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Ph. Di CHEMISIX'RY 

BTRUCTURE-PROPERTY STUDIES OF ION-CONTAINING 

POLINERS 

Abstl'Qct 
" 

, , 

,. 
In an inveBtigation ot general atructure-property 

rOlationahipB in ion-containing polym,ers, tour m.terl'als 

'diftering,in structure, p08iti6n of ion, and type of ion 
r 

vere ,tudied. The materiala vere "Nation", dimethyl 

diallyl ammonium chloride. 3-a~rYlamido-3-methylbutyl 

" trimethyl ammonium chloride ~nd aodium-2-acrylamido-2-

methylpropaneaultonate, but only ~Nation" vas atudied in 

great dotail. 

The iona in "Nation", aB in 'any other ionomers, 

are' cluate~ed. The glasa tranaition temperature and 

yater dittu~ion coefticient were 1.11 found to be unUBual . "e\ ared with other ionomerB. Neutrali!ation, absorbed . 

vater a~d de8rada~ion draBtica11y influenced the .athani.a~ 
propertlea ot "N~fion". r 

/ 

highly 

The other th~ee prlimer~ w~re 8tud~ed m~.tlY in 

concentrated solution. The. S1&88 trinlitfon 
, 

temperature atronsll depends'on the cQulomb toree ot th( 
'\ 

ionie groupa and ia hiSber for the P91yanionic materi~l~ 
/ 

.'than tor the pOlycationic mater~ .. ls • The mechanical 
, , 

" 

.. 
... 

, ~ 
of 

J 

\ 

" 



, . 

/ 

, , 

t 

proportiol and th. alal. 'transition. sreatly '1ft 0 di 1'ied 

_ by pl&ltieizéra. In'Ionoral, the ropertiè,ol the •• 

mater lall .hov 1 'otron.s aimilari ti 
/ " / 

non-ionie polymira. 
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RELA'r'.zONS ENT~F. PROPRIETES ET 8TRUCTU~E 

DE POLYMERES A rON",S .PIEGES . ..( .. 
, 

\ 

Dans le ca~re 

.~, RIS~ 

d'une orecher,che 

.' entre las proprigt's et la structure de polym~res l i,ons 

p iSS6s 1 nous avon. gtudiS Q.u,.tre~ gchantill.o.na di"ftSr&tht par 
, ~ ~" . , 

, . -
leur structure ainsi que par ,11. natu.%\>e et la position de 

~ , J 
1'ion dans le r6seau de pOlymère. Ces 6chantillons sont le 

"Nafion", le chlorture-' de dim6thyle di .. llyl ammonium. le 
(P 

chlorure de 3--acrylamido-3-m6tllylbutyle trim6thyle amm.onium 

et le 2-acrylamido-2-m6thylpropaneaulfonate de sodium. 

Cepend'ant. notre Stude a' principalement portE sur le "Nafion". 

Les- ions dana le "-N4tion". com.me dana tout ion~m~re 1 

se trouvent pax: agr·'Sata'. N~ tr~uvons que la temp6rat,.ure 

/ ' 

de tranlf,ition vitreuse et le coefficient' de diff"~Bion de 11 'eaü 
t • 

sont inhabiptuelti comparSs aux valeur. c,O~ftUe8 pour, d' au~reB - ' 

.ionom~res'. fl La n~utra1i8ation 1 la d'gradation et le contel\,u 
~- - , 

d t ee:~ ciù "Nation" intlueneent f'o~tement aes propri6t's 
, ~... ..' 

Roua avona 'tudiS- les trois &ù~rtf.~!OlYIll~res princi-
l, _ 

pal~ment en so~ution tr~s concentr'e. La temp'rature de 
l ," , 

transi tion vi treua.e d6pen.d fortement dei 1'orces de coulomb 
.-

;\f~'~ '~~,re, l.eS
l 

~ro~pea ioniques et eat J·plus 6lev'e pou~ le ... poly­

~uo~s que pour les ,polfcationa. r.:~. propri't'.· '1Ilec .. ni,q~es 
~ 

e't .t .. temp6rature de trafts:ition vitreuse sont Jortemeflt ' 
, , . 

o 

.&ciiti&a p&rll'â~dition 4e plastifiants. 
\ . 

En s6n'J!al-l~â 
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propri&t'. 4 cea polYII~reâ mont ent de ,rande, re."lIlblanc'ttl 

av •• 1~. __ P01)' ... ~a t'ortomen't po~ .. ir a .... ia non·ioniqun. 
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), GENERAL'INTRODUCTION 

An underetandiug of the relationships betwe n bulk properties and 

tIlOlecular a~hