE PLDUCEU MUBULE s =8 DONITY 18
c .
C SECTION 2 400 WE SET PLE CUNVE  (MANe 50 POINTS) - . .
€ . . -
4 ST CAMO KRUN 2 EXPERIMENT nUMALI 510
c ’ TENP & EAPEHINENTAL TEWERATIRE 1N DEGs €~ £10.,3
. € LOEL 3 DELTA LEHGTH N €M, F10.4
¢ T 3 FINAL TEME ~F10+0
4 e . .
< ZND CABD  (UHR 3 TRANSIUCER CONPLIINGE 1IN CH/G & §0066 | |P10e3 -
< UL 3 DIMEMREON OF LLNGTI (F DAMILE IN CH 1043
< . (1 3 UINENSIut UF THICHNESS OF SANPLE 1M CM P30.3
. 4 M 3 UINENSEIN W »I0TH UF SAILE 1N CF , £10.3 .
’ c ASYNFS ABYMMETKY PACTUN UF. THE i BENDING CLANS . £10.3
< 1P SYMMLENICs = ¥.5 .
4 NIDL 3 DES OFMATEON MUDE ‘ ‘ 110
< HOUE 5 O FOR SENDING o » 4 FOR STHETCHING o f
‘ ’ »

- ’

'i ‘ ‘ 4 ! 4 J ;




]

A AND NAARNAANNARAAARN

20290 %0%4%FBed%e %400 °F

ZNTi1.09 s 0

95.

NLAT CARDS FIL) : FWCE MEZASURED ¢ § UeCADE PER CARD ) ’ FBel
UP TO 9,CAKDS: FULCL KEADINGS: IF HU HEADING TAKEN. LEAVE OSLANK

000000009900 A T T ENT I N csssossrs e *
USEI A MINUS VALUL (SAY. =100 ) FLA NMLXT KHiIN TO SEPARATE MASTEN CURVES

TIMZ AMRAY « 1IN ScCUNDS

z Ze% 3 s 5 o s 0 13 16
20 28 0 o 50 6o 80 100 130 160
200 250 300 aov 00 600 #00 1090 1300 1600
2000 2500 3000 4000 209¢ P 8000 10000 £3000 10000

L0000 <3000 30000 LT sUVOd ©0000 #0000 100000 130000 860000

€lied) AHO MT(H,.4) ARE CISIVENTT D TU LUGLAKE ThhS. KAXINA OF 1 AND J ARE SO
ANU 40 HESPECTIVELY.,

IPUNCH  : PUNCH OUT wiLL OE

NAME

FEMP oo ™ (M 3 NU, OF PUINTS ) AN
€41) § IN LOGARITHM )

s NoNMAK o EMNING EMAX : ‘

A= N, OF CURVES. NMAX sMAXIMUM TIME FOR ALL CURVES,
TEMIN B NININUN OF MUDULUSe LMAX = MAXIMUM OF MODULUS
CUMALL)S wiTH HZSPECT TV 1 £ -

CUNMON NANEL 209 +EL50:80)oMT(50+800sT (509 e MMAN 2 IS LGN

OIMENSIUN FLS0WT(S0)iTES0IsCUNMALOUI JDEGIA0) US40 eV(S0)M(80)

REALGS HLANC/ G - ZelS/70M,.0u E /D /tomnonny &

INTLGER VECOD/oF6a2%ePA0°:s°FT40%.% ST 04 o DASH/O=/ . *

INTEGER WFEaD) /°€ P e? 8722 01%0? %8 C0d®e%4® 0 F0o2%0%02¢°F0e2®0%0%,°

3P0027 0% 0% 0P 00d%0% 0% 0%FPo2%¢% 0% 07F002%4%¢° 4P F002%¢%0%0%F002%6%0%0*
§02‘0'.‘c'56¢2'0'0' 09F002%¢%0%0%F602%°0%0%0*

3F002%02 02090 002%0% 4% 0%F 8082 0%0? %P 002%0% 4% 450,20,/

DO § 43 1.8 ’ \

K3 40 8 § Sre § ) Lo

L=10es §4=11)

TIKe1) = 2.0 # L ’ :

TINIZ) = 2,5 8 L )

“TIK$3) = 3.0 ¢ L [

Tikee) = 400 ¢ L _ g

TIK45) » 5.0 5 L /
TIKt6) = 600 ¢

TI(K+T) = 8,0 ¢ ¢

Ti4¢8) » 10,0 & L

Tin+9) = 13,0 ¢ L } - :
TiRst0I® 16,0 » L / C.
0D 21 = 1. 80 ’

T (59 = Qo -

DO 2 4 5 §.00 ) L’

00 51 = ts 3
I3} =.9,0 . .
“Tife3) = V.9

2 Wi(106) = Vo0l
L2000 HEALID e 8 o @M = 1400 3 NAMZ .

RITE(S. 49 NANE

4 FORMATE? 3% o20AS) ; . \
S PURNAT (3P 10.3,018) \

REAVIS 59 AOHAL G ALIHAL 1 TG o SPRENT o JPRENT S SPUNCH. NA
PEAD (5079 3PLOTS« IPLUTZ IPLUTISaLE . Il, IRED ‘ N

7 FORMAT (85 )

CRITLESs B ALPHALYALEHAL . G IP5 §1T ..gmmr.::ﬁeum :
SRETES® 07D IPLUTS ¢ 1FLUTZABPLOT S bWLE o ST BN «
I G IVUNCH.EDo0) WRITECT, B) MNAME -

§ PUNNAT (20489 T b
CUMACS 980, ) i .
K0 /

K =0 > .
£YAX = 0.0 - , ®
! \
- e »
\



' 96.

EMIN = 34.0
MMAR = 0
1000 KEAUESs81e ELOTL190) nRU. TENP, Mol o TF
18 FINNMAT( 110, FlUO.35F 10,8 F20.0 )
i IFENHUN.LT .0) ) T 33100
KuKel '
KL = KL ¢ 8 T
IFUINLGTLWD) K. = AL ~ 9
OU 14 Jd1e50
18 E(JK) = Q.0
DEGIKI=TEMP
READID+36) CUN. LLe DTe DWW, ASYMFe MUDL
- 86 FIUMAT(5F10.5.810)
° PER = 00,0 ¢ DEL/ DL
/ € - OETENRMINE Tt Time FAWGE

00 i» ] = 1450
SFC T(SO=10.EU0.TF ) M = S0 -~ |
18 CORTINUL
KEADES+39ICF (LI elL3 1 o) )
‘ 19 FORMAT(IULIXe F5.0 1)) ,
IFCIPRINT oNE.O} U 10 20
- WRETE(G12) XPUN. TEMKIe DEL. PEH. TFo KL .
12 FORMAT(/ o5Ke38 (%= = 9§e/a? DU 1D FL0-1 o® DEGeC DEL 3%, FT.8.
1° DR®«Fb.1je® % (SHUULY BE < 121X} FINAL TIME S2.F7,0017%0 % 8YNS0
2 5°.12)
WRITE(SH.106ICORR, VL. DT Du, ASYMF. MOUE 8
WRITE(G.17) (FILILu] M) .
. 17 FUKMATS 10F10.81)
< CALCULATE THE SHAME FACTOR
20 ALPHA = ALPHAG <
. IF(TEMP.GTYG) ALPMA s ALPHAL -
ALPHA = ALPHA ¢ U.000001 '
‘ CURK = CORR ¢ 0,000008 [
UT 20T ¢ € 3 & ALPHA & (FENI® - 25.0)
U = Dw 8. ( 3 4 ALPHA & (TLWV ~ 29.9)
. IF (MODE .M o0) GO TO 23

* C 5 SLOLPASYIFP /DT #83909uL 004,86 ( §~ASYNFI/OW
GO TU 24 ' .
25 €C = (9830 e 7 ¢ D ¢ UF - .,
28 % s € o776 2’)-‘6'/"!‘__’02,."16’.‘la.Jc“Lf’“A“u”F‘fﬁﬁ, ’ ' -
oK = 8 R
. SFC(SHEDNELD) UK = € . R
£ FEN) RELRESENTS MODULS SHSTEAD OF FURCE UNTIL NEXT clinve
‘ sSUNSO, | ‘
‘L““.~ N . -

D0 330 Jst N
PLI) = OR 8 FEI)/LEL~CORLIOF (33) -
SPUFES) oGCT o3 40) EldeKk) » ALOGIOGF (SIS
li ‘f"‘f‘ﬂoﬁ,o‘lfﬁt“‘l’ EMAK = Lok )
TAPURA IR Y AT NN ANYIES So i) 2ti 00D ENEH " flJeK)
' $PUR V0l oUHLET (S8 oGBS G U $30 ‘
EFCDeGT oMPHLUKLES S oM Dol T 2 UNIR L1, =008 WD TU 540
OU 32 N 5 JoNp¥ . [
SPIEANS~L ) otT a0a® ) GB) TO JJ

—_—
3

v




rd

~

~ e s

32 CUNTINUE

97.-

o

33 3F (LENIK=3) LTS SeKk)) GU TO B30

04 131 L T Ne WPR
1 =L ~ 4 .
BFELELoR~3)GT Bl oKD oORECL K~1)eEV.0.0) GO TC 131

38 1FLECIon=3)0GT 00,00 GO TO 37

1 =1 ~1

G0 70 3% -
LoeGT o) osANUs LoGESS

JolT ol o0, JiGlol ’

37 T3 = ALOGIO(T I g

/

131

Te = ALUGIOET(I)S,

T3 = ALUGIOETIL))

PET » T3 - ¥2 . R
Dt = E(lek=1) ~ Ellek-1)

CE = £(lek=1) = ELJeK)

ALG 5 ALG nTi ) o611 -T2-EECVET/OEE D [

BSUM = a5UM ¢ uT(J) . \ .

Gu TO 30 B
CUNTINUE . .

130 ConTiInUE ' N ]

C CALCULATE MAXIMUM HELAXKATIUM TinE . -
i

IF( IMRT .NELQ) G TU SO !

SU = 0.0 '

sV = 0,0

SUVU = 0.0

SUV £ 0,0 ' R -
=0

N, = M ~ 30 .
OO 40 J = Kk M .
LP(EL LK) sEV0VL0) GO 1O 40

~N = e )

su = SU ¢ TLJ)

SV = SV ¢ ElJI.K)

SUU = SUU ¢+ TLaIeTis) -

40 UV = SUV $ EfJR)e  T4H) l

SLOPE = (SUSSY-HISUY)/IBUSSU<IISUS)

HMAX = =3/C2,30385L0LPE S -
IFENNAKXLGT o0) HLLUG = ZLUGIDLRMAR)

WHELTECO 82T KHANTLUG N

82 FOPNAY (/5% MAK, CLLARS TIME 22 ,£30,3.° SEC,? F10.4,110)
50 IFEKeEQss) LU TU 51

51

.

ISP LOSUNLEWL0) #BUM 5 1.0

ALUSALG/WSLM

CUMAIK AL LI CUNAIK -4 ) \
“oQ s / '

BFEMGT JHHARY HMAX = §. \ . .
DO 52 g = Seis

MELSon) = SALULIVEITEIDS = (UNALYYS ¢ 30.0 .

2 CUNTINUE | .

AFL AVRENT oNEe¥) GI4 10 0 . N
I TE(D. B8) Mo Co o AMlse LUNAING

Be PIHMAT(IHU L tits LE PUIIIG 3208 3,100 A ARLIAT SHAST radmn,-ueno.

B300UNe PHEPULESS A £ AL 430/ BC e 40009077 e bR P LUG SHEIrT =P8 4.10K,

v . ’ a




2°CUMMLATIVL SMEFT 2°.FH.3./)

5%
* 86

S8
59

13190

60

K 2

62

©3

160

66
[ 14

WRITECG.S559 (NTEIeh I cE(SaKY o ImE o)
FORMATC10( 36 eFTo30)

1IF € IPUNLHLE 03 LU TO 1000
SRLIECT S0) TEMP, M KM
FORMATL FlUe8,2120 )
“‘7E‘705')’ CECSeK) e JImleM)
FULMAT IU F 8.8 )

<o 10 1000
IFCUEGLK D +0T o TG) GU TU 60
ARLF = CUMA(KS & 1.0

SV TY 6 . |
D3 100 (51 .5

IFL(VEGI1)~-7G) 160.08 o862 /
AREF = LUMACL)

18 = 3 ¢ ”

G3 TU Ge ’
i = 1§

IFL1.£0e3) GU TO 63

AREFuCUMALL Y $(CUNAL S~ I ~CUMAL LD ISSDEGE l‘)-fl-)/(DEGl I’-DEG( =132

G5 10 S8 i

AREFSCUNAL 1) #ECUNAL S ¢1 1 -LUNAL L) )’“’Ebll)-fﬁl/“)&c( l’-ﬁﬁ(l*l))

00 ¢5 JIsiNn 4
cuuuu-cumu»-mu- .
69 T0 67 ’
CONY Ut .

IULF » §

WRITECOH.60)

FOHMATLSHU oS Re S110= = ¢ )0/ /,80%:°TC OUT OF SM')

WALTECH 681 (OEGIL) »CUNMALLS L o8 oK)

98.

68 FORMAT(L1HU «SNe S8°~ ~ "'/l"‘.'m“" G LOG SHIPFT REL. 1'0 TG® o/ o746
$F10.4,F8.3))

169

SFCIPUMNCH.E0.09 SRETE(7.169) Ko NUAKENIN.ENAK

FORMAT( 2150273041

15 IPUNCH.EV .0) o TE(Ts6%I(CUNALTS o158 oK)

69 PORFATLIOFE.3) .

PLOTTING
{SPCIPLOT.€0.00 CALL PLOTE (Do ENANENINGS oMNAK oS0 K 02)
IPCIPLUTILEG.0) CALL VLUTE(S/EMARENIN.S o $0 o80K010)

IFLIPLOT 2., 40) GO TO 90
iR & XK/02 4 3

IXK = K/56y. ¢ 3 ~
Ns =g

00 683 1 % 1.8

Ne = N3 4+ SAK . . ,
SPAMGSGCT o) e 's K

M = NUTCL.MS) “
e = il n0) & 35
I3 3 (013-83 79

SBIGH = N3 =233 4 @




)

IPEF (. 0) sE0 LV 0) GU T 82 s
BFEE (e 2D ol T oVMIND YHIN = €100 d)
IFCEANIDGT oV MAR) VhAK = Elled)
82 CONT IHUE
CALL:. PLUTL (2 oY MAXK VML NE o N2 0183,5880~3)
° IFENG . GE o) GU TU YU -
’ NI = i ~, §
81 CONTINUE .
N €  CALCULATE w, Lo F. CUNSIANTS
‘ , / 90 IFIIMF.ME Q) GU TU HOO
M= 0,0
Y = 0.0 . .
. S =:0.0 / i .
. , UV = 0.9
N 00 93 1 = 15K "
A Uils = DEWIIS ~ 16 .
Y1) = UETD/CUMACS Y :
= SU s U
. SY =S¢ ¢ V(1)
SUU = UiEIwwil)d « SLU
T 98 SUV = SUV ¢ WiT)eviLl)
. N K~ f8% ¢ 3
SLUPE siHUSSY ~NeSUV I/ (SUSSU-HESU S
C3 = ~3/SLOPE

- o, INTER s (Sv-SLOPEWSUI/N \
: ‘ )\ €z = ~ IMTERCS , - )
y DELTAH = 2,503 ¢ §4907¢C19C2/10V0.0

00 93 1 ® I5. K , )
© pEY = (VECHS »zu.ﬂ;u«czmun j
93 1) = PELTAWD LoD Iy :

WHITE(Gs &) MANE . .

MITEC6.92) - . oo
P2 FPORNAT L/ e BR'TEMW, '05‘0‘1"1“' oTXePLUGC A eSXeC(T=TGCI/LOG A® 6Xe?ENE
SRGY? o/ ) ’ - .

<

WRITE(S:98) SOECIE P oUCTIoCUMALL I VET D MHESD oEnESan )
D8 POHMAT (F 3048 ¥ 2008 eFPeZeFB8.20F 15.2)
SHETECHs95) TGoChoC2.ULELTAN
95 FOUNAT (110e? TG 52 0F7.8.80%0°Ct % 58,5 030%0 °C2 59 581 480K, ACTLY
] SATIUN ENERLY 5% ,658,0,° KCALZ/WULE® ) ‘
. 7 | EHE e 0.0 ) B
OV 96 1 = Ik '
- Y2 YD) = ENTLR-SLOPLAUED ) ° /
P6-CHI = CHE o YiEov2/visy
WHITECO 9IS ) CHE LS UPE L INTER '
- O FIRMAT (/7 eINe?CHE $Ue »* o FL0sde l”lo"l—ol‘l "aﬁlﬂo.‘olﬂ‘o"mﬁxﬁ
* / IPY =% ,£90.3) °
wWITECH.90)
8 FINMATE/ /7 e 3K P U VELSAL - B ol oF o COIBTAWTS AJE c; »'37.48 €2 = 81,
$6°0/7010K09ACTRVATIUN ENERGY = o,3 KCAL/MUILL ®)

. 1F 4 SPUINT 00 Gt T0, 8200 \
03 70 § = 4. Mg\ .
© S8 = T4 — I .
3 70 conyime ! :
DO 760 L = 1.10 . : ‘ N
’ -
- - I
! ’/‘ ‘ ,
) . ’ » !. J' - o
P A S ’ ‘ / ~

. S

. e

v S N
B

- ! - * J v
- R I ,’ e }[‘7,”. ~",' f, e, , .
N e, N *;,‘ ‘T' .:~f T ,nlq,.w’"Ll Gt 4~ . - \ ’
. VG l . . : .
; » d Yook a0 [V . L=
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2

73
72
73

77

T4

75

78

76
T00

3400

IFL tiouT. 20) i = 20

ty = § ¢+ (L-))wn '
N2 = (S

$FE 6N .LUT ., &) LU T §200

IF(RL.GT oK) N2 = K

WRETECOe 750 SLLLEESe B = 848 oNLD
FOMMAT L] o° TENS s ., 00041

WRETE (e 720 SCUMACLD. B4 oM2) g

FOPNAT(® WG A PL.20F1.8)

‘lte‘v.’J’ ‘QLS e 3 = M, N2)

FIMNAT (AHU LXK T I0e P ,20A69 .

SHEITECG«77) CLOI=NLoN2) _\,‘

PORKATEEH o 9U7=2) ,20A6) | :

0D Te J = 3¢ NPAA

VEI2) = VEs)

oy = 2 .

i = § , - “f
PI TS 5 = NIoM2
N = 0 & 2

o

SFEEGI003,.£00) GU m 74 Vs i -
VE(uM) = vELS) - ¢ .
16 = 0 PR
Gu T0 75 - . ST ’ : i
£(5e1) = BLAIK . -- NS . ;
VE(MN) = YELZ) 5. PR ) :
CONTINUE . - I
IF(IG.NELO) GO TV 76 L A
IFCJ.£0.2) GO TO 78 ' : .
OKETECOVFIIIT Mot dele § -rm. [
<0 Tu 76
VE(2) = YE4I) , i
SRITE(G.VFY T8I, tE8IeB, | » NI, N2 | -
COMT JNUE
WRITECEL77) LO.SoMS .29 N
6D 10 1240 r
$TOP - .
€0 ) v ) . N
kil
i
{
SUSFUUTINE PLOTE 4tmu.un.yuu.m.m,uou.mtz‘ .
CONNON NANESZRD +£650:00)HTL500809.T L5000 NN, IS 1CH
DEMENS LN NALEZS) e
INTEWES DIGITEIRI/ 80,020,048 ,040 052 060,777 ,08° M'c'o'l
INTEGER CLANK/® ¢/ sDASHI Y=/ , P
SRITE(Ge 49 MAME (),
FORMATL? § 0 ,20A8) . . o _
YSCALE = 120.9/7(VYNAR=YNIN) . P
SRETE(Geb) YR YMINYSLALE - I
FURNATLZ e2FL0e2FZ U4 ) s ’ e
g ré lmﬁl.fﬂ.l’ 1t = 30 . / ' ..
L4 .90 s . ‘ "y .
) - LS A . S
' ' ~ : 2
- . , ye " B "

100.
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102.

Progrem for the Celculation of Distribution of

Relaxation Times

CALCVULATIOUN OF RELAXATION SPECTHA PAOM DYNAMIC MODULS DY UBING CURVE FLY
METHOU ., WRITTICN BY 8. Co YRU PEb. 1978 -

N 5 NO. UF PUINTS TU UGB FITTED (MAK. 300)
Wi ® ANRAY CONTAINING WEIGHTS YO NE APPLIED TO EACH CO~ORDINATE PALIR.
5P NO WEBIGHT NG I8 DEBIKRED, wT SINULLY B8 SET TO §.,C POR EACH PAIR,
COF & ARRAY LENGTH MADG ¢1 WHICH CONTAINS THL COEFPPICENTS
OF POWER ON HETURN PRON CURVFTY,
NCOPF & QUIPUY VAR AULE CONTAINING THE NUMOER OF CORF~
FICIENTS CALCULATRO, NCOP~) i8S THE ORDER OF ThE
POLYNUMIAL uF DEBT PIT. -
IPRINT = =5 BUPPRESBES ALL PRINT ING.
O LISTS COEPPICIENTS UF ORST FIT AND OTHER
RELEVANT INPORMATION, .
NP B NUMNMER OF CONSTRAINTS (FINED POINTS).
NP & ARRAY CONTAINING ABBCIDSAE OF THE CUNSTRAINTS.
yr 5 ARARAY CONTAINING ORDINATES OF THE CONSTRAINTS.
RF AND YP CAN NOT HAVE VALURS THAT ARE PART OF X AND Y,
Hil) ARE THE RELAKATION lPﬁ;qu ( IN LOOC EXPRESSION) TINE SHOULD 88
TWICE OF ORIGINAL SEALE 3 <’
' |
DIMENS JON XKEJ00) s Y(300)s WTII00)sAPE 2800 YF( 28)NANK(R0)
DIMENSION Y0 (300), FOLI00):80D(300)s MH(300) s COFP(R6):8(300)

1000 READED +2.4ND@1 800) (NAMNE(L), §91.20)

8 PORMAT(Z0AS8)
veITRIO.D) lNAﬂl‘l’c inte20)
O PORMAT (A1) e/ /7 DN,y R0

READ(S.}3) . Ne NP

} POAMAT ¢ 2130)
READ(B3) (X(J)e Il o) *
READ (Bo3) (Y(J)s J » JoM) e

3 HMAT (BFP10,3)
D3 4 1 s e N
4 ¥T(1) » 3,0
18CAL =
MXDO ¥ 4O
$P4MRDCLGT si{N=g)) MADO ® N=2
$P(NFLR0,0) GO 1O 349 - -
SPUNP 2GT LMNRDG) W =u NKOU
DO ¢ L ® e NF
O REAVIS 7)Y NRPILIs YPIL)
7 PORMAY (2F10:8)
WRITHLL 480 (XPILDe YPUL)s & =) ohP) :
48 PORMAT § 2F)0.3) )
19 IPHINT s O
CALL CURVATINs Y sWT aN o IBCAL »MADCsCUP o NEOP s SPRINT sNP o NF oY P )

N
N

WRITE(O.0) (NANEBIL D, 393,20)
wRiTEL0,20) )
20 ’D““Af‘//al@“a‘l’o‘3‘0‘7‘0l‘lo"b‘o"“t'l.’ DERV,? 43 %, 2ND DERYV,?
DodBR,*B2,50N,244?)
oD Mi0. 3 s 4,0 N N
¥4 leUV(l’ ¢ COPIR) » R41)
FOtE3) = COP(B)

s




(X
12

1 X4
540
'

SD(s) = 0,0

§7 (NCOP.LEs 2) GO TO 12

00 10 J = 4, NCOF .

YO(l) = YOts) ¢ COrfaIexcisoe({s=})

PIEE) 8 FOUI) ¢ (J=3)0COPLIION(L)00(I~2)

8DiI) = BDUL) ¢ dJ=1)0l =2)eCOPiJ)oxit)osis=3) "
8C1) = rOISISPOCE) ¢ BDE5)/72.,303 - POCS)

LUGARITHMS LOGECAL CONTROLS

5P (8(1),LEW0L0) GU TO i

HEE) = Y (53 ¢ ALOGIO(B(E))

G0 T0 130

i) = 0,0

WRITE(Os33) X(T1)oY(3)aYOUE)oPOCI)oBDEE) oeB(S)eNei})
PIRMAT (B3P 1A.3,3120.0.718.9) -
60 Y0 1000

svoP

[ L1

103.
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¢ . APPENDIX 1T

Water Diffusion in Conventional polystyrene

f Temperature ; 26°¢C h : 0.91 no
Time, t /t/h M, /Mo
3 min, 147.4 . .1071
6 min. 208.5 < .2143
9 min. 255.4 .2857
- 20 min. 380.7 .4286
25 min. 425.6 | .5357
30 min. 466.2 .6786
40 min. 538.4 .7500
. 60 min. 659.3 . .8571
.120 min, 932.5 .9286

12 hr. 1.0000

D was calculated as 5.5 x 10 ~! cm’/sec.
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r

Yater Diffusion in Btyrene Ionomers

The diffusion coefficients wvere calculated from the

vater uptake dats obtained by Dr. M. Navratil (see Refs.

15 and 63).
Samples D Lgbelsoc)
5.5(Na)l 6 x 1077
7.9(Na)l 9 x 10°10
9.1(Nd)m 7 x 10730
9.7(Na)h 9 x 10-10

Y
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‘ APPENDIX III

TABLES OF BUPPORTING DATA FOR FIGURES




PART ONE, FIGURE 1, PAGE 12

"Nafion"-H /
Tenmp. oC vtz
25.0 1.78
k2.0 1.63
80.0 1.15
106.0 0.83
130.90 0.26
15k.0 0.12
168.0 0.00
17530 -0101
181.0 -0.1L
195.0 -0.58
207.0 -1.71
21k4.0 -3.87
"Nafion"-K
Temp . °C vtz
25.0 0.36
77.0 0.16
85.0 0.09
89.0 0.00
95.0 0.00
101.0 0.00
105.0 0.00
“119.0 0.00
164.0 0.00
195.0 0.00
212.0 0.00
265.0 -0,11
29900 ‘ "0020
329.0 -0.53
33600 '9073

107.
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PART ONE, FIGURE 2, PAGE 36

Temperature : 0°C éemperature : 56°¢
h : 0.12 cm h : 0.12 em
Time Time
(sec.) Yt /h Mt/M¢ (sec.) Yt/h Mt/Mﬂ
40.5 . 53.0 0.092 25.4 42.0 0.123
80.3 4.7 0.148 60.6 6k4.9 0.225
120.2 91.4 0.201 120.6 91.5 0.34b
2k0.2  129.2 0.271 241.3  129.5 0.533
480.0 182.6 0.369 480.6 182.7 0.716
900.0 ? 250.0 0.50k 899.7 249.9 0.811
1800.8 353.6 0.707 1800.5 353.6 0.875
3600.5( 500.0 0.878 3600.0 500.0 0.892
7200.9 ° 707.2 0,938 .
10800.0 866.0 0.959
§
Temperature : 28°¢c Temperature : 99°¢C .
h : 0:13 en h: 0.13 em
" Time . . Time
(sec.) Jt/h Wy /¥, (sec.) J/t/n /¥,
30.0 45.6 0.116 10.4 26.9 0.124
60.0 64.6 0.194 ~25.3 41.9 0.221
121.6 91.9 0.291 60.7 6L.9 0.389
240.0 129.1 0.403 122.2 92.1 0.591
480.0 182.6 0.594 239.3 128.9 0.739
900.0 250.0 0.772 358.6 157.8 0.816
1800.0 353.6 0.867 . 480.7 182.7 0.861
3600.0 500.0 0.906 905.7 250.8 0.952
7200.0 707.1 0.941 1300.4 300.5 0.973
[
i
/
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PART ONE, FIGURE 3, PAGE 37

v

Temperature (°¢) log D
0.0 -6.038
28.0 -5.636
56.0 ~5.447
99.0 -5.000

109.




PART ORE, FIGURRE 5, PAGE 39

|

.
S N SO S ——— 1 4CF T T

1 Eor——rgs -

POr X T

TEND . 19.C 305 SCG 6143 73.0 R7.8
LCG ‘Q’ 119 10.1} Te? S L TN ¥ 2.6
TINE 1LOG E LOG €E LOG € LOG E LOG E LOG E
2 V405 , 9.09
3 1LY ;’ 9.8¢ 9.08&
9 Llelh Qh?? Qe?? 963 .37 9.02
| RN R X | 95 OJ74a 9.59 9.3} B+94
3¢ 1Ge0C 2392 Q.68 D54 9.22 8.83
100 938 988 9.63 9.47 9.12 8.68
20< - 9.60
30 9495 G.8& 958 Gkl 9.C2 8.5S
SGG 955
6CC 952
l°°§ 991 Q78 950 9,32 8.89 8.43
200C 9.89 9.27 f.38
306¢ e8B7 972 Y& 8.76
$00C .17
1800< G822 D66 .36 .10 B.62
2060 963 9.04

99.8 A10.6 122.8 133.
L.S

-0l

=19

-3

-5.6

15S«v 17642

-7.6

LOG E( LDG E LOG € LOG E LOG E LAG €

821

Be.11

8.01

| Ty V.1
« 40
8.
8.27
8.17
8.06

8.05 7.81
8.01 7«78
79277475
792 Te?72
785 Teb?
Te?9 74062
T74 7.58
T-68 7.52
T.63 7.48
757 Te.0)

7«36
?.53
750
7.46
T4l

- G T S SR W T G Y S Y Wk e G W W O W W W W U S . G e -t e . Y e D W W S W G W D A N T U G W T e S S W W

7.35
7«21
T+26
7.21

7«11

7.06

18240
"8‘8

LOG E

—--—---*---‘ —————— - - g e = - - L L L L

?.19
T.la
7.C8

704

6.98

§.93

6.85

‘01T




PART ONE, FIGURE 6, PAGE %0

oot an o 2x A T

TENP, 3GeQ 40.6 60.3
LaG AT | K+ T 8 8.1 G
TINE LOG E LOG E LOG E
RRS 2 982 974 966
3 Y81 9.73 9.64
s G81 .
1¢ .80 9.71 961
2<¢ Qe 79
3C QT8 969 9.57
5¢ .77
tC FeT70 D266 52
20¢ Q75
30 .74 9.63 9,46
sQ¢ 9«73
| 84 VP2 59 9.38
2¢0C 9.79
3500 D209 954 9.2¢%
5000 9.68
1000¢ Y65 99 9.09
16000 Je 64

8.8S

8.71

8.51

8.49

8.39

8.18

8.01

Dy S A S i S, S . e

‘T1T

il’



PART ONE, PIGURE 7, PAGE L1

I

112, ,

TEMP, 34,0 43 66

LOG AT 278 2569

TIME LOG E LOG E

2 10616 10413

3 10016 10,12

5 10618 10.12

10 1015 10,12

20 1016 100141

30 10614 10011}

50 10418 10,10

100 10413 10010

200 10413 10,09

300 10032 10,09

500 10.12 10,08

1000 19.81 10.07

2000 130,10 10.C6

3000 10609 10,05

5000 1009 10,04

10000 10,07 10,035
28000

D MDD M AP D DAY AR S G AP BN P A ERAD NP Y A A G LD WP 4D D A S S GP A DD G KD S DS T 8

TEMP, 15900 172.0 18060 19302 2102 22700 25600 276.0 320.4

LOG Ap 744 5.5

TIME |LOG E LOG € LCG E LOG € LOG E LOG E LOG € LOG E LOG E

N D S B P D N D Y D Y Dy G HDID G END S WP A D D D B D A AT D G D P D DAY D B DB D DA G S > AP AP D D D G S

2
3 ! 951
5 949 927
10 De46 D23
20 Deb3 9418
39 Debl Helb
590 939 9012
1045 935 9.06
200 Jdedl 9400
300 Pe29 8,96
%500 2% 8.90
1000 9,319 8,82
2000 Ys42 B.73
300¢ 9,07 Bs.E€6

‘8000 9,01 BeS8 "’

1060¢ 8091
23904 s

66 o U
2362

LOG £ UG € LUG € LOG E LOG E LOG E LUG £

P N L Y r ey Ly 2 Yo 2 2 Ll L g L F b d Ll 4

10,07
10006
10005
10+ 04
1004
100,04
10003
100,02
1002
10,01
10,01
10600
9o DY
e 99
9,97

4e7

$.18
P15
S, 09
9603
9400
8696
Py -1
8083
€s79
B.72
8.64
£.55
B+49

7160
212

D266 L1306 123.2 13360 14340
13,7

1 77

10,02 9,94
10,02 9.9
1002 9,93
10,01 9693
1004 9,92
1000 9,92
10,00 9,91
999 9.91
9499 9690
.98 9,89
90,98 9,869
P97 9,88
996 9687
.95 9,86
9,95 9.8%
D694 9,83

3.2

8,90
8.84%
8,76
8,569
Be b4
8.858
0,48
8. 38
B8s33
B.2%

8012

8,02
790
7090

1.3

8042
8635
8027

8017

8,07
8001
7495
7 486
Te78
Te76
7 69
7064 .
729
7657
T e83
T 50
Tebtd -

1563

Q.89
9.88
9.87
9.87
980
9.85
9+85
9,84
9.83
Pe82
Qe82
9,80
979
9,78
9.77
Pe78

=002

787
Te79
Te?72
7065
Teb2
7058
Te54
750
748
Tebb
7e42
7538
7056
Toelds
Te2y

Qs 84

Ve84

9,83
9.82
9.81
P81
94860
Qe 7Y
9.78
Q.77
9.76
9,74
.72
D714
9,69
.86

=18

7+53
7 ¢50
Te06
7 82
7640
Te37
Te33
728
728

Te21

718

7,06

7+02

11.7

Q77

Q77

9,78

Qe74

Q.73
P72
974
970
9.68
9,67
9665
9.63
9660
9.58
9+55
Pe50

=39

Te246
70 20
Te15
730
Te07
7402
6296
6087

5072
6.87
6039
6,28
5. 97

J

9.6

9067
9.,65
P63
V.62
96614
9,60
9e 57
9.5%
9.54
951
9.48
9,63
Qe &0
9o 36
9,29

»

~563

65083
673
6,63
64513
634
6407
8,69
5,37

—_—

’
Ll A L e rz2 27 2 22y rr Ly 2 2yl y rryyyryyyyyryyyyyyyryryery-yr.) L 2 2 2 r ry 27 ¥y r ']

!




PART ONE, FIGURE 9, PAGE &3

# TENP. 25e0 S042 58Be6 62.4 74,6 87.6° 96.2

( LDG Ay 9.6 7.6 5.3 3.7 1¢3 =1.8 =4.,5

: { r TIWNE (LGG E LOG € LOG € LOG E LOG € LOG € LOG E
. | ! 2 PaT5 96l 943 9,22 A.18 7.8a¢

| 3/ 9.74 9.59 9.18 B8.69 &.14 7.R2

B - i L 9.38 B¢66 D10 7T.80
o : 10/ 970 9¢55 934 9.09 B.61 8.05 7.77
. ! 2“'1 9.54% 8.55 84,01 P78

- | 3C G667 9¢52 927 9.00 B.53 7.99 7.7a
' S0 BeAQ T.97 T.72

. 10U 9.63 9,48 9.20 8.88 8,44 ?7.93 7.7

mq . 8.38 7.3 T.68

307 9459 9.44 8.79 8,35 7.89 7.67

14 8.31 787 T¢6S

100C 955 938 9.01 8.67 B.26 T.84 7.63
2003 8.20 7.82 7?7.61-

30060 9431} Bes91 8.60 B8.16 -7.80 T.59

S900 8412 7478 7457

reoQr e 8.80 B.07 T7.76 7.54

13000 ’ 8,06
k. - Shai . - W‘P_ﬁ-‘—?—ﬁ—m&-‘m

%2

‘€TT
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PART ONE, FIGURE 12, PAGE L6

"Narion"-H

Tsmp. G' 2 tané
(“¢) (dyn/cm”) x100
-150 1.98x101% 2.1
-140 1.89 3.3
s -130 1.77 4.37
~120 1.70 5.9
~116 1.60 6.46
-110 1.47 #1.05
"'108 1-"2 703
-106 1.%0 7.39
-10’4 1: 31 705“
~-102 1.31 7.53
-100 1.30 7.4
-96 1.25 7.33
-90" 1.14 6.8
:"'70 90 57):10 ,4-76
-60 9.00 3.92
-50 8.33 3,48
-“6 B.lo - . 30“7
-100 ~ - 7:‘/3 3057
" -30 7.10 4.03
-20 .6.23 5,02
-10 5.33 6.2
"5 “097 607
0 .87 6.91
5 .65 - VoT.12
10 4.36 7.22
12 k.19 7.4
1k k.13 7.27
17 4.08 7.1k
20 3.80 7.17
24 3.60 ° 6.92
35 1.75 6.91
4o 1.71 7.01
4s 1.52 8.11
50  1.Lk 9.38
55 ' 1.26 11.13
60 = 1,16 12.35
N 30 8060 Y 2010
85 8.39 22.4
90 ° 6.30 26.33’
95 5.56 28.72

11k,

Tsmp. G* 2 tané
( Cz (gxn[cm { x100
100 4.50x10 31.5
103 3.58 3.4
107 2.86 38.4
112 2.32 bo.T
117 1.52 - 7 37.8
121 9.56x10 35.7
125 8.83 32.3
127 9.36 29.5
131 5.10 26.2
135 3.78 23.8
137 3.78 21.97
140 3.55

150 2.20

155 1.76

160 - 1.49

164 1.31
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PART ONE, FIQURE 13, PAGE

Tom 6 tané Temp, G tand
[823ﬁ (dyp/ 2] 200 ‘823 " (gyn/ 22

0 S
-150  2,01x10° 3,88 82 1.99x16° 3,53
-1ko 1.83 5,L2 84 2,01 3,62
=130 1,72 7.0k 86 2,06 5,37
'12“ l:,b 6030 68 200“ 50“3
~120 1.82 8.77 90 2,15% 5,63 .
~11% 1,136 C9.5%0 92 2,13 b.uk
=110 1.21 10,07 98 2,15 5,33
=106 1,17 10,2 100 2,01 b,82
-104 1,14 ' 10,22 104 2,13 5.58
=102 1,07 10,08 110 2,13 5,38
=100 1,02 9 9,72 120 , 2.01 6,22
=98 9.99x10 9.84 126 1,82 7.55%
=96 9,85 9.6% 130 1.6§ 8.39
-9%  9.2% 9.39 136 1.3 9,85
=90 8,65 9,02~ 1ho. 1.hs 10,43
-84 7,62 8,16 142 1.33 11,06
"80 7:“ 7'71 1““ 1326 12-96
=60 5,3L 5.99° 148 1,07 o .12.63
-go b,85 4,83 150 9,99%10 13.48
=ko 4,67 3,84 182 9,57 13,5k
=30 4,65 3,55 154 8.79 _ 13,78
=20 4,82 2,8 156 7.83% . 14,35
=10 4,31 2,17 158 7,16 1,5
0 b,12 1,84 160 6.55 13,64
6 L,17 1,75 164 3.36 15,1
o100 3,98 1.53 170 .07 16.3
13 .05 1.66 180 3.02 . 19.97
21 3,93 1.7 190 2,06 27,7
bo 3,16 2.1% 19k 1,72 31.7
50 2,97 2,42 196 1,66 . 32,7
60 2.67 2,67 198 1,46 36.6
62 2.30 2,65 200 1,29 39.3
6L 2, 3,16 202 4,19 40,9
é aan o hee | M da o, Mae
’ ’ ’ o §,25x100 8,2 —
70 2,01 3.19 214 ’} ’f ' 51,2 ,
2. 2,09 3,59 222  y,02 58,5
7" 200 — 30’1 22’ ’,3 ! ’,o’ .
76 1.9 3.5 227 2,96 - 56,9
8 2,12 2.97T 230 2,51 56.8
[ 2,03 . L2 , g g 2,%3, 0,8 ‘
. o ! : ‘l-g R 0.9 : ,
o Bhe f:‘ S
e . » : ' ! ] N Y
.o o uﬁ"’é’gﬂﬂf? %0 - - -
R Rl A 1 | ERGRN 7 T S
N / ! T b . PR

Ir
¥ . ’ ] N
t- 4 I 1.4
i 0 ’“3{@" /if;r‘: oY
Sl o SRR ML

't
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PART ONE, PIOURE 14, PAGE U8

Tami. g!' 2
10
=160 2,00x10
'1”9 1080
=140 1.78
~130 1,65
=127
~125
=122
=120 1,k1
=118
-1l
=120 1,17
-105 . 9
=100 9.98x10
=96 6
=90 »30
~86
-80 6062
-76 )
=70 2.90
-60 5030
-zo '“.35
=40 h,66
'30' h.’l
=10 k,11
0 3.8k
9. 3,69
20 3.5%9
24 2,33 .
o i
’ go 1.6
100 1.b
120 1,14 8
@%Sg g:“g“io
wo 1
g
160 z.h1
1", 3
170 3,46

tand

2200

2,06

- 8 " & ®w W

AU B
R W\ P - -3

VO OIONEW
= E RO O\
w

-
o
n
@

»

10.73

il., 25
11,00
10,53
9.8
9,0
8,24
£
b.67
3,98

-
pa
Nl
O

2.7
2,79

Y-

117,

T . ! 2 tané

[ 5100
180 x10 8
190
200
210
219
222
226
230
235
240
250
265

}

W
N FEE W N

(=)
O W N &=

2107

- 8 8 B 8 = ® ® 8 ®w w »
SPCDCNFDCIC)CDHD\IC>¢h

S O=30 O\ O O\\D W =
- -» - » - - - - - -» » -
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PART ONE, FIOURE 15, PAGE L9

100
110

120

130

9. 58:109

&

140
145
150
155

160 .
165

170
175
180
190
200
205

210.

214
220
224
226
230
234
240
250

118,

tané
2500

12,64
13.98
14,65
1h. 41
14,56
15.1
15,59
16.8%
18,36
24.57
17,68
b, 62
55,08
59, 7
30,2
56.3
52,6
47.91
43.8
32,58

r 2l
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PART ONE, PIOURE 16, PAGE 50

0.1 Hgg!aoaﬂ 0.% ﬂgo/soau 0.9 Hgo/so:u
Tgop. ten 6 Tgmp. tané Temp, tané
sl 0o g00 (81 xoo
0 7.2 27 5.77 28 R
30 6.1k 20 5.54 24 2.8
2L 5,89 10 5.63 20 13,66
20 5,92 b 5,95 15 3.6
10 6.61 0 6.02 10 3,64
0 7013 -“ 6p'22 5 3:7“
~10 71.19 ~8 6,45 0 3.9k
«20 6.7b =10 6.41 -5 h,28
-go 6.12 -4 6.5 . -10 4,67
~ 0 5:"1 -16 6p5h "21 5,9’
-50 h093 -20 ; 6:51 -30 7001
~58 4,6k =22  6.,%6 ~ko 7,69
=70 k.71 -24 6.62 k2 7.%59
~80 5,18 -26 6,62 =45 7,73
~90 5,8 =30 - 6.L45 =48 1.69
=100 6.39 =32 6,38 =50 1.57
=110 6,88 =40 6,18 -55 7,3
~115 6.82 bk 5,94 ~58 1,22
'120 éoh’ -50 557 -60 7,09
~-128 5-2; =60  5.52 ~65 * 6,76
=135 b, -66 5,62 =70 6,53
o, / =70 5,62 =15 6,45
"7“ 5163 .aa 6052
=80 ' 6,00 .1 6,52
- =84 6,26 ~90 6,66
-90 6.13  -92 6,715
'9“ 6086 '9“ 6055
~96 6,98 96t 6,84
=100, 6.98 =98  6.91
=10k 7.0% =100 6.89
- =106 7,06 102 -~ 6,73
5115 6087 -10“ 6:1
=114 6,67 106 ' 6,7 -
'120 4 6:13 P11° 6.20
=128 5.57 -1k . 85,74
-130 98, ~120 2,,
, =140 34‘7 '12’ 5.23
oM 2.8 -zeo 1,76
. ’ " =140 2;51
’ B ~ '1,0 2&1’
. ¥ For 0,0 H,0/80,% (sea Pigure 32): - .
A G et
s w&a&% f%¢' " ?%3ﬁ,
; DV P S RER)
"“fv?,ﬁ‘s, R i"'/ - )‘;J;’;;’ij_ ‘f“zl;,@’,‘ . 2

119.

2.5 HZO/BO

e

zgzi;

20
10
0
=10
=20
=30
=40
=45
=50
~52
=55
~58

-60 |

-62
»b5
-68
=T0
=72
=75
=78
«80
-83
=55
=88
=90
-92
=93
=98
=100
=102
=105,
~110
~115
=120
~12%

s
=150
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PART ONE, FPIGUBE 1T, PAGE 51

0.5 HZO/BQ}ﬂ
Tsm ., o 2 " 2
‘ g; ‘dxn[sg 1 ‘dxn[gm !
27 2.59x10°  1.%0x10
20 2,73 1,51
10 2,99 1.69
u 3:25 1095
0 3.5%7 2,15
=4 3,78 2.35%
-8 3063 20"7
'10 3:96 215k
=14 4,20 2,76
=16 4,37 2,86
-20 4,%6 2,97
-22 u:Te 3013
"2,‘ ‘6-82 3019
=26 4,97 3.29
=30 5,28 3,40
=32 5,46 3,48
=36 5,79 3.63
=40 5.95 3,68
-hh 60”1 3:80
=50 7.06 4,03
=54 7.31 k,1
=60 7.90 3.36
=66 8,36 b,70
'70 B.Bu 3.97
o 5% . b
-84 1,02x10%9 £.38
=90 1.10 7,36
=9k 1,15 . T.9
=96 1,18 8,23
'100 1026 3073
'10“ 1:31 9:2
% i D55
- ] 9.%9
=11h - 1.47 9,82
=120 1.5%7 9.63
=125"° 1.69 9,4y’
-130 1,73 - 8,63
-1 0 fia,‘ / / 10‘,
=150 1:" "o53r

9.

Y
i
R

120,

cgf ® Yo¥ 0.0.8,0/80,8 (ses Figure 12
P A

/

2, 80
5 HEP/ Qﬂ
Tgmp. G'' , " 2
L.&i. {dyn/om’) (dyn/om”)
20 1.45x10° 5.75x107
10 1.60 6,35
0 1.T7 6.99
=10 1,99 6.01
-205 2018 906“ e
-EO 2:5“ 1'35310
-~ O 3510 2009
. =h5 3.42 2,53
=50 3,86 3,16
=52 k,17 3,50
-,5 unuo 3080
-58 3.77 ualT
=60 b.97 b.37
=62 5.39 b.79
.65 5»6h 3.96
~68 6,27 5,43
-70 6053 506
=72 6.7k 5,74
=75 7,19 6.07
'78 7096 6063
-80 3 8027 609
'82 8061 7:06
'85 5.8” 1:“2
-89 9061 zo 7&9“
=50 1,01x10 8,16
=92 1.0b 8,29 .
=95 1,08 . 8.24
~98 1,18 8,81
-100 - 101 8091
-202 1.2k . 9,09
.-10’ 1:25 '80‘6
=110 1,40 9,2}
=115 1.4 8.76
=120  1.60 : a.zz
. =128 1,65 1,47
~130 1.75 “6.,58
=iho. 1.82 b.52
=150 1,96 3,53
. , : e B
Y s °}’ L0 )
’, ’, ey

-



PART ONE, FIOGUBE 18, PAGE 52

0.2 wt4 Degraded

121,

1.2 wtz Degradsd

5 ¢ 4
P IRAN

Tomp.(°¢)  tand x100 __Temp.(%¢)  tané x100
20 3' 8 A 21‘ 3:78
1¢ 3.9 23 3,71
0 4,06 16 3,59
-6 14 ’ 16 10 3.56
-19 4,33 5 3,h7
-16 hl 6h 0 3‘6
-20 16,81& -5 3,73
1'26 5,15 .10 3'9
-39 5,35 ~15 .12
-36 5,64 -20 4,42
~4o 5,74 -25 4,58
~h2 5,73 -30 4,87
=bh 5.9 -35 5,12
-46 5.92 -k S s
. =k 6,0 -45 / 5,34
v =29 5,98 =50 5,61
=52 - 6.02 -0 6.4
- =34 §.19 -6 6.71
. =56 6.28 =70 17,58
-58 6.39 75 © 8,05
~60 6.53 -80 8.93
-62 6.60 =85 9.22
=6 6,60 88 9,78
~6¢ 6,74 -50 9.6
~-68 6:9‘4 =02 [9.12
,_176 7,10 .98 ; 9.85
, =80 7,20 ~100 P 9.80
~8k . 7.4 =102 9,72
~88 755 105 9.69
=S A R
-9“ 7160 -11’ e"“! )
=96 7,69 120 7.19
=98 7,55 ~125 6.99
=100 1. 570 > =130 6.2
=102 7.54 =140 hois |
«104 7,38 \ =150 3'.12, )
-106 7.5
=110 ' 7,06, ’ y —
° .ilg i “g’ s ¢
~ R 8 |
- 2 C o . K AN
4-130~ . :zlg‘m‘ﬁ, z,.,r oy . / s B -
i I ' { ki " A : -, T ]
¥ Yor 0 vtf Degraded (see riugo/ ) . o~
SR ':4, [ ,‘j""# L 1, ' ‘ . - ”:S;,”;rf,
Sy e e S
IRGRVTRIVIPNE LDy Z Ay ‘ﬁ,’ ,‘J/.‘f/ N { . : ; ‘,:'7), S v f{{‘f;)
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¢ PART ONE, PIGURE 19, PAGE 53 ' 122.
0.2 wtz Degraded 11,2 wtz Degraded
r (°c) _o' g" 7 (°¢c) g’ g
20  2.90x10° 1.10x10° 24 2.43x10°  9.18x107
10 3,21 1.25% 23 2.34 8.69
0 3,4l 1,40 16  2.51 9.03
-6 3.78 1.57 10 2.4 8.5%59
-16 4,15 1,93 0 2.86 1,03x10
-20 k.32 2.09 -5 2.87 1.07
=26 L.74 2.4k -10 2.98 1.16
-30 | 4,84 2.59 -15 3.13 1.29
-36 5,14 2.90 =20 3,15 1,39
=bo 5,39 3,10 -25 3,136 1.54
-2 5,83 3.3 -30  3.63/ 1.76
~bb 5,92 3,50 =35 3,717 1.93
-6 6.11 3,62 . =ko 3.82 2,06
-Me 6-16 3070 '”5 ‘6.30 2:30
'50 605“ 3091 -50 h.’ol ? 2:"8
=52 6.58 3,96 S =60 .97 3,18
-5 6.86 b,24 =65 5.%9 3,75
~-56 7,04 b,42 =70 5,88 b,u6
"58 7;26 l‘oé’ '15 6027 5:05
@@ ~60 7.50 4,90 =80 7,32 6.54
~62  .7.60 5,01 -85 7.7. 6.92
=64 7.97 5,26 -88 7.5 7,34 .
=66 7.97 5,37 =90 8.4 7.93
'70 ‘\60“7 5586 -95 9‘319 9003
=76 9.46 6.71 =98 9.138 ~ 9.2
-80 9,98 ,,7.19 =100  9.94 ., "9.60
-84 1,04x10777,70 -102  1.02x100 9.92 o
/ =88 1,05 1.95% =105 .1.08 Vv 1,05x%10
R "90 1116 8069 "108 1;}6 \ 1.03
-92 1,15 8,70 -110 1227\ 1.2
=9 1,20  9.15 -115  1.32 \ 1,12
=96 1,20 9,20 =120 1,3 1,08 .
=98 1,30 9.80 ~125 1.5 1.06 4
=100 1,28 9,65 | . =130 1.5%9 9,71x10%
“"-ozg 3,32/, 9.93 ] * =140 1.79 . ‘;‘1
~104 1z38/ 1.02x10 =150 1.8 5.65
=106 1,39 1,02 . /ﬂﬁﬁb
-112 1,h9 1,05 " , 3
.i;’o 1:22 | i’:g; ‘ f . % Yor 0 wt$ Degraded
=125 1.7% 9.67x10 : see Tigure 12)

.
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, PART ONE, PIGURE 20, PAGE 5k

Wedight

L
EJ
Iy
4 “ ¢ ’
- +
a
N .
- 7S
{ .

B \ o -
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s
- e '
Ead ’ ’ ’ .
< L - ’
C ' o L R %
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g, Coe e
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hange (wt

* .
. Co
.
"«’ art
w4y
LAY
ve

0 A

Log ' (0°C,ce.1 Hz)

9.247
9.458
9.552
9.586
9.687
9.536
9.457
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¢ PART ONE, FIGURE 21, PAGE 55
1.4 HEO/ﬂOBLi 3.4 gg?/BOBLi
Tgmp. tand Tgup - tané
1..2?_ X100 £¢)  _x100
=20 5.68 25 3.57
~30 71.02 20 3,89 !
~38 .29 1l 3,79
-‘40 8-37 0 3:98r
g -46 8.9 ~10 4,04
=50 8.1 =20 L. 4
-52 9.13 =30 5,47
~56 8.74 =40 6.684
"'60 8069 '50 8:56
"66 ! 8;1”& '60 10006
"70 6:16 '70 10028
'72 8-05 "78 10035
=7k 7.85 -82 9.86
=76 8.15 =86 9,55
=78 8,12 =90 9.4k
"80 6:0 "9“ 3.33 d
-84 8.05 =100 - 8.21
=90 8.07 =110 6,82
o -9“ 852 "120 5'36 '
=100 8.33 =130 4,35
=106 8.23 ~140 3.03
=110 T.91 ~158 - 1,27
=120 6.72
-130 5.2;
=140 3.5 - \
\-
4 Por 0.0 ueo/aozu (sae Pigure 15) -
/ -
‘ / L /‘//
| \ -
l »
' ’ \
0 } ) - v { >

- / . ,, . '
; ! \ ;o L , .
— ¥ M 3 '
~ . v .
D 1] ¥ ’“ \ i -
' ? ' ’ ) . } b N '
o . v
. ¢ ™ J s N ¢ . ,
2 -
{ P o 4 R » ’
! A e ke & .. oo - - /
PP ', PRI Y4 L PR oy WA T T, et .
- BT d MR i LAy Lo I W ok T
e . Moy Cop 2, .o STk L 20 o Pl £
R ‘ RN RN REGE TP T St ; RO R A A v , .
—_ ode T o . .



PART

l“)

ONE, FIGURE 22, PAGE %6

'
H?O/BOBNu

np.

T
&t

tané
x100

-19
~20
—-2h
=30
-36
=Lo
~4lk
~50
=5k
=60
-6k
=70
-7&
-80
-8l
=90
=94
~100
=102
~10h
~106
-108
~110
=11b
=120
~126
-130
=140
=155

7.07
7.4k
7.68
7,956
7.4
7.26

- - - - ~ - » - ~ - -
t%b—"ﬂ()O"UDONDOH&P”OLH“)O(DUPthggc
O

[ AN VDNV AAW EIIE O O\

O

HFREWM-JOBEEE®E® DL -I~I-I AN C\ =
2\

" % % ® &% % % w w W w8

# yor 0.0 Hzolﬂosua (,pc Figurqflh)

|
1
v

3.4 u?o/ao Na

2
Tgmp. tané
("C) %100
20 6.18
10 5,8
-1 5.37
=10 5,17
=20 5.12
-30 5'37
=41 6.14
-50 7-“7
-56 8.68
~60 9.27
=65 9.58
-68 10.07
=70 10.5
'72 10517
'75 10:3
~-78 10.42
=80 10.16
. =82 9.96
=84 9.78
-85 9.62
=88 9.56
'90 9063
~91 9,29
=93 9.0
-9L 9.0
'95 9037
~96 9.3
=98 9,27
-100 5.0
-102 6:15
=104 6.54
’110 606
'116 60“
=120 5.7
-130 “.8

\ﬁ\

129.
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PART ONE, FIGQURE 23, PAGE 57

"Narfion"«H (soo Flgure 12)
"Nafion"-Cs (see Figure 12)
"Nafion"-K (see Figure 13)
"Nafion"-Na (cee Figure 1L)

"Nefion"-Li (see FPigure 15)
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PART ONE, FIGURE 2%, PAGE 59
100 Hz 1 kHz
Tamp. (°C tané x 100 Temp. tané x"}-do
4.0 h.3 9.2 b5
1.7 6.0 1b,0 8.4
8.2 6.6 16.5 13.4
12,2 14.9 ) 18.0 15.17
13.1 18.6 20.6 - 12.9
14.5 25.9 ] 16.5
15,8 29.2 ,f//gglo 15.8
17.2 31,4 29.3 16.8
18,8 33,0 32.9 19.3
20.3 33, 38.0 24,9
21.2 .6 L3.0 33.0
22.1 34,9 8.0 Wh.2
24,0 35,1 51,0 52,6
25,0 35,1 56,5 62.0
27.b 35,6 59.5 69.4
28,4 36,1 60.0 71.0
30,8 328,13 62.8 75,8
32.0 39.9 64.5 77.73
34,3 43.9 66.2 78.7
36.0 45,8 68.3 18.9
37.5 L8.2 } 69.8 77.8
Lo,k 54,0 12.0 75.0
k2,9 55,7 73.8 . 71.9
Lg, L 59.4 18.0 61.0
37.2 21.3 gg.e hg.g
.0 30 01 3 ’
//E%u 63,4 89.0 32,9
sk,6 62.h 5
57,5 -58.5 + » s
58.5 56,8
62,k - L7.9
67.0 . 35,1 N
70.7 26.1
14,5 20.3
19.0 15.6 i
6946 . / 13:0

~
\
.
‘.
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PART ONE, FIGURE 2%, PAGE 59 (Cont.)

10 kHz
['3 \ L4
Temp. (°c) \ . tand x 100 , :
11.0 3.3
18,3 7.6
23.3 8.6
26.5 9.1
30.0 10.0 o
33,0 11.%
38.5 1k, 4
Ly, o0 18.4 _
48,2 22.8
52:2 &} 27A6
56:1 33'5
61.0 1,2
65.4 50.0
69.0 59.6
12.5 69.9
T2 50
hH R :
81.0 91,k
82.9 94,3
8Lh,3 . 96,2
85,2 97,1
-87.0 98.0 .
88.0 97.9 .
900‘7 ) 96:5 *
92,2 95,0
9,0 93,2
97.2 36.9
99.7 , 1,8 N
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PART ONE, FIGURE 26, PAGE 60
100 Ha 1 kY= 10 kHue
Tamp. tand Tsmp. tand Tamp. tané
{e) x100 (Cc) x100 (Cc) x100
-62.0 1.1 -51.0 1.2 -h3.6 1.2
-57.3 1.3 ~-46,0 1.5 -35.4 1.8
-Shno 1-5 —BTtO 2-3 -27;3 2\6
~4B 2.0 ~28.4 3.4 =-20.1 3.5
-h1.5 2.5 -21,2 L.5 -16.7 L,1
-39.0 2.8 -17.5 5.3 -9.4 5.3
‘33'6 3‘5 '10-5 7‘1 ‘5-2 6-h
-30.6 k.o -6.0 8.8 -1.0 T.8
-26.0 L.8 -1.6 11.2 5.2 10.7
=23.0 5.5 1.5 13.8 9.0 4.4
-19.3 £.5 4.5 17.6 13.0 20.0
-18.5 £.8 8.5 25.2 17.0 23.9
-16.0 7.8 12.5 30.5 20.0 27.4%
-14.8 8.5 16.0 33.2 24,5 31.h
-13.0 9.0 18.5 34.6 28.0 33.2
-12.2 9.4 19.0 3b, 32.5 33.7
-12.0 9.8 21.0 35.5 37.5 34.0
~-8.6 12.0 23.h 35.9 hi.2 34,3
-7.0 13. L 25.1 36.0 k3.8 34.2
-4, b 16.0 27.0 35.8 50.5 32.1
-3.6 1T7.3 30.6 34,7 2.3 31.4
-2.2 18.3 35.7 32.2 57.2 29.0

0.0 22.7 k.2 26.1

0.7 25.0 L8.5 25.0

2.5 29.4

3!8 32'2

6.0 35.3

7-0 35-8

7.8 36.1

10.0 36.2

11.0 359

1l1l.9 35.8

14.3 35.2

15.2 35.0Q

17.5 3bh.2

20.5 32.7
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‘ PART ONE, FIGURE 27, PAGE 61
100 H=m 1l kHe 10 kHe
j Tgmp. tand Tgmp . tand Tsmp. tand
| (Tc) x100 ("¢} x100 (°c) x100
i -90.0 1.0 -81.1 1.0 -~ -78.2. 0.8
-B84.6 1.2 -65.0 2,1 -63.0 1,6
-Th.5 1.9 -56.4 3.2 -55.0 2.5
-70.2 2.2 -50.0 4,6 -48.7 3.5
-66.9 2.6 -bk.s5 6.0 -37.6 6.2
-60.0 3.7 o =k1.0 T -31.8 8.0
-58.0 bh.1 -39.6 7.7 -22.5 12.5
-53.8 5.0 -33.0 11.% -15.6 17.7
-51.0 5.6 -27.3 16.0 *10.5 24,2
-47T.3 6.9 -23.4 20.4 -7.8 28.5
‘h5-6 7-6 "'18-“ 2703 "5-0 32~3
-42.0 9.9 -1h.8 32.2 -3.0 & 35.1
-39.0 12.9 -13.0 34.6 -2.0 36.6
-37.0 15. 4 -11.8 35.9 0.0 38.2
-34.2 18.3 -10.0 37.3 1.0 38.8
-33.4 19.4 -8.2 38.1 2.k 39.7
-31.0 23.8 -7.0 39.2 L.o 4o.7
-28.3 7.1 5.5 38.0 5.7 41.1
() -26.5 30.4 -4.6 37.7 6.7 1.4
. =2h.6 32.5 -3.5 37.3 7.0 k1.5
) '20-8 35\5 -Ovs 35 6 7-5 l‘lsT
-19.6 -35.9 3.2 33.5 8.2 41.7
-1T7.6 36.0 8.7 29.9 10.0 bi.9
-16.2 35.7 14.5 26.4 *12.0 bi.9
-13.5 34,2 25.0 21.2 14.0 41.6
- "11!2 32\2 16-0 ho-e
. -%9.0 30.1 18.0 4bo.h
-6.3 2T.5 19.3 39.8
4.0 25.3 . 21.0 39.3
-1.0 23.1 23.0 38.5
3.5 20.h 24.2 37.9
9.3 17.8 2T. 4 35.3
15.0 16.0 « 29.0 34,6
25.8 13.2 31.0 33.8
\
‘ 3
L4
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PART ONE, FIGURE 28, PAGE €2

100 He
Temp. tané
(Cc) X100
‘8“-8 1-7
-79.6 1.8
‘78-0 1.9
-T75.8 2.1
-Tl-O 2\5
-65'6 3-“
‘63-0 h.l
-60.0 5.1
-58.4 5.6
-54.0 8.0
-51.6 9.4
-uToh 13-1
-46.0 15.1
-k2.3 22.9
-41.0 26.1
-38.8 30.8
=37.7 33.6
<34.0 40.9
-33.k 41.7
-32.6 h3. 4
-29.8 Lé.7
-28\5 h?lh
-25.2 47.0
-2bh. b L6. 14
»22.0 4h.,5
-20'7 h3|7
‘1805 haoe
‘17v5 h2\6
‘lS.h haoh
-11-0 ko'a
-10.0 40.0
‘1.6 30.9
4.7 23.2
13.0 16.0
22.3 14,2

1l kHe.
Tamp. tand
(Cc) x100
‘73-0 1‘7
-69.0 1.9
‘61-2 209
‘57-0 3-9
‘50-2 6-5
-45.0 10.0
-h0.0 1“-7
-35\5 22-“
-31-5 30-2
-27T.3 37.6
-23.8 bh2,1
-20.0 46.3
-17.0 he S
-1h.7 Lbo. 4
-12.2 _ 49.l
‘9|2 '%& ha 7
‘702 he 1
-5.0 47.6
0.0 ‘b6, 4
6.2 L. o0
10.7 Lo.8
19.3 33.1
25.6 27.3
30.5 24,8
39.6 20.2

10 kHg
Tgmp. tané
ey x100
-67-2 1\6
=-55.5% 2.9
‘h9i° h-s
-h3.5 607
-36Qh 11'1
-30.5 16.9
-26.5 22‘7
-23.0 27.8
-19‘2 3205
‘1602 35\“
-1&.0 37\1
=-13.0 37.9
-8.2 40.9
-B-h h3-6
1.4 46.1
3.0 47.0
9.6 h9 p)
14.1 50.7
15.8 51.0
18.2 51.3
23.2 51.0
24,6 50.7
27.2 50.0
29.0 49.5
36.2 46.3
k1.0 43.8
43.0 h2.8
46.0 40.9
48.0 39.7
50.1 38.1
53.6 35.5
56.0 34.1




( 132,

PART ONE, FIGURE 29, PAOE 63 ,I

100 He 1 kMo 10 kHa

T8mp‘ tand 'I‘amp. tand Tamp. tand
(Cc) x100 (Cc) x100 (Cc) x100
-99.0 2.7 ~114.0 1.1 -91.0 3.0
-93.2 3.7 ~10L.5 1.8 -85.6 3.9
-88.0 5.5 -97.5 2.5 -79.2 5.6
-8212 8-9 ‘92.0 3!2 —TSIO T\3
‘77|° 16-5 '86\5 b\h -71-5 9-3
-73‘3 27'6 _elva 6‘5 B -66-7 13.7
-68|7 36-7 *76-0 9-8 -63-6 18-1
-65.5 31.2 -T2.2 14,6 -60.5 2h.2
-62.2 21.7 -67.6 2L.5 -57.6 30.1
-59.7 16.6 -6hL. 4 32.5 -54.7 35.2
-56.2 15.7 -61.0 36. 4 -50.0 35.2
-54.0 17.6 -58.9 33.7 -48.2 33.2
-52.4 19.6 -57.0 30.6 -46.0 28.5
-50,2 22.1 -55.5 26.3 ~45,2 27.3
-47.8 25.5 -53.3 21.2 ~43.6 23.8
-47.0 26.0 -51.0 17.6 -42.6 21.9
—hh.o 25.h -h9.0 16-3 ,-39.2 18-2
-hl.2 21.2 -46.6 17.3. -37.5 17.1
-40.5 19.2 ~bh. 7 19.0 -34.0 17,9
-36\6 12|h -haro 22i7 _33-h 18-2
-31.0 6.1 -39.0 26.9 -31.5 19.7
-280h h.B ‘38-0 28.3 —2&-0 22.5

=-20.0 2.1 =35.5 31.2

-34,7 31.9

-32.6 32,1

-3003 30-6

"‘29»2 29-8

-27.2 26.3

“2“12 22-0

‘18-9 1ho6

-17.3 13.0

-10.0 6.6

-2,6 3.9
N 300 2\7
8.5 2.0

¥
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PART ONE, FIGURE 30, PAGE 6

100 H= 1 kHe 10 kHz
Tamp. tand Tenp. tand Temp v tand
!801 x100 !801 x100 gacg x100
-128.6 1.1 -123.0 1.0 -121.0 0.8
-126,0 1.3 =-113.2 1.9 =-111.2 1.5
=119.0 1.8 =10k 2 3.3 -96.0 4.7
‘116-2 ~~2-1 ‘97;7 5-2 ‘88-0 9-1
-110.0 3.0 -91.7 ‘9.0 -78.9 22,7
-106.2 3.6 -83.7 23.6 -75.0 31.0
-102.0 e -80.4  30.9 T1.5- 31.4
“99‘2 6-0 -80.0 3105 ‘71-0 30-8
‘9“.7 10-0 -7718 29.7 -67| 22-6
-93.0 13.2 -77.2 28.9 -65.0 15.9
-90.0 19.4 "=T76.0 23.7 -62.0 11.9
-89|2 2201 "75-6 22-7 —58l7 _10u6
-87.0 28.6 -Th.0 1T 4 -53.7 11.9
-85.2 3.1 -70.2 11.0 -h8.L4 13.5
-82.4 25.8 -67.0 10.3 -48.0 13.9
-82.2 23.6 -6L.3 l2.2 -46.2 15.0
‘76-8 10-3 -62.7 13-8 -h3-0'. 16-5
‘73-2 11-1 ‘62-2 15-0 -hl-O ’ 17.0
‘6905 lh-? -59;7 16‘1 ‘39!3 17-3
-68.7 15.2 -58.1 16.5 -37.1 17.1 -
‘66.2 lh-a "‘56'3 16-2 "3“;3 16-7 .
‘63-3 1201‘ -5500 15.7 -32.2 15-8
"&.9 8-1 -Shls ls.h _30‘2 13-"
-5T 0 h,2 -52.0 14.2 -27.2 10.6
- =45.0 0.6 -L49.2 13.5 -2h4.5 8.5
- -hh.o 7-6 -19-0 & S-h
-32.0 2.0 :



PART ONE.CEFOURE 31, PAGE 65

"Nafion"-H with '
0.4 RQO/SOSH

Tgmp. tans
(e) x100
29.0 k7.9
33.3 51,1
38.5 59.3 '
41,5 6h.1
'SOQO \BOtl
52.7 "85.0 ¢
54.7 89.6
.58.0 96.5
60.3 101.6
61.3 103.8
6L.0 108.5
67.5 112.0
69.2 11l.2
T2.5 101.9
TL. b 9Lk, 7
75‘7 86.8
78.0 T7.6
83.6 58.6
85.0 54,9
86.0 53.1
87.5 50.8
92.0 Lh.T
9T7.5 38.1

13k,

-

"Nafion"=H with
1% HQO/BQQH

Tgmp. tand

( C) %100

=-12T.5 3.3

‘123.0 6'7

‘122‘3 7»6

-118.6 15,1

-117.D 194 4 ‘
‘115-6 ,23'9

-113.2 30.9

-110-0 36-5 ¥
-108.0 33.6

~105.3 26.1

-101.0"° 20.9

-98-7 20\8

-95'0 1901

-91.0 _16.8

-89.9 16.3

-8708 15.
o.7‘n20/so3n (Figure 25)
1.4 H,0/80.H (Figuri>26)
LT H20/803H (Figure 27)
2.1 H20/803H (Figure 28)
3.0 H20/SO3H (Figure 29)

4.1 ngo/soan (Figure 30)
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FIGURE 3k,

PART ONE,
100 He
Tgmp. tand
(Cc) x100
-112.0 0.5
‘107-0 006
-93.2 1.5
‘85-2 2‘5
‘8300 2-8
-75.0 b, b
-68-5 6-9
-63.0 11.5
-5707 2001
=57.0 21.5
-54.0 26.2
-53.73 27.3
-49.6 30.7
-h6-2 3005
-43.0 28.5
-42.3 28,2
-41.9 2T7.9
‘3&\8 26-8
-36|0 26-
-33.7 aT.5
-31'5 2813
‘29-5 28'9
-26.0 29.0
-20.0 26.9
-17.0 25.1
=-13.0 23.0
=-T.0 20. 4
‘1.0 5 19- O
3.0 16.9
7.5 1k.0
8.0 13.7
16.5 11.2
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PAGE 68
1 kHe
Tsmp. tand -
{’e) X100
‘103|0° 006
‘80|5 2|T
-7257 hra
T66|8 5|9
“6105 8!6
-55.& 1“\2
-51u0 20-9
-ha-ﬁ 25\1
-hSQh 29.8
-hOUB 32-;
-38.0 31.6
-37l8 31‘5
-35-2 30-2
-33.0 29.1
-30-6 .28|2
-28.6 27.7
-25.5 27.6
‘19o0 2802
-15'8 28-8
,‘12'0 29.5
‘5-8 30-1
0.0 30.0
L.b 29.h
9.5 28.5
18.6 2h.3
2h.5 21.6
28.5 21.1

10 kH=z
Temp. - tané
(el x).00
‘9702 °l6
-7850 2-6
-T1.0 h,1
-65.0 S|6
-60.0 7.1
.=%2.0 11.8
‘h7|6 16'T
-hh|3 21-1
-40.0 27.9
‘37-0 31-6
‘3h-5 33-8
-32,2 34.8
_30-0 3hs9
-28.0 34.5
-26.5 3h.1
-24.,5 33.2
-22+ 3 32.2
-18.0 30.0
-lhls 28-6
-10'8 27-6
‘8-5 27-1
-hos 26!3
‘302 2651
l.2 25.5
5.8 25.3
11.h 25.2
13.5 2h.9
20.2 23.5
25.5 21.0
2T.0 20.4
32.0 1T.7
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FIGURE 35,

PART ONE,

100 He
Tsmp. tané
(Cc) x100
-119.0 0.3
-110.0 0.6
-10L4.0° 0.9
-100.0 1.4

-95%.0 2.2
-93.4 2.1
-84.0 7.3
-T7.0 11.9°
-T75.8 12.7
-70.5 18.2
-69.5 19.2
-64.0 25.7
-63u5 25|9
-58.6 2h. b
-5h.6 22. 4
-50.5 19.1
-46.5 15.7
-h3.6\ 12.6
-40.6 10.7
-3705 11-1
-35.2 14.2
~32.6 18.2
-30.0 18$5
-27.8 16.3
-26.0 13.7
-23.2 11.9
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PAGE 69

1l kHe . 10 kHw

Tgmp. tand TgmP . tand
("¢ x100 (°¢) x100
-90.0 2.5 -87.0 2.3
-81.0 6-9 '79-0 6-5
=T73.5 11.7 =T2.0 10.3
-67.6 15.9 -65.7 1h.7
-61-5 22-9 ‘59‘7 19-1
‘57'0 26-7 -55-5 23-2
-53.0 26.2 =52.0 26.9
-b9-0 2“-3 ' -bB.O 28-“
-hs5.2 22,6 -4h.3 27. 4
-42.2 20.5 -41.5 26.2
-39|h 18-1 ‘38-6 25-2
-36.8 16.1 - -35.6 2h.3
-34.0 14,5 -33.0 23.2
-31.0 14.1 -30.5 22.2
-29.0 14.6 -28.3 21.3
-27.0 15.9 -26.6 20.5
=25.0 17.8 -24.0 20.0
-22.6 18.9 -22.0 19.4
-19.3 18.0
-18.0 iT.7
-16.5 17.4
“13.6 15.5
-10.7 1b.h
-8.0 13.6
-6.3 13.5




o PART ONE, FIGURE 36, PAGE 70 137,
"Nafion"=K with )
Q.67 “g9/803n * For 1.92 H,0/80,H (Figure 3bh)
Tam tand N
{80"] 200 For 3.55 H,0/80.H (Figure 35)
-37.2 0.7
‘13-0 1-3
2.5 1.7
6.5 1.8
11.5 2.0
17.8 2.5
23.0 3.7
26.0 5.9
26.8 6.9
27.8 8.0
29.8 10.5
31.8 13.1
33.5 15.6
36.2 1k.9
39.3 9.5
40.0 8.5
° 41.5 7.2
43.h 6.9 j
45.0 7.0 '
49.3 T.7
58.2 10. 4
63.6 13.5
£€9.0 17.1
73' 2°nh
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STRUCTURE-PROPERTY STUDIES OF PLASTICIZED

POLYELECTROLYTES
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5 1. INTRODUCTION
During the past twaenty yecars, ioterest in thc‘chcmiocry of . .

polyelectrolytes (water=-soluble polymers) ﬁlé bean continually increasing.
The trom‘hdoua potenttal for polyelactrolytes has led to a vigorous

drive to develop these mntoria}l. whose study has become a dyhamic field
of‘inéﬁatrill research. The polxrlccttolytc. are used in four main‘

areas -- watar treatment, paper, taxtiles and oil recovery, although

" many other applications in smaller volume are known. A

Aqueous solution studies of polyolcc:yolytc.. have, of course, been
going on for many years. There are several reasons for this, the moat
obvious being the importance of polyelectrolytas in biological systems.
Chemical rusearch in synthetic polymers is largely influenced by the
commercial 1mportanéo of the material; solid polycl,ctrolycon. at least
up to the prasent, have fougﬁ relatively few successful applications,
and thﬁré;oro have not been studied in great detail.

Thus, it seems that the study of polyelectrolytes in highly
concentrated solution is }mportant. It can not orily sarve ;ogbridge the
gap batween the solid state and the very dilute solution state, but also

v

it might suggest some applications for solid polyelectrolytes. One
)

such study 1nvolvedrpoly§sodium acrylate), PNaA " ‘, the viscoelastic

. properties of which have been studied as a function of dedgree of ionization

and plasticizer content using water, formamide, ethylene glycol and
glycerine as plasticizers. Furthermore, a number of glass transition

temparature investigations iavolving thoauan of plasticizers have been

~
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° (2-6)
performed in sevetal laboratories™’ 7,

The pravious study of concentrated solutiona of polyelectrolytes

-

raoveals several notoeworthy featuraes. The depandonc? of the glass

transition temperature of PNaA on the piil:icilor content has been
(3) '

studied extenaively ' ~’. It was found that the glass transition decreases

»

narkedly with the addlcionlét planélcil.r as 1is the case with other , !
polymers. In a more recant atugy(l) on the viscoslastic properties of
plasticized PNaA, it was found that ionillt;én-pioduCQ; a drastic Ab

“ -

S
change in mechanical behavior. In tha stress rdlaxation atudy(l). it

was found that time-temperature ouporponi!ioq falled for every lonic
material studied, although the magnitude of the deviations of the long-
time moduli varied with the amount of type of plasticizer and with the
o. degree of neutralization., This deviation was ascribed to the presence
of a second relaxation mechnnism(7) which has also been found in many

lon-containing polymers, especinlly in the clJ‘ter region(a). Several

features of the modulus—temperature curves of thesa ma:eriuln’are note-
worthy: As the ilon. content incre§tes. the breadth of the transition
increases, and the glassy modulus increases by about a faet&; of 3. It

has baen suggested that the increase in-the glassy modulus is due: to
additional intermolecular bonding which results from the presence of ions,
On the other hand, as the plasticizer content increases, the breadth .

of tha-tranaition and the glassy modulus decreases. Finally, from the
comparison of the effect of different pru?ticisers at the same concentration,

it was found that the glassy moduli and the glass transition temperatures
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of, the polymern/K;. practically dcpcndgnt of the tygnlbf plaaticizer.

A great varintion in the affect these plasticimers is found only -
abovu T‘. in terms of the dacreane in thc moduluu with temperaturae.
It was auggputcd that the ions in plusticilcd PN&A are cluatered, as
evidenced by the x=vay diffraction dntn—an§ the th-rngerologietl
complexity o{ the stress relaxation data. . S
© Some Of the propcrt}ca of PNaA in concentrated aolutions are
obviously very different fron’cho'n of the "Nafions" which have been

described in Part One of this thesis. It is, therefote, ‘reasonable to

inquire whether different polyelectrolytes in concentfated solutions
will yleld very different proparties or whether these materials will

show atrong family reccnbraﬁéot. independent -of the detailed structure

and ion type, with only the "Nafions" showing an appreciable differemce

due to the unique composition and néructure of that material.
f; an attempt to ;;au‘r this question, three polymers dittering |
fég;:clably in structure and type of ions were selected for investigation.
These materiala vnquaidcthyl diallyl ammonium ehlqrid;. 4 AAC), J-acrylamido-
" 3-pethylbutyl trimethylammonium chloride (AMBTAC) and sodium 2-acrylamido-

2-methylpropanesulfonate (AMPS), the structures of which are shown below:

DMBAAC . AMBTAC € aes
cm2 =ty CH e ~CRy~CR =
— CH, -cn \:u—

Cﬂz Cﬂz

s/

¢“3‘t°\“3

» l’\
) 03‘ Na'

*N(CHg) 4 1™ T
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It should be’notod that DMDAAC and AMBTAC differ drastically
in structure but share a common lonic species, whereas AMBTAC and AMPS
are structurally similar but pessessa very different ionic groups. All
of these, in turn, differ from PNaA which 1s much simpler structurally
and which contains sodium the carboxylate species.

'The areas chosen for this exploratory study include the glass
transition, dynamic mechanical properties and dielectric properties.
These were selecteéed because of the experimental ease and®™ecause of
the great differences which have been found using these techniques in
previous studies of PNaA and "Nafion'". Since water is one of the
plasticizers used extensively in these investigations and since the
effect of water on various.polar polymers has been investigated(9_26),
it seems reasonable, before the conclusion of this introduction, to
review briefly some relevant results of these 1nVestig§tions for illustration.
A complete review is beyomd the scope of this study.

It is well known that most of the low molecular weight compounds,
such Tas water, will influenge the mechanical behav@ors of some polar
polymers drastically. It has been reported that the a peak position moves
to lower temperatures with increasing water content for polar polymers,

(9) (10-12)

such as collagen and nylon and ionic polymers, such as ionene

(1,3) (13)

, and the ehtylene ionomers

g2,5,6)

poly(sodium acrylate) For those
which were studied by dynamic methods, including collagen, nylon and
ethylene ionomers, the tan § peak height increases with increasing water
content.

The effect of water on the sub-—Tg relaxations differ fro? material

(13)

to material. In some polymers, including ethylene ionomer .
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(14,15) (16)

polymethyl methacrylate s poly-2-hydroxylpropyl methacrylate

(17) (18)

polyhexamethylene adipamide » poly(2,6-dimethyl-phenylene oxide

(19)

and polymethacrylamide » & new "water peak' appears, while the B

peak remains unaffected upon addition of water. For a large number of

othér polymers, no new peak appears but the 8 peak is changed in some

(9)

way by the presence of water. For materials, such as collagen »

(20) (21), polycarbonate(ZI), water does

polyoxymethylene » polysulphone
not influence the B peak position, but, does increase the peak height.

(11). poly-2-hydroxyl ethyl metha-

(22-25)

For other polar polymers, such as anylon

(16) 19)

crylate , polyacrylamide , and polyethylene terephthalate

and also some ionomers, such as "Nafions", the B relaxation shifts to

lower temperatures and in addition the peak height increasing. 1In

(9

contrast to this, the B peak for polyglycine shifts to lower temperatures,

but the peak height decreases with increasing water content.
The influénce of water on the 8 relaxation has been ascribed by

several authors to the motion of units 6% polymer segments complexed with

9

water in the amorphous regions. (This occurs in the case of collagen »

(11,12) (21) (21)

nylon » polysulphone » polycarbonate » etc.) It has also
&

been proposed that water causes the weakening or even rupture of interchain

bonding, leading to a shifting of the @ relaxation to lower temperatures.

(19) (26)

(This occurs in the case of polyacrylamide » polymethacrylic acid

etc.)

It has been suggested that water can behave as an "antiplasticizer"

(21) 10)

1n‘9ertain polymers, such as polycarbonate » and nylon . In the

studies of the plasticizing effect of water on nylon by Prevorsek et al(lo),

<

it was found that water changes into an antiplasticizer at temperatures
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below the a' transition (which was ascribed by the same authors to the

(21)

glass transition of the polymer). Allen et al suggested that water
acts as an antiplabticizer for polycarbonates due to the fact that the
activation energy for the B relaxation in the wet sample is higher than

that for the dry sample. -
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2. EXPERIMENTAL PROCEDURE

The un-plasticized samples, in powder form, were prepared by

another laboratory. DMDAAC was synthesized by the method of Boothe(27)

followed by dialysis to lower the NaCl content from 1-2X NaCl to < 0.02%.

AMPS was synthesised by the method described by Murfin & Miller(za)

(29)

while

AMBTAC was prepared by the synthesis utilized by Hoke et al

2.1 Drying and Thermal Stability

A sample (ca. 100 mg) was placed under vacuum at 25°C for
gseveral days until there was no further weight loss (<0.1 mg), and
its weight was determined. Subsequently, the same sample was placed in
the vacuum system, at a higher temperature, for another few days until
another constant weight  had been attained. The procedure was repeated
for temperatures up to 205°C. The results are shown in Fig. 1, and will
be described more fully below. It is obvious that a plateau is present
in the drying curves of AMPS and DMDAAC, while an inflection point is
evident at ca. 75°C for the AMBTAC; this point was taken as the drying
gemperature for all the samples.

2.2 Preparation of Plasticized Samples

pistilled water, formamide (Fischer Scientific), ethylene glycol
(Matheson Coleman & Bell) and glycerine (Allied Chemical) were used
without further purification.

2.2.1 Water—-plasticized Samples

Since the polymers were quite hydrophilic, water contents of less

|

)
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FIGURE 1.

Drying and thermal stability curves for

DMDAAC, AMPS and AMBTAC.

1hs.
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than 35% could be obtained simply either by evaporating the water

solution df the appropriate polymer or b; allowing the dry polymer to
absorb moisture until the desired degree of plasticization was reached.
Both methodslwere employed, depending on convﬁnience. A pressure of
70,000 psi was necessary for molding samples of less than 15X water
content, at ca. 80°c. Samples containing more than 50X water were
quite sticky and, as a result, were not suitable for testing.

2,2.2 Formamide and Ethylene Glycol Plasticized Samples

The polymer was dissolved in the plasticizer in a PTFE tray.
The solution was then placed under vacuum at 80-90°C until the desired
plasticizer content was obtained. Complete solution was essential,
since inhomogeneous plasticirzation occurred if the polymer was not well
dissolved. Water was avoided since traces of water would remain in
the sample after drying, and these traces were found to influence the
mechanical properties of the polymers. .

AMPS and AMBTAC containing more tham 15X plasticizer could be
molded simply by heating the samples above their Tg. while, for plasgticized

DMDAAC samples, a pressure of 18,000 psi and an elevated temperature

(60-80°C) were required.

2.2.3 Glycerine Plasticized Samples
Due to the high viscosity and high boiling point of glycerine, the
B

method ¥escribed above in section 2.2.2 could not be employed conveniently.

In this case, only a slight excess weight of glycerine was added to the

water solution of the polymer (tgo much glycerine caused foaming problems).

]
The solution was then dried under vacuum at 90—100°C until the defired



147,
glycerine content was obtained. Judging from the water-glycerine
phase diagram(30); the amount of water remaining in thé’samples was

negligible. The samples were molded in the same way as described

in section 2.2.2. ¢

2.3 Calorimetric Studies

o

™ The glass transition temperatures were obtained using a Perkin
Elmer Differential Scanning Calorimeter (Model DSC-1B) at a heating
rate of 10°C/min. Samples containing ca. 12X water were molded first
to the dimensions of the DSC sample pan, and them enclosed in the
sample pan. Samples of high water content were prepared using the
molded 12X samples, adding water and equilibrating and/or partially
drying till the desired water content was achieved. The sample was
weighed before and after each run. At the end of the experiment,
on samples of high water content the samples were dried further to
a lower water content, and the T8 redetermined. This procedure was
repeated at progressively lower moisture contents. The T8 values
for materials containing plasticizers other than water were not

obtained by DSC.

2.4 Dynamic Mechanical Tests

Dynamic mechanical measurements were made under nitrogen
atmosphere using a torsional pendulum, described previously at
frequencies of ca. 1 Hz. Unless otherwise specified, all measurements
were carried out with slow cooling rates (< 0.5°C/min). The Tg vas

identified by the maximum observed value of tan 8. Low tan ¢ values

(< 0.5) were calculated by conventional methods, while for higher tan §

[y

AN
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o values the ratio of amplitude was obtained by a trial and error
nethod in mov}ngwthe base line until the ratio of the first to the
. second half cycle amplitudegs was equal to that of the second to the
third half cycle amplitudes. This was done because the base line was

found to drift at high values of tan §.

Due to the brittlenass of dry AMPS and AMBTAC samples and the

difficulty in preparing dry DMDAAC samples, only plasticized samples
were suitable for dynamic mechanical studies. Furthermore, since the

plasticized AMPS and AMBTAC samples also became brittle at low ?

temperatures, only cooling runs were made and in these césea.
the experiments ware terminated when % sample broke., Water desorption
was observed also during the experiments. Thus, the range of water

contents that could be studied for these materials was limited, on the
one hand, by the brittleness of fhe samples of low water content, and

on the other hand, by the rapid evaporation from those containing large

amount of water.

2.5 Dielectric Experiments

Dielectric measurements were carried out on the instrtment
described in Section 2.7 of Part One of this 1thesis. Measurements were
made over the temperature range -190°C to ca. 90°C and at frequencies
of 100 Hz, 1kHz and 10kHz. Heating rates of less than’1°C per min.
were employed. Three frequencies were measured in one single experiment
to ensure the same experimental conditions at each frequency. It was
observed that for low water content samples, water content increased

during experiments.

!
%
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0 3. EXPERIMENTAL RESULTS
¢
In the first part of this section the results studied will be
presented individually, for one material at a time. Subsequently,

comparisons between different materials will be made.

3.1 DMDAAC

Unless specified, all measurements were performed on samples
-

containing 0.02X NaCl.

3.1.1 Glass Transition

Fig. 3 shows a plot of 'r8 vs wtX water for DMDAAC together with

the corresponding plots for AMPS and AMBTAC for comparison. For DMDAAC

and AMBTAC, the T8 vs water ‘content plot is similar, but quite different
than the one for AMPS. The error bars reflect the desorption of water
during the experiments.

3.1.2 Dielectric Studies

Fig. 4 presents the dielectric loss tangent at 1lkHz as a function
of temperature for DMDAAC with variaus éatet contents. Figs. 5-8 display
the corresponding dielectric results for DMDAAC with various water contents.
Two peaks are seen in most cases. The shape of the minor peak was
obtained from the difference between the experimental curve and the
estimated shape of the major pégk for samples contaiuning 1.2, 2.2 and
13.4 wtX water. . 4
A plot of log v vs 1/T 1s presented in Fig. 9. The m@%er peak
for the 1.2 wtX H20 sample and the minor peak for all the others have
@ an activation energy of 18 kcal/mole, while the minor peak for the

L)
R

1.2 wel H20 sample and the major peak for all the others have an
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activation energy of 21-22 kcal/mole. These two peaks are labaled
as the B and Y relaxationé’respectively. and will be discussed lat;r.
Fig. 10 shows the dielectric B and vy peak positions as a function
of the water content, togather ;1ch the corresponding plot for the
a relaxation (obtained both by calorimetric and mecgnnical methods) and
the mechanical v relaxation.

3.1.3 Mechanical Studies

Fig. 11 shows G' and tan § at ca. 2 Hz as functions of temparature
for DMDAAC containing 10 wtX water (0.9 azo per ion pair) and
25 wtX water (2.2 320 per ion pair). It is obvious that both the a
and y,peaks shift to lower temperatures with increasing water content. '
Also, G' decreases as the water content increases.

During the mechanical measurements, water was lost during the
heating runs, presumably at the higher temperatures. Therefore, no
further studies of this type were éartied out. However, since the Y
relaxation occurred at a very low temperature, the (measured) initial
water contents are probably appropriate for those runs, i.e. 12 wtX and
27 wtX. Therefore, it is not surprising that the X peak positions fall
on the dielectric lines in Fig. 9, whereas the a peak positions-do not.

Figs. 12 to 14 illustrate the plasticization effect of formamide,
ethylene glycol and glycerine on the mechanical properties of DMDAAC
containing 1-2X NaCl. Both G' and tan & at ca. 1 Hz are given as
functions of temperature. It is apparent that the largest peaks originate
from the glass transition. The peaks shift to lower temperatures and

also the heights of the peaks increase linearly with increasing plasticizer

-~

content. This will be shown in a subsequent figure for several materials

¥
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and plasticizers. Also, G' decreases as plasticizer content increases.
A rubbery plateau Is evident in all samples and the rubbery modulus
decreases with increasing plasticization. For both formamide and ethylane

‘glycol plasticized samples, the peak positions are a linear function

of the plasticizer content, as can be seen in Fig. 15. The rates of

'1‘8 depression for formamide and ethylena glycol plasticized s;iples

are 3.0°C/vtX and 2.6°C/weX respectively. The rates for samples

plasticized with water or glycerine were not \doteminod. since the =
data for the glycerine plasticized samples’show considerable scatter

so that no meaningful line could be drawn, and only a single point for

the water sample was mexsured. Howaver, it is conside;ed unlikely

that the water plot would be linear (as can be .seen in Fig. 3).

o Table 1 summarizes the results for the different plasticizers
used with DMDAAC. Figs. 16 and 17 show the effect of different
plasticizers on DMDAAC, at concentratiomsof 24t 1 wtX and 43t 2wt®

respectively. It is interesting to note that DMDAAC plasticized by

25 wtl water shows no rubbery plateau, but does st;ow a well separated

when the other plasticizers are used.

—

8 peak, which is not s

5

o~

3.2 AMPS

3.2.1 Glass Transition

Q organic polymers.
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TABLE 1 Glass Tramsition Dejresaion by Different
Plasticizers in DNDAAC (
A . °
Plasticizer wt¥ AT (7¢C) ATg/th Avegfge
Water 10 31 ¢ 3.10 r
- 25 b 1.76 2.43 |
( 1
FA 10 31 3.10
24 T0 2.91 3.03
by 126 3.07
.\
EG 14 36 2.57
23 59 - 2.56 2.58
R ¥ 120 2.61 -
GL 9 20 1.1 ,
24 88 3.66 2.5
b2 103 2.45 \
‘ 4
* Estimated value
o
!
“~ |
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@ ¢ 3.2.2 Mechanical Studies

Fig. 18 showa the temperature dependence ’of G' and tan § as a

- E]
function of water content. No dry sample was studied due to the difficulcy

of sample preparation. A large uncortainty in peak position is
‘antplcipat\ed due to the losa ofﬁ,vatet content at. elevated temperatures.
However, it is clear that the peak height is proportional .to the
water content. NG aub--?“tg relaxation is found (as discussed later).
As the vater content increases, G' is, lowered an(i the tendency to flow,
is increased as indicated by the storage -o,;lulus ‘plot.
In Fig. 19 th; effects of different plasticizers (at 24 wtX) on
the ngchdnical properties of AMPS are cowparved. The glycerine-plasticized

sanple twisted at elevated temperaturss, so that only a part of the

curve is shown .for that wun.

3.3 .ANBTAC

3.3.1 Glass Transition

The glass transition temperature vs water content was shown

N

in Fig. 3. It is clear that the effect of water on the glass transition

of AMBTAC is similar to that of DMDAAC, which also contains quaternary

-
P

ammonium groups.

3.3.2 Mechanical Studies T
| ‘ Fig. 20 dl;play; G' and tan § as functions of temperature for

—

_ various plasticizers (24 wtX) ‘for the ANBTAC system. For the formamide
- -nd ethylene glycol ph;stic:lnd samples, a shoulder is found on the
!ov temperature side of r'. The glycerine plasticized sample shows only
cne relatively symmetric !‘s pedk, but a 8 peak becomes significant as

the glycerine content increases to 43 wtX (as showm in Fig. 21).

<
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3.4 Water Absorption

Althougg tgis phenomenon was not studied quantitatively, it was
observed that under ambient humidity, the equilibrium water uptake\is
inversely in related to the glass transition temperature.
aMPS (T~ 170°C) absorbs ca. 8 wtZ, AMBTAC (T, = 112°C) absorbs

ca. 11 wtI, and DMDAAC (Tg = 68°C) absorbs ca. 20 wtX water.

(-

3.5 Summary of Plasticization Results

3.5.1 Mechanical Studies

Figs. 22 to 25 illustrate the plasticizing effects of water,
formam&de, ethyléne glycol and glycerine, respectively,‘on all the
polymers studied. Fig. 25 also includes the result of glycerine-
plasticized PNaA(l) for comparison. It is apparent from these figures
that the response of DMDAAC to the different plasticizers is different
from those of AMPS and AMBTAC in that the former usually shows a well
developed rubbery plateau. The results are summarized below:

(1) Of all the samples studied, DMDAAC with non-aqueous plasticizers
shows the most clearly developed rubbery plateau.

(2) In water plasticized DMDAA9 samples, a clear sub--Tg relaxation

(y peak) 1s seen. Such a peak is not observed in water plasticized
samples of AMPS or AMBTAC.

(3) In the samples of DMDAAC plasticized for formamide, a rather broad
peak is observed in the vicinity of Tg. For the other polymers, the
peak is somewhat sharper and higher.

(4) At a constant weight concentration, ethylene glycol tends to make

the a peak of DMDAAC smaller than those of AMPS and AMBTAC.

~
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3.5.2 Dielectric

5

Only DMDAAC was studied with only water as a plasticizer.

Therefore, no separate summary of results is presented.

f



Phase

Figure 2.

diagram of water-glycerine.

3
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Figure 3.

©

GClass transition temperatures vs. water content

for DMDAAC, AMPS and AMBTAC.
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\

Figure L.

Dielectric loss tangent vs. temperature for

DMDAAC with varying water content at 1 kHz.
<
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Figure 5.

1S
Dielectric loss tangent vs. temperature for

DMDAAC with 1.2 wt% water at 100 Hz, 1 kHz and

10 kH=z.
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Figure 6.

¢
Dielectric loss tangent vs. temperature for

DMDAAC with 2.2 wt§ water at 100 Hz, 1 kHz and

10 kH=z.
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Dielectric loss tangent vs. temperature for
DMDAAC with 13.4 wt% water a2t 100 Hz, 1 kHz and

10 kH=z.
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4

Figure 8.

Dielectric loss té@gegt vs. temperature for
DMDAAC with 27.3 wt% water at 100 Hz, 1 kHz and

10 kHz.
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Figure 9

Log v vs. 1/T for dielectric B and Y peaks and

mechanical Y peak for DMDAAC.
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Figure 10.

Dielectric Band Y peak position along with a
relaxation and mechanical Yy peak position as

a function of water content for DMDAAC.
y
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Figure 11.

G' and tand *vs. temperature for DMDAAC containing

10 wt% water and 25 wt¥ water at ca. 2 Hz.
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Figure 12.

G' and tand vs. temperature for DMDAAC containing

varying formamide content at ca. 1 Hz.
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Figure 13.

G' and tand vs. temperature for DMDAAC containing

\
varying ethylene glycol content at ca. 1 Hz.
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Figure 1h.

G' and tand vs. temperature for DMDAAC containing

varying glycerine content at ca. 1 Hz . *
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Figure 15.

Glass transition temperature vs. water, formamide

and ethylene glycol content for DMDAAC.
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Figure 16.
4 \

) - &
. ~

G' and tan§ vs. temperature for DMDAAC containing

ca. 24 wt% of various plasticizers.
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Figure 17. )

G' and [tan$ vs. temperature for DMDAAC containing

ca. 43 |wt% of various plasticizers.
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Figure 18
. G' and tan8 vs. temperature for AMPS containing
/ varying water content at ca. 1l Hz.
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Figure 19.

)

ining

temperature for AMPS conta

and tané vs.

(&)

iclizers.
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: \ Figure 20.

G' and tané vs. temperature for AMBTAC containing

ca. 24 wt% of various plasticizers.
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Figure 21.

G' and tanf vs. temperature for AMBTAC containing

2k wt% and 43 wt% glycerine.
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Figure 22.

G' and tend vs. temperature for various pouly-~

electrolytes with ce. 24 wt% water.
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Figure 23.

G' and tand§ vs. temperature for various poly-

electrolytes with ca. 24 wt% formamide.
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Figure 2L.

G' and ten$§ ve. temperature for various poly-

electrolytes with ca. 24 wt% ethylene glycol,
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TN

temperature for various poly-

‘ electrolytes with ca. 43 wt% glycerine.
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4. DISCUSSION

4.1 Drying and Thermal Stability

The thermogr;;imetric results presented in Fig. 1, suggest very
clearly that the polymers containing quaternary ammonium fons decompose
at much lower temperatures than the material containing sodium sulfonate
groups. It seems reasonable to expect that AMPS in the acid form
would be also less stable by analogy with the results for "Nafions'

and sulfonated polysulfone(33).

4.2 Glass Transition

One of the aignificgnt results of this study is the effect of
the type of ion on the glass transition and its change with water content,
as shown in Fig. 3. Fig. 26 compares these results with those for
several other fon-containing polymers which have been studied previously
in various laboratories, i.e. PNaA, "Naftions", 6,8-ionene, 2,3-oxyethylene
ionene and 4,4-oxyethylene fonene. Two noteworthy features emerge:
first, the glass transitions of the polyanionic materials (i.e. "Nafion"-Na,
AMPS and PNaA) tend to be higher than those of the polycationic materials
(i.e. DMDAAC, AMBTAC and ionenes). The glass transition temperatures of
all these materials moat probably 18 related to the ratio of the ionic
charge (9) to the internuclear distance between cation and anion at
closest approach (a)(34), the quaternary ammonium chloride group 1s very
bulky in comparison to the sodium sulfonate or carboxyl groups, 1.e. the
distance between the chloride ion and the positively charged center 1is
larger than that between the sodium ion and the negatively charged center.

The dependence of glass transition temperature on q/a is consistent

<
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Figure 26.

Glass transition temperature vs. water content

for various ion-containing polymers.
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with the finszagi\fat\gsher iontics, e.g. the polyphosphates(35), the
ailicates(36), the aliphatic ionenes(z) and the "Nafions”.

It has been known that polymers containing aromatic rings in the
backbone chain have, in general, higher glass transitions than those

containing only CH, sequences. In contrast to this, the glass transition

2
temperature of AMBTAC 18 higher than that of DMDAAC which has a ring
structure albeit an aliphatic one. Several explanations for this phenomena
come to mind: the fiést possibility 18 that the ions in AMBTAC might

be clustered while those in DMDAAC are not (or less so). The ions in

DMDAAC are located on the rings and since only one methylene un&ﬁ’

connects the rings, clustering might necessitate appreciable distortions

of the backbone. By contrast, in AMBTAC the ions are located at the

ends of side chains, and this fact might lead to much easier ion aggregatiﬁn
and the larger cluster or multiplet sizes. The known effects of

(4)

clustering on the glass transition suggest that the glass tramsition
should rise more rapidly with ion content for AMBTAC than for DMDAAC.

In addition, AMBTAC may be subject to hydrogen bonding, which would also
tend to raise the glass transition and thus contribute to the observed
effect.

It would be undoubtly more precise to compare the {ionic polymers
and non-ionic polymers of the same structut;. The q/a effect suggests
that the polyanionics would show a greater increase in the glass transition
temperature than the polycationics. However, non-ionic polymers of
identical structure as those of the ionics were not available for all
the materials studied here.

Fig. 26 also reveals that the change in glass transition temperature

with vater content is very different for the polycationics and for the

-
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o ’ polyanionics. In PNaA and AMPS, the glass transition temperature decreases
with increasing water content at an appreciable rate over the entire
range studied. By contrast, in DMDAAC, AMBTAC and the ionenes, initially
the glass transition temperature decreases rapidly but the rate of
decrease falls appreciably above ca. 20 wti water, and 1in some cases
even increases beyond that point. Considering the range of structures
studied here, it seems reasonable to suggest this trend is general for
v
quaternary ammonium polymers and 1ndepeﬁdent of the structure of the

materials. "Nafion"-H remains unusual in that the glass transition

temperature is practically independent of water content. ’

Only for DMDAAC was the glass transition temperatuyre investigated
| as a function of plasticizer content for materials other than wvater.
0 In the range studied, d‘l‘g/dc is seen to be linear for both FA and EG,
in marked contrast to the behavior of water, as was shown in Pig. 15.
4.3 Mechanical and Dielectric Studies
4.3.1 g Relaxation

4.3.1.1 .Effect of Water: In so far as water influences

the position of the o relaxation, it has been discussed in Section 4.2

above. It 1s of interest now to correlate the amount of plasticizer

with the tan & peak height. This could be done only for AMPS (Fig. 18). 4
. ‘) %
It 1is seen clearly that the pesk height increases with increasing 9

water content, though not in & linear fashion; this 1is seen in Fig. 27
along with other results which will be discussed later.

Table 2 lists the change of peak height and pesk position for

. N8N

o the o relaxation determined in this work slong with those obtained on

L T

other materisls by a number of other workers for the sake of comparison,
- , S
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Figure 27.

Jﬂi§‘ a peak hg}ght ve. plasticizer content for PMDAAC

and AMPS.
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The rate at which the peak increases for AMPS 1s scen to be large ond
comparable to that of nylon, although the effcct LP AMPS pctaisgl to
much higher water content then in nydon. By contrast, the rate of
chenge of the peak position is moderate, and well within the r;ngc for
non-ionic polar matorials. ‘

The very low pesk height for the 12 wt’ sample in Pig. 18 1is
noteworthy. This low valus of tan 8 might suggest that we are dealing
with a water pesk here, but the ugrcikint of the pesk positions with

the DSC results argues in favour of this pesk being the T‘. It As

impossible to study the dry sample by mechanical means, so more thorough

discussion of this problem 1s not warranted. In genersl, however, the
tan & peak height at T‘ for ionic polymers ars lower than thoss for
the non-ion1c|(39).

$,3,1,2 Effect of Other Plasticizers: The effect of

plasticizer content on the o peak height for materials other thsn water
has been investigated most extsnsively in the case of DMDAAC. These
results are also shown in 7ig. 27. 1t is seen that s linear relationship
exists bogwucn thess two pcrnno:or-,nzha rate of incresse ip ten £

being 0.0l per wth of plasticizer for FA, EG and GL. Thus, it 1is not
surprising that st constant weight percent of plasticizer tha o

peaks occur at approximstely the sams height; this vas seen in Fige, 16
and 1% for ca. 26 wt% snd ca. 43 wt% of plssticizers. This genersl type
of bnhs'vm is also obur\;u in A!b?Ac, and, to & lesser axtent, in AMPS,

s |
These phgnouu are similar to fan found in vater pl_uttciq:d,nﬂon“‘n

' 'ud conuan(” in vhich c_hazn vation effect cause tl;a rupturs of

interchais bonding and)thus influsnces the gless trassition. |
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When we look at the same plasticizer in different polymers,
we agein find that s constant weight fraction of plasticizer gives
a relatively constant peak height. This 1s seen particularly in
Fig. 28 for GL in various polymers and to a lesser extent slso in
Figs. 23 and 28 for FA and EG.

Another noteworthy feature is the behavior of the pseudo rubbery
modulus with increasing plasticizer content. As has been observed
before for PNaA, that modulus decresses with increasing plasticizer
content. Two distinct possibilities exist vhich might explsin this
change in the modulus. One 1s based on the sssumption that the ions
are solvated and that the entanglement spacings is inversely related
to the volums fraction of the polynnt(37). Thus, the modulus should
be proportional to tha volume fraction of the polymer. This is evidently
not the case, as can be seen, . for ;xanplo, in Pig.12., The rubbery

6 8 dyn./cuz for a change of

modulus varies from ca. 6 X iO to ca. 4 x 10
polymer content from 59 wt% to 90 wt]. A far more liknly“pOl-ibiliCy
1is that only some of the ions are hydrsted and that extensive residual
ionic cross~linking 1is presented even at high plasticizer contents.

4,3.2 8 and ¥ relaxations

The nub-T‘ relaxations wers investigated only for DMDAAC, primarily

by the dislectric techniqus. Fig. i shows clearly that two relaxations srs

'ncon in the region investigated; the ons occurring st the higher

tu/p;ntun is labeled 8 and the pask position of both the £ and the vy
relaxations sre showp -in 113.1‘0. It 1s seen clearly that the tan §
puj; hotght/ of the £ relsxation decresses with incressing water content
from ca, 0,35 u;;.z £ 1.2 wtX vater down to 0.01 at 27 wt% water. This

§ /
. , ,
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fact, coupled with the constancy of the activettom encrgy of the
8 relaxation (shown in Fig. 9 for the 1.2 and 2.2 wt’ samples) 1.e.
17.4 kcal/mole and 18.5 kcal/mole), suggests :hat the mechanism ree~
ponsible for these peaks may originate from an unhydrated part of the
repeat units.
The Y peak height changes only slightly with water content in
the range of 2.2 to 27.3 wt’ water, but is very small below that value.
/Thio fact, coupled with the constancy of th; activation energy (22.0,
21.2 and 21.0 kc71/mole for the 1.2, 13,4 and 27.3 wt’ samples) suggests
that we may be desling with s particulsr hydrated species or possibly
with a8 vater pesk. It is noteworthy that the Y pesk for the 13.4 wt’
and 27.4 ut’, samples 1s also active mechanicslly. The 8 peak could
not ba studied mcch{nically in the 4dry sample, and was not found in
samples containing 13.4 wt% and 27.4 wt? water (Fig. 11). The positions
of both v pesks which were found change with water content, and they
are seen to f£all on the same line as the dislectric pesks when plotted
as log v vs 1/T in Fig, 9
Dats fof AMPS and AMBTAC have not been obtained over s wide snough
rangs of experimentsl varisbles to permit s discussion of the § and y
relaxations. From the dats thst have been obtained on these systenms,
as vell as from DMDAAC with plnaticizeta other than water, it seems

clearly that no izjportant subh=T relsxetion are pressnt (slthough one

$
has been found by mechanical mesns for DMDAAC). Thse absence of mechanical

nub-T‘ peske can be related to ths brittleness of the materials.

Tha effsct of wster on lUb-T’ :alissciono, especially the 8

relaxstion 1is summarized for s few tspresentitive polymers in Tsbles 3

T / -

—
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and 4. Three different types of behavior can be distinguished. For
nylon, poly~2-hydroxyethyl-methacrylate, polyacrylamide, polyglycinme,
polyethylene terephthalate, ''Nafions", DMDAAC, the position of the B
peak decreases appreciably with incressing watcr content while the
peak height increases, more or less, rapidly. The-sccond group, which
consists of polyoxymethylene, collagen, polysulphone, polycarbonsats,
snd poly(2,6-dimethyl phenylene oxide), the £ peak position remains
unchanged although the pesk height increases with increasing vtter
content. Finally, in the third group of materisls which include
ethylene ionomer, poly-2-hydroxypropyl methacrylate, polymethyl
methacrylsate, polymethacrylamide and poly(2,6~dimethyl-~phenylene oxide),
a complete new water pesk appesars, which may or may not, move with
water content, but the intensity salways increasas as the water content
incresses. DMDAAC ialln clesrly in the first catalogue. It resembles
"Nafions' in this aspect, but diffaers to ethylene ionomer. The resson

remains unknowm at this stage.




Tabdble 3

DNDAAC
"Hafion"-H
lrlon“

poly~-2-hydroxy-
ethyl methacrylate

Polyterylagide

Polyethylene
terephthalate

Polyoxymethylene
Collagen

Polysulphone
Poly&a;bonate

Effect of Water on 8 relaxation of polymers

tan 9§

at %

wvaler

appreximzste
change of
tand per %

positicn
at 0% o
vater( K)

approxinate
change 1in
position

(°c / %)

Q.07
¢c.Cl

0. 006
t.e2

2.0C5
9.01
2.0}
¢.002
Q.0¢5

296
230

260
248

233
260
260
220
2C1

-2
1)
-20

-9
-1C

o o o o

D :*dielectric
™~

+ mechanical

-
~

This work

This work

o

hb] (o

[)¥)
0 O W

n

b+

‘061
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Tadble % Polymers vhich possessed vater peak
- tan & change in pesition change irn Methed
at 0% tand per at 0 ¢ position Range (Freq. Ref
Pplyner water 1 vater(°X) (Sc / %) (%) in Hz)
Ethylene ionomer 0.006 233 -0.2 1-2®x  p(1e3 33
Poly=2«hydrexyoropyl 4
ot methacrylate 0.005 0.001 248 -3.1 o-10{vIN(1iC 1€
Polymethyl
methacrylate * 0.008 . 169 » 0-1 N(=1) 1S
Polymethacrylamide ¢.0C8 a.002 1S3 0 5-%0{(v) N( =1} 19
Poly({2,6-dinethyl-
phenylene oxide) .01 . 176 . N(57) ED
D : dielectric N : mechanical v : volume ¥
'® : ome water content was determined u
Caw tvoWifter content was determined
i -
. Y]
(=
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5. CONCLUSION

The profound effect of ions on the mechanical behavior of
ion~-containing polymers has been recognised for a long time. The
clearest example 18 the glass transition. The ionic forces, expressed
s q/a, predominates over the other forces such as Van der Wasl and
hydrogen bonding interactions. This is demonstrated clearly by the
behavior of the glass transition temperature of these materials.

‘The typa of ion plays s crucisl role in determining the glass
transition phenomena in ionic polymers, both plasticized and unplasticized,
regardless of the environment in which the ion 1is placed.

With increasing plasticizer content, the o relsxation position
shifts to lower temp;rncurc snd the pesk height increases. This phenomens
is commonly encountered in most polar polymers, and is ascribed to
the solvation of the polar groups, i.e., s polymer-solvent complex 1is
forned. This hypothasis 1is supported by the fact that the pseudo
rubbery modulus decresses wizh/;pcxccsing plasticizer content, vhich,

’,

in turn, decresses ths polymer volume fraction.

[N

It 1is interesting to note that water hss an effect on these

polysledtrolytes which is quite different from other plaa:ic}zcrn

/
used in this study,
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PART TWO, FIGURE 1

Temp.
(80)

24
57
T4
91

108

118

125

134

177

186

206

s

Yeight Change (wt%)

197;

ed

DMDAAC AMPE
S1.0 . 0.0
0.0 0.0
0.0
0.0
0.0 0.0
21,2 ’
-1.2
-2.0 | '
-6.8 ,
" -T.0 0.0
~-7.0 ~9.13
1

o

AM&TAC
1.0
0.5
0.0

"602
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' PART TWO, FIGURE 3
AMPS DMDAAC
Watar content T (%°c) Water content v (%)
{ wt%) , & ( wt %) 8
0.0 170 ¥ 0.0 2 0.0 €8 »
4.1 4 0.8 138 * 3.4 ¢ 0l 51
8.6 ¢ 0.2 71 # 7.8 ¢ 1.3 CThp
11.6 ¢ k.4 ™ 10.3 ¢ 2.1 36 2 &
15.4 2 1.7 58 17.0 2 1.0 33 ¢
21.9 ¢t 2.7 bo 21.0 ¢ 2.0 Qg
31.0 ¢ 4.0 -13 25,0 ¢ 2.0 2y
k6.0 ¢ 1.0 -70 * '
' ~
AMBTAGC : >
(’ Water content T (%)

{wt%) 8

. 0.0 112 *
6.0 51 *
8.6 43 @
10.0 36 *
11.0 36
20.0 24 »
28.0 20 *
35.0 23 »
50.0 @ 20 *

* ~ Determined by DB8C




PART TWO, FIGURE 199.
100 o 1 kHn 10 klp
Tamp . tand Tomp. tand Tomp tand )
(8c§ _X100 gggg X100 gggs 2100
‘27'3 3'93 -Eh.s 2-69 ‘22\9 2\0
-26.0 L,28 118.0 3.97 -16.7 2.6
=21.7 5.95 -13.2 5.5 -10.2 3.6
‘19-5 6-9 ‘7\8 7!66 -th h.59
‘ls-b 9‘7 -3‘3 10.2 0‘6 6009
-1b|2 10:66 2-9 1“\“ 6sh 8.0
‘11-7 19-?6 \lO\B QQ-T 1“53 11-6
-9.0 15. 4 11.8 21.6 18.7 13.8
-6|3 18\3 16-7 Qh-g QLIG 15l6
-h. b 20.3 20.5 27.0 24,7 17.5%
-1.8 23.2 23.5 28.0 30.5% 20.4
-0.5 - 2h.2 29.2 £9.0 3h.5 §§.h
1-8 26v2 33\0 29-3 37'5 'T
4,0 27.8 36.5 9.6 40.8 24.9
4.9 28.3 39.8 30.0 4L6.5 26,2
7‘2 Q9-u h5-5 31|2 51-7 -!“\7
9. 4 30.1 50.7 32.7 58.4 27.1
13.1 30.9 56.4 k.1 6h.0 27.6
15.4 31.5 62.4 35.0 T0.0 28.5
17.5 32.2 67.9 34.8 76.9 30.5
19I6 32.8 75-6, 32\3 86-5 33\9
2e.4 33.8 82.4 . 29.3 91.5 34.9
25.8 35.0 8L.6 28.6 94.9 35.4
31.7 36.4 90.3  25.7 95.9 35.6
35.5 3747 93.2 26.3 102.0 3h.)
38.5 37.2 99.0 26.7 105.7 33. 4 5
42.3 36.1 104.0 2T.0 106.6 33.5
43.3 35.1 107.7 33.7
hi,S sh.l = 113.0 31.8
L8.2 338.1 11h.3 32.3
49.5 1.4 117.0 33.0
53.1 30.9 . 120,90 33.8
55.0 £9.3 122.5 3%.7
60.9 29.9 - 127. 7 37.6
66.5% 3e.2
T4.2 37.3
80.5 45.3
89.3 65.8
100.6 96.9 -
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PART TWO, FIQURRE ©
200 Mo L kHn 10 kia
TgMP . tand Tomp . tand Temp. tand
Co).  xago i U 8" _moo
-hﬁ.h 8-58 ‘h3-8 b-e ‘kﬂ-s 3.0&
Jho-e 9l3h -39\3 5‘2 ‘38\2 3-28
-36.2 10.7 -21.8 9.2 -20.7 5. 31
‘30-0 13\7 -10\0 15!6 I3 -8‘1 8-26
" =25.9% 16.7 -6.6 19.8 -5.5 9.4
‘23\9‘ 18;1 ‘Q-h Qh‘g -1‘2 11-2
-19.% 23.5 1.1 29.3 g.2 12.9
-16!5 28\1 b\l 33\8 5!2 lhle
‘1hl° 32\3 B\O 39\3 9\3 17\7
‘11-0 37\b 11\5 bais 19-3 20\3
‘8-0 hgie 12\“// bssa 16\“ 2“\1 .
‘hns h6\8 QOtl h?lh Q 21\0 29s1
-3.h W77 23.9 46.8 25.0 33.2
0.0 L9.5 eT.2 46.0 28.5 36.8
3.0 50.0 33.2 43.3 34,0 Lo.9
6.5 4o b | 38.7 Lo.b 39.8  Le.h
7.0 49.0 4y.3 37.6 45.5 41.8
1°\b ha\a | SOKO . 33-9 51‘6 hO.Q
13.9 47.2 T5TV3 28.6 58.4 38.3
14.6 b6, 4 62.5 es5.1 64,0 36.9
17.9 45.9 69.0 21.5 T0.0 34.9
19.4 Wb, 75.8 17.9 78.3 32.2 s
e2.2 43.6 82.0 16.7 80.0 31.6 :
22(9 52‘2 8“!6 1“;7 86|° 28\3
e6.1 4e.9 86.8 28.1
30\” hO-E
31.9 37.9
37.6 33.8
Le.8 31.b
48.3 28.8

55.6  26.0\ ‘
60.9 es.h\\\u
67!5 22.2 2 N 4
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o PART TWO, ‘FIGURE 7 ‘
200 Ha ) 1 kla 10 kHw
Tgmp. tand Tgmp. tand Tgmp » tand
(8} oo X100 X100
“77-6 lie ‘62-_8 3\97 ‘6007 .3.76
"65-0 6-1 -56\8 7‘05 “55\5 hnSl
"58-9 10\1‘ -5905 1015 ‘5008 6|Ts
-5“.0 16|1 -hB.O ) 1"\8 EhG\? 9-58
-h9uh 2900 -ha-? . 18:»1 ‘hQ!? 12\8‘5
-45.1  27.8 -40.5  22.9 -39.4 15.67
-h1-3 35'2 ‘37\5 26\3 “36-5 18\h
* -38.5 " h2.6 -33.5 3.3 -32.7 21,67
‘3&5:6 h?be “3008 37!73 -3°l° 23‘8
=34,5  LT.k -27.0 u5.23 -26.0 e7.3
-31.6  u4L.5 -24.3  "L7.55 -23. 4 30.1
: -28.3 37.6 -21.7 47.28 -20.8 33. b
@ -27'6 35‘7 ‘18\9 hhns -18\2 37\5
-25.0 31.0. -15.3 37.9 -1h4.5 2.7
-2215 26\8 ) "12\5 32\8 ‘11‘8 hS\g
-20-0 23\3 -3-3 26u9 "7-8 ha.i’
"17‘0 20\2 -‘hﬁ 20\9‘5 ‘3.8 kT.O
-16.1 8.2 1.4 15.3 3.3 39.4
O -13.3 17.0 T.5  12(99 9.0 32.8.
"‘9|7 15\1 1‘1\7 13‘\6“ llhe 28\0
‘5.5 11"8 23\8 11\85 19‘? 2‘6-1&6
0.b 15.3 25.4 10.73 2l.3 3.1
s.b 19.7 32.h  T.he e7.5 18.2
33.8 5.6 30.5 16,
38.0 12.2
k1.0 10.6
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PART TWO, FIGURR 8,
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PART TWO, FIGURE 9

Water Content

Dieled

f relaxation

- e ye— T

T T T

P . Dot ala ]

L1

R03,

Y‘foiaxlcion

S ws §) A00H® JxKe JOkHs ~ 1OOHm JkHr  JORNe
1.2 ¢ .® 36 6L 96 e o 4o
2.2 2 0.7 7 L7 ™ 4 20 4o

13.4 ¢ 0.3 - 16 - =34 =23 =T

21.3 t 0.7 - -8 R T T

Meghanical Data

Water Content .
{ wt 8 ) Y roi:;ation Frequency

10 ¢ @ -5 1.8 Ha

25 ¢ 2 N -85 2.6 Hs

)
o

a\

-

o




S

20k,

PART TWO, FIGURRE 11
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PART TWO,

2% wt¥ (Cont.)

FIGURE 11 (Cont.)

Tgmp. tand
{c) .(_d.LLul_)_ X100
3 5.81x109 6.43
6 t 5,08 7.60
10 4.b9 9.80
12 b.10 *12.6
1k 3.16 17.6
16 2.37 bs.s
18 1.65 29.0
20 1.02 g 33.7
22 5,13x10 36.7
2k L.27 3T.17
pé 3.80 3740
50 36.
35 32,
Lo 21.3
50 15.1
58 10.8

20%,




PART TWO, FIGURE 12,

_ 10 wt&

Tsmp. 6! 2 Land
L) (aynfom’) %100
-90  1.87x10*% 3,73
-80 1‘81 hiSh
=70 1.63 - h.0Q
-6l b.25
-60 b|61
=54 ¥ 5.86
‘52 6-83
=50 5.23
-58 R 1!59 6-52
-llﬁ 6)1‘8
“hb 6v°8
~42 T.16
“ho 1038 7'2“3
-38 6.99
‘36 Tl69
-~ 34 T.11
‘30 1.21 7029
-28 7!&1
-2‘6 9 8-26
-20  9.26x10°  7.67
"‘17 : 9-7h
-15 9.72
‘13 8v3°
"10 7\55 9-80
-8 8.90
.'L"s 9\86
‘3 10-1
0 é.38 10.7

3 11.%

> 12.5
10 4.6k 4.5
AL 16.6
16 1T.9
20 2.92 21.0
ee 22.6
26 2:27 2h.2

.34 8.73x10° 24.9
36 ' 2336
38 5.97 25.7
) 5.29 2h.0
4s 4.0b 21.7
50 3.6b 2.k
60 3.55 20.9

206,

20 we¥ (Cont.)

Tomp. o' thnﬁ’n
8 nfom? X300
T0 3.32x10 gl.2
80 2.57 18.7
90 2.0) 17.0
95 1.97 16.8

24 wt§ | -
Tgmp G' o tané
(dyn/em”) X100

-80 6.36

-Th 1.89x10%°  7.23

-70 1068 8-0“

-6k 1.51 10.3

-58 1.35 12.8

=504 1.15 Y 15.2

-ag 9.71x10 lg.g

- 18,

—hg 6.60 'g;.a

-3 +0

-35 L.g5 §g-;

=-33 ,

-30 3.96 3.7

=L

"2 1)

-2k .70 gg.g

‘22 Y

"20 2121 3“\9

-18 1t8h SS\h

916 1\65 36.“

=13 1.34 39.2

=10 1.10 8 3T7.1
-3 9‘37K1 38\7
-6 T-71 -39.5
7“; 7-15 39\1
ﬁsr 6\33 o 38-9

0. 5.52° 36.6 -
h 3\89 37'3
10 2.79 3.3
15 2.19 30.7
20 1.53 26.9¢
22 1.33, T 125 h
33 8.17x10 17.0
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'oPART T™WO, FIOURE 12 (CONT. )

| 24 wtd (cont, ) - bl wt¥ (Cont.)
|
| -Tgmp . ¢' , tan § Tgmp. .6 0 tan §
i ( g; (ayn/em”) X100 (e) (dyn/em ") 2100
36 7.52:{107 15.2 . =11 1.55:108 24.7
' WO 7-2 13 8 ‘ 0 1-07) 7 1b\°
| . Y 6.52 12.6 10 8.%6x10 9.54
: 50 6.32 12.0 16 7.8 8.43
- N 56 6.07 11»1 Qb 6'8h T-Sa
| 60 6.02 111 .
I L) we¥ SN
'Tgmp. G? 2 tan §
_— (°e) (dyn/em” ) x100
110 1.35x10%0 g.14
=100 1.23 12.0
-9k 03 9 16,5
=90 8.89x10 21.1
° \ -84 8.02 30.5 .
‘80 6-62 39\5 /
=76 L.59% 4L0.5 j
-T2 2.59 ht.2
‘To 2.10 ’ 52 1
-68 2-02 ha h -
-66 1-38 56\7 toe .
-Gh 1'06 65.7

| =62 1.02 4 66.0
; =60 7.72:10 66.9

-58 '509 65‘3
- =56 5.02 63.2

-5k 3.62 © 5.86 ¢

\ -850 2.87 6.00 . . ,
k50 2.61 5.73 ¢
-48 1.90 5.51 o -
-h6 1.48 5.26 ;e
‘hh 1\33 S;Eh : ~ ,
-he ‘ 1\15 T 5\21 ' . /
=40 9.39x10" 4,83 /
-36 T.07 h.81
‘3& S‘Bh hCTO

/ =30 4. 52 b.3S
“p6 3.29 ° 3.86 .

LA =20 2.13 - 3846 i
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k Ah wt¥ ———R3 \m!
Tamp. G 2 tand Tgﬁp. o' . tand
{¢) (aynfem ) X200 Lsxnisn_l X300
45 7.97x10° -210  “1.25x10%° " 3.60
‘35 6‘90 9'1‘9 -98 1t25 5\96
-25 5.62 . 10.2 -91 1.2% 5.09
=15 L.49 1.2 -80 7 l.2f 9 6.08
-9 . 12.8 ' -T3 9.07x10 1T.59
. -5 3.22 13.8 -T0 9.07 T.47
- 1 186.4 N -} 4 8.64 8.84
) 5 2.22 17.1 -58 7.33 9.50
7 . 18.1 =55 2.01 9.23
- 1 20‘6 -50 !51 9\75
1 1.3% 22.7 =hé 5.93 -10.5
17 1.15 24.7 -0 5.33 13.5
19 1,06 o 25.1 -30 3.67 13.5
21 8\23*10 27.5 ‘25 2\89 15\3‘
23 . 7‘07 27-7 ‘20 2\7 15‘6
25 6\37 - 2&-8 "15 2\2 19-7
- e7T. 5.04 £29.5 =10 1.70 26.5
° 33. 2\08 28-‘5 -h 3&\”23 8 31\3
35 1.;6 27.4 0 9.67Tx10 33.8
37 l\ 3 ! bs-s h 6\27 ' 35\7
38 1.6 26.0 10 4.2b 35.3
'S 1 1.32 23.6 20 1.95 29.2
45 1.3 o 2L.9 ® -1 1.57 25.7
55 9.07x10 19.1 30 1.17 T 18.8
T5 7.57 1%.7 Lo 9.09 - 15. h
8% © T 46 18.1 . L5 8.28 , 14:8
50. 8.95° 15.6
5% 8.27 © 16.0
65 7.4 1h.8
T0 T.% 15.3 °
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PART TWO, FIGURE 13 (CONT.) .
o U6 wt¥
Tgmp. 6' 5 - tand N Y- ‘ ‘
(3¢)’ faynsen®) 2100 . :
‘lle 1\“531010 70)'. » ]
=110 1.29 10.5
=100 1.0h 9 14,6
-9% 8.0x10 20.7 ¢
-90  6.05 26.3
-84 T h.75 32.8 . . ‘ ‘
-82  u.07 33.0 CL . )
-80 4.13 40,2 . o
-T8 3.43 43. 4 )
=75 2.6 5.6 .
-T2 2.09% 2.0
-70 1.66 47.8
‘68 1051 Sh 3 g
“66 1‘12 8 59. ’
‘62 8\05 60-2
’ ‘60 6.57 i svsh
@ ‘59 6\“9 62-2
-58 5+55 61.5
-56 3.69 58.2 .
=54 3.46 58.1
‘53 3‘02 56"8
-5 2.56 s4.6
‘50 2\09 58\3 \ v
-h9 1.6 o 5“03 4
‘ha 1\73' ss\h -
=46 1.54 53.7
=-hl 1.18 7 50.8
=40 8.35x10 47,2
=35 5.1k ¥1.9
-30  3.46 35.1 |
-2h 2.46 7.4
-20 2.02 ee.5% \
-9 . 1.54 11.8 ' )
0 .2t 7.98
\ 10 1012 6 6'21 .
19 8.9x10 . ( \
eh T7.95 5.43 /
/
\ -
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/>PART ™0, FIGURE 1k

vits . ) 8L wei (Cony,) | ’

' Tgmp. tand ' Temp. @' o tané

B gt sie D eadud)

e1.8  M.26x10% 12.3 - c15.0 1.61x0%  38.96

30.0 3.73 13.5 ~13,6 1.bhe 38.17.

36\8 2071 17\h - -10\6 l1.10 * 3“-“

h?\O 2 15 ahta ‘8\2 ) 1\01 7 28\8

55.0 1.29 4 5.8 =0.5 7.7Tx10 19.8 -

63.5 "BBXlO 2“-9 ' '11)0 6|83 ,} 12-0“

66‘0 23.}8 l \2 6007 10\1
’ // 2 ;0 h|9h ‘ ?‘52

- 28.2 §8.52 - 5.96
v a M N
eh wt¥

Tsnp. .tand

(Cc) den[cm ) %2100

-77.0 1.81x10%° 8.09

-Th.0 1.48 11,55

-71.0 1h.35

‘69‘0 1'20 ’lh\e ~

-66.0 1T7.22

"62\6 9111*10 19\)‘ ’

‘60‘0 6\97 22\6

958.)‘ 6-89 21\8 #

‘58-2 6567' 23‘9

‘SS-I ,20\36 /

-$5.0 5.8%4 . 22.0 v

-52\40, 23|2 R

-50.0 )h82 - 23\"‘ : -

-47.2 J . 2h.16 -

=44, 4 25.7T / o

‘hl\? QQSh 27"‘ ~

-37.5 1.7 31.36

‘37'2 1\“8 31- 4‘ ‘

-33.9 .23 4 3h.59 .

‘30\9 8\?3*10‘ ngh ' -

‘1‘30\7 8-88 3'(\6 .

"27‘3 5-3 hSQSQ .

"23\5 3\95 h3‘8"

-23|3 3\85 . kSOT

-19.5- 2.5%9 2,24 5

‘17;'0 \1097

ke,

o
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PART TWO, FIGUNE 14 (CONT.)

L2 wt§
Tgmp. e, tan§
("c) (ayn/em”) x100
-155 7.22x107 1.1
-130 6.56 3.45
-110 5.Th 7.13
v =100 5.15% 10.18
-95 L.42 11.75
-92 4,20 13.6
-88 3.63 15.7
-80 3.12 21.7
-7T0 2.12 30.2
-63 1.h% 38.1
-60 1.12 8 bi.0
-55 7.84x10 L6.5
-52 5.2% 48.9
-50 L.53 49. 8
-48 3.99 55.3
-46 3.3 55.2
-4k 3.01 55.% -
-130 1'72 6057
-39 1.6k 58.0
"'36 l~19 ? 60.
-34 9.Lkx10 '62.0
-32 9- 38 N 61.\)‘
-30 5.97 60.3
-27 L.28 58.7
=25 3.2 56.9
-2¥ 2.77 53,2
-20 1.83 50.6
-17 1.38 4.0
=13 1.05 ¢ 38.2
‘10 707*10 36-8
-7 T.55 28.8
-4 6.73 25.3
0 5.42 21.9
S 5.38 15.%
8 5.05 13.7
16 4.5 10.9
20 h.0 . 10.6
24 3.27 11.0

211l.



212.
PART TWO, FIGURE 15
Plaaticizer Concentration (wt¥) T (°c)
— ’
Water 0 68 *
3.} 51 %
7.8 4o » :
17.0 33 ¢ :
- R
21.0 28 » :
5.0 2%
! FA 10.0 37
23.0 -2
41.0 -62 :
- ]
EG 14.0 \//\32j
& 23.0 9
46.0 -52 -
* Determined by DSC
Q,
b
)]
( ‘
v x
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¢ PART TWO, FIGURE 16 '
For 25 wt¥ Water, see Figure 11
23 wt¥ FA , see Figure 12
23 wt¥ EG , see Figure 13 |

2L wt¥ GL , gsee Figure 1k

PART TWO, FIGURE 17
For Ll wt¥% FA , see Figure 12
46 wt¥ EG , see Figure 13

42 wt¥ GL , see Figure 1k

-,
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. PART TWO, FIGURE 18
12 wt % 22 wt %
Tgmp. ¢ 5 tan § Temp. 0'2 tan §
(Cc) (dyn/em™) X100 (“c) (dyn/cm”™) x100
-91.5 1.7hx101° 2.95 -1ko 1.69x1010 0.89
-71.0 1.63 3.27 -120 1.62 1.52
-58.0 1.56 3.T0 -100 1.53 2.66 v
-5010 l-hh- h.02 -79 1!“0 3\"7
-hl-O l|3 l&.h? )‘70 1-23 3\95
-35.0 1,22 h. L6 -68 L.23
-30.0 1.16 L.T9 -6% L.h2
-20.0 1.03 9 5.01 -60 1.12 L.9h
-10.0 8.T78x10 5.5k -58 L.84
-6.0 . 5.75 -5h 9 4.97
0.0 5.7k -S1 9.79x10 L.53
2.5 5.83 -50 5.02
5.0 6.77 5.96 =47 5.04
8.5 5.66 -hé L.78
12.0 6.27 5. T4 -4 h.T1
16.0Q 5.85 -42 5.21
20.0 5.69 6.17 -ko 8.79 S.31
. 26.0 6.55 -36 6.38
(¢ ] 30.0~ 5.5k 6.63 -34 6.33
34,0 6.67 -32 6.4
36-0 7-"7 "30 N 6-61 ' 6-38
40.0 L4.69 8.04 -28 6.56
v . 45.0 8.56 -26 T.10
'49‘0 9\01 —2‘& 7-3"
51.0 9~°9 ‘20 5s35 7'56
53.0 8.28 -16 8.07
55.0 9.02 =10 3.91 8.83
5T.0 8.26 -6 9.30
60.0 9.42 -2 . 10.5
63.0 9.92 0 2.15 12.0
66'0 11-2 3 12‘7
68.0 11.8 ' 6 . 13.3
72.0° *13.3 10 1.61° 14.9
. T%.0 14.5 15 1.33 g 18.3
- 7.0 3.55 13.0 20 '9.5hx%x10 22.6
80.0 -~ 18.3 . 25 T.21 2T.7
83.0 | 13.3 27 €.47 28.7
85.0 ‘ 12.5 29 6.12 30.0
87.0 12.4 3 6.03 31.1
90.0 12.6 33 i.go 31.k
93.0 le. ' 37 .83 32.2
) Y 50 3,19 33.3
P ¢ . b2 3.93 32.4
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PART TWO, FIGURE 18 (CONT.)
22 wt® [(Lont.) 31 wt ¥
Tsmp.. G 5 tan § Temp. 0'2 tan ¢
(C¢) f(dayn/em®) x)100 (“¢) (dyn/cm” ) x100
by 3.67x10§ 33.6 -80 6.07x109 6.81
46 3.31 33.4 -70 5.47 8.8s
48 3.33 31.6 -60 5.03 10.6
50 3.05 31.4 -5 11.3
56 2.90 28. 4 -52 12.3
60 2.85 26.8 =50 L.Lo 12.6
66 2.58 24.6 -h7 1bh. 4
70 2.50 23.3 43 16.9
-40 3,56 19.2
-3k 3.60 27.9
-30 3.02 3h.1
-28 2.88 38. 4
-26 2.70 39.7
-24 2.61 - Lhé.7
-22 2.31 L7.8
-20 2.23 55.5
-16 2.22 60.9
=12 1.35 63.3
-10 1.10 60.3
' -8 1.15 $T.6
-6 1.13 56.2
-5 1.09 50.8
-2 1.1 49.7
0 1.42 8 49.1
1l 9.1hx109 52.6
2 1.03:108
3 T.33x10
4 6.7T1
5 T.b4
6 6.65
T 6.13
10 h.72 47.2
15 2.5%5%
19 1\"8 . 7
20 9.99x10
21 .62
23 2.99
25 1.93
-




PART TWO, FIGURE 19

23 wt¥ FA
Tsmp G tan §
_Lc) (dyn/cm ) x100
ol 7.76x10° 12.5
30 5.94 13.7
Lo bL.4o 1T7.1
L3 L.05 18.9
L8 3.22 22.4
50 2.98 23.9
53 2.58 25.5
sk 2.4 . 2T7.3
55 2.38 28.6
58 1.91 30.2
61 1.75 32.3
63 1.62 32.9
65 .1.50 34.7
67 1.47 35.0
70 1.27 36.8
73 1.2% 39.1
T5 1.07 41.0
T6 1.11 ha. 4
T 1.00 g Lh.3
T9 9.21x10 45.6
81 8.70 8.8
8u 7T.60 s2.8
85 T.11 49.1
86 T.10 53.5
89 5.65 51.3
90 5.53 49.0
93 h.5h 7.3
95 L.oh L6.8
98 3.hdb 46.5
100 3.17 hé.0
102 2.69 45.3
105 2.23 43.0
108 2.01 hh. b
110 1.90 k4.0
112 1.74 42.2

®* For 25 wt¥ Water,
‘see Figure 18

216.
24 wt¥ EG
Tgmp G' tan §
(“c (dyn/cm ) x100
8 1.23x10%%  6.16
12 6.42
20 1.07 L.98
26 9 5.99
30 9\ h?xlo 5-53
32 T.17
36 8.hh
38 9.21
Lo T.78 9.39
42 10.7
LY 11.6
Lé 12.2
L8 12.9
50 6.03 . 13.3
5@ 15.1
Sk $.3% 15.9
58 4,85 18.3
60 4,48 19.3
6l h,01 20.2
66 3.76 20.7
T5° 2.89 28.1
80 2.43 33.0
90 1.46 38.5
95 1.15 ¢ 43.3
100 8.L4x10 46.9
105 S.45 53.3
108 h.53 57.2
11k 2.7% 5h.6
117 2.38 54.8
120 2.0) %h.3
122 1.66 53.3
125 1.32 53.8
128 - 1\09 7 5303
130 8.83x10 51.9
132. 7.65 50.8
134 T.5
138 5.31
140 h,.83
142 h.h)
145 3.58
1h8 2.7Th
150 2.52



. PART TWO, FIGURE 20

25 wt% Water

L2

G' o tan 6
(ayn/em”) x100
1.75x2010  5.79
6.05

1.61 T.39
1.43 T.37
1.26 T.21
8.56

9.36

X 10.17
1.09 L. T7
1.1b 9 11.68
9.02x10”  12.63
14,64

16. T4

17.4)

6.54 19.17
20.04

20.25
21.h
4.70 24,1
3.46 27.9
2.32 32.7
1.95 3h.9
1.42 42.0
1.04 8 LT.0
8.07Tx10 sk,
5.68 59.4
k.24 62.9
1.17 61.1

217.
’ . 21 wt¥ FA

T@mp. G 2 tan 8
g c) (dyn/cm ) x100
=50 e.21x10%® T.12
=40 1.97 8.04
-30 1.59 9.%5
-20 . 1.37 12.4)
_10 i 1-06 , 9 15-19
0 8.65x10 22.56

- 10 6.63 28.8
18 3.72 40.09

24 1.85 s2.4
28 1.28 .4  56.15

32 7.66x10 59.4

36 h.25 65.4

38 3.08 66.7

. bo 2.94 T70.6

L l.21 T 64,2

L8 5.55x10 60.2
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PART TWO, FIGURE 20 (CONT.)

22 wt% BG 2h wt¥ OL !

Tsmp: G o , ten 3 Tgmp. G 2. tan §
(Ce) (dyn/em®) x100 (Cc)} <“(dyn/em”) x100
-35 7T.25 =60 1.62x101°  6.05
‘25 7.15 -50 1'50 6‘16
‘15 10 90“9 N ‘hs 5-87
=10 2,2x10 10.3 -40 1.33 5.59
Y =5 11.86 -38 - 5.78
i 0 1-62 12‘78 "35 6.59
5 17-67 _33 s 5‘89
10 1.11 9 20.28 -30 1.17 6.17
« 15 T.58x10 25.49 -28 5.91
20 5.01 32.47 -26 6.22
27 2.46 . 37.86 -22 - 6.72
30 2‘07 '&1.8‘6 "20 . 1005, 6-67

32 lt72 h5‘37 "18 7-1
38 1.01 8 48.94 -14 T.22
4o 8.60x10 hT.83 . =12 9 T.12
l‘l 8‘0 . ha- 83 “10 8-69:10 5 8»97
L3 6.24 4.4 =8 6.23
45 * 6,42 50.19. -6 6.h2
b 4,66 ) 50.902 N . ) 6.57
S b,25 " 5h.59 Y] 10 ° 6.64
53 3-69,6 . 56039 ,0 . 1\03!10 G'Th
55 2.75 58,15 2 . T.04
60 x.98 58.2 L - T T.29
64 1.5 . 62.92 6 9 T.15
(¢ 1.38 62.77 10 . 9.29x10 7.95
70 1.05 o 62.56 20 10.06
T2 8.40x10, 62.29 30 1bh.54
75 7.66 , 61.95 35 7.63
™ 6.70 60.93 Lo 22.51
80 h,27 S5T.02 he 26.99

84 3.60 $3.13 T0 39.3

o ;2 32‘2

26.
" T8 20.2\\\

\ ~ 80 16.5

h 84 13.5

88 11.9

90 10.3

93 10.3

e
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E Q PART TWO, FIGURE 21 X
! L3 wt¥ For 24 wt%, sce Figure 20 1
‘ ]
, 8mp Q' tan § - |
: (°¢c) (dyn/cm ) x100 ,
f .
| -85 9 7.18 |
-80 8.32x10 8.09 |
-75 9.90 |
-68 12.6 §
-66 13.5 *
l "6h 13.7
-60 5.09 . 14.8
| -58 15.7
| =55 15.5
‘53 16 0 # ,
-50 3.75 15.9. - -
-48 16.2 ‘
-45 15.6
-b2 15.8 ;
=40 2.40 16.8
-38 ) 16.3
-35 17.4
o ‘32 18.8
“30 1!56 20\7
-26 1.15 4 24,9
-21 7.26%10 3h.2
-15 .Sk 48.9
. =10 2.52
-8 1.82
_ =5 1.02
-3 4.91x10
0 L.8
2 3.2 59.7
k 2.01 51.7
5 .15 ¢ 47,1
8 T.46x10 34.6
10 T.76 28.5
12 5.8¢2 23.0 .
1Y 4.69 16.9
16 3.38 1Lk.6 ‘
18 3.12 8.86
2 20 2.34 6.22
‘ 22 2.38 L.87
25 1.92 2.89

4
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PART TWO, FIGURE 22
DMDAAC - 25 wt% Water DMDAAC - 25 wt§ Water
. ° . /
.Tsmp. G'/ 25 tan & Tsnp. G' 2 tan §
( c) (dyn/em x100 ! C) den[cm ) x100
=150 1.5%5 - 5-73
=145 1.72 -46 4.58
=140 1.98 -4k 4.50
-135 ‘ 2.24 -42 9 4,67
-133 10 2.25 . =ho 6.91x10 5.29
=130 1.7Tx10 2.4 -38 - . 5-T3
‘128 20“\8 "36 6.19
-126 2.48 - ' -34 .78
-123 ,2'93 "32 6-01‘
-120. ’ 3.03 -30 6.81
-118 2.77 -28 5.62 6.57
-1l15 1.77 3.11 -26 6.56
-112 . : 3.22 -24 - T.1
-108 3059 N -22 T\Bl
-106 3.9 -20 4.82 9.22
=103 h.02 -18 10.5
‘100 1'55 ho? “16 N 11‘85
-98 . . 8,75 -1k - 13.72
-9 - ‘ 5.03 =12 15. 4%
-95 h.k49 «10 3.28 16.86
-9.2 h-Qh "6 2‘58 21-8
-90 1»"6 h\al "2 1'75 25-5
-88 5.48- . 0 1.51 28.1
-86 . 5.1 -2 1.15 8 30.7
-84 . . G.Qh y 9.19x10 32.7
-« -82 7!00 6 8002 3“-6
-80 -1.29 6.27 8 5.25 34.7
-T8 g 6.55 © 10 3.9 34.0
-T6 1.24 6.95 18 2.1 28.3
-Th , 7.7 18 .25 o 20.6
-T2 T.0 24 5.6Tx10 11.b
“7,0 1.18 7-21
-68 . 6.54
-66  1.02 6.87 For AMBTAC - 25Wt¥ Water,
-64 . 6.87 see Figure 20
-62 9 5.73
-60 . 9.76x10 6.12 For AMPS - 22 wt¥ WVater,
-58 5.6 see Figure 18
~56 5.39
-54 Lh.81
-52 4oTT "
‘5,0 . 1098 l&-95
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PART TWO, FIGURE 23
For DMDAAC - 24 wt¥
AMBTAC - 21 wt§
AMPS = 23.wt§¥

-

PART TWO, FIGURE 2k
For DMDAAC - 23 wt¥
AMBTAC - 22 wt¥
aNPS - 2k Wi

PART TWO, FIGURE 25
For DMDAAC - &2 th
AMBTAC - 43 wt§
ANPS = L0 wt§
PNaA -~ 55 wt¥

FA, see
FA, sea

FA, see

EG, see
BG, see

EG, =see

GL, see
GL, see

GL, see

GL, sea

Figure
Figure

Figure

Figure
Figure

Figure

figure

Figure
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PART TWO, FIGURE 25 (CONT.)

AMPS - 40 wt¥% GL

Tgup, e 4 tan ¢
Loe)’ (dyn/em®) 2100
246 1.66x10%° 5.7
-40 1.5 6.7
-30 1.27 9.0
“20 1v°6 9 10\8 f
-12 8.61x10 12.86
0 6.4 ' 12.6
10 4.76 11.6
23 2.3h . 24,2
30 1.58 g 32.7
36 9.79x10 bs.0
Lo 6.T2 56.6
43 5.X7 68.4%
i LW 60.5
50 2.49 65.0
52 1.;7
56 1.8k o
60 1,09 o, ‘61.8
64 9.38x10 \
70 ¢ 6.38 $3.1 ’
80 Su23 k9.6
36 4. 68 316 §
90 b.28 k2.0 , ) L
\ N
/ .
r /
] %

eee.

'

Ar Pt Ty,
o e N
MNRTR I
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‘ ) CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

[ .

. \ v
The important ti’ndinga of the prn\gnt investigation are summarized e
at the conclusion of sach part of this thesis, and are bdriefly listed
below.

!
-his is the first extensive mvntiution of thc v:latoolucic

properties and supermolecular ltmctun of "Nafions". It is found that:
(a) The material belkaves only in some respects like other icnomers,
such as the athylene or ityﬁ\'u analogues. The iocns in "Nafion" are
clustered, and the clustering 1s affected by degradation.
(b) The glass tn_u:iuo'n of ~tiu ionic regions may be lower than that
of the matrix at hnt “.n the presence of w;tcr. This appears to be .
‘ unique to "Nafion", aince it has not hnn encountered in othtg :I.ono-tra\.
ol ¢ (c) The d!.ffu:lon coafficient for water, and the thermal expansion ’
. coefficient, are wuch higher than thon fot any othor po).ynu. This
. f way be duc to an unusual packing cf!cct. ‘
) Th. glass transition tupontun of the po].ytlcemlytcs studied
dependi oun the typn of ‘fon, but not on tho ionic cnvimmnu. It is
min fouud»-tlnt(.z as in wany othu ion—mnuiungfpolymc, the coulowb
!oreu largely dctcn:l.nc thc glm transition temperatura. ,7
Vo () ?1ut1cinuon gtutl.y :llptovu the machanical p:opuuu of these
polyelectrolytes in the \solid state by making them wuch tougher. Water '
has a plasticization effect onl'wthen polyelectrolytes which differs
greatly from other piuticiun. Aiso. tle loss of water from the polymer

{s sasier than that of other pl.nq.ci\gcu.

® -
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| S’lﬁGESTIONS FOR FURTHER WORK

" The understanding of the ion clustering in ion-containing polymars
is the min’goal. of the research d:\‘hing with thh nev class of
materials. Any 1nve/ot:lgction which can contributc to an unambiguous
understanding of the formation, structure and stability of ion clu.tcn
is therefore o! great importance. et

"Nafion" is a novel material which is being used increasingly in
; .

wmany chemical processes relating to the reduction of both pollution

and energy costs. Because of the increasing importance of these two aspects,

4

i.e. pollution and energy cost, it is expected that the number of u\us
" of "Nafion" will increase rapidly in the next few years, and that its
properties will need to be sxhaustively documented. In pafticuhr. new
uses m,t be anticipated, so tiat prgptttiu which are of secondary
i;portmcu now but which may be of importance in future uses, will also
be kumm \

The considerations above indicate that a very large amount of
work has yst to be done on these materials and a complete propo is
bcyond‘ the scope of this thesis. Thus o}d.y the most important as c':s
Will be considered. '

. (a) It is clear that stress relaxation’ studies on "Nafion"-R with
water content less than 0.5 nzolsqéil are vequired, so that the critical
water conteat aé which tiu-tmoi'atm supc.tpooit:lon begins to fail
can be established. A

() Also, further detailed work is required for an mﬂ\:ignou

~

LA

-
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ldentification of the glass transition phenomen;. The o relaxation of
"Nafion"-H observed in the present study has been ascribed to the glass
transition of the matrix, and is observed to shift to much higher
temperatures upon complete neutralization. There is undoubtedly a need

to Investigate this relaxation as a function of ion concentration.

(c) Stress relaxation studies on samples containing various ion
concentr?tion are also desirable, since the critjical ion concentration

for ion clustering can be determined from these studies. The dependence

of stress relaxation on ioﬁwconcentration also requires further study.

Since it is difficult to prepare partially neutralised samples o?

"NRafion" which are homogenous, the ion concentratian is best varied by
changing the equivalent wveight. The molecular weight dependence of stress
relaxation therefore needs to be established. Establishing the dependence .
of the flow properties on molecular weight is particularly important,
gsince this should incregse the understanding of the disappearance -of the
second mechanism at temperatures above 180°C, i.e. in the flow region.
(d) The x-ray diffraction method is a powerful tool for investigating
jon aggregation. The equivalent weight dependence of ion clustering
could be examined by this technique, but the crystallinity of the PTFE
portion may interfere for extremely high equivalent weight samples.

(e) It is found that ion cluster&ng in "Nafion" is affected during
degradation. For a better understanding of ion clustering, it may be
worthwhile to investigate the degraded samples. Since the dynamic
mechanical study of degraded samples was only performed below room
temperature, it is reasonable to study the behavior from room temperature

up to the glass transition temperatures.
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(f) © It is seen from Fig. 10 of Part One that "Nafion''-H shows

berlike behavior on degradation. Stress relaxation studies on
samples with varying degrees of degradation could furnish considerable
ormation on the thermal stability of the matrix and the ion clusters.
(g) Again, some dielectric relaxation studies of the degraded samples
should be done to help in understanding the unusual dielectric results
obtained for the un-degraded samples. -
(h) The "Nafion" precusor (a non-ionic material) is an‘}npottant

material for further study. The distinct effect of ions iiy be revealed

by comparing the properties of "Nafion" (which contains ions) to that of

its precusor. Certainly, dynamic pechanical, stress relaxationm, dielectric,
and x-ray studies would be of value.

(1) In‘the previous study of plasticized poly(sodium acrylate) it

was shown that the ions in this material are clustered. An x-ray study

of the supermolecular structures of the three polyelectrolytes,

DMDAAC, AMPS and -AMBTAC is essentijal for the understanding of the ion
clustering ian these {?nic polymers. ’

Q) Some‘pteliminafy\ stress relaxation studies of plasticized DMDAAC

have been tried and thes; show no evidence of any second mechanism in

this material. Nevertheless, stress yelaxation studies of plasticized

AMPS and 'AMBTAC remain interesting because these two polyelectrolytes

differ greatly in structure from DMDAAC.

(k) The dielectric relaxation method is a superior technique for

studying brittle samples. It is easy to obtain the activation energy

for molecular motion. It would be interesting to study the dielectric

behaviour of these polyelectrolytes diluted by plasticizers other than

“«
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water, since this study has found that water interacts with the polymers
in a different wanner than that of other plasticizers in dfﬁamical
wmechanical studies.

Q1) The torsional braid method has been introduced as a dynamic
mechanical technique for samples which are difficult to prepare. By
employing this technique, un-plasticized DMDAAC could be studied;
however, the difficulty of testing un-plasticized AMPS and AMBTAC still

remains ﬁecause of the brittleness of these materials.




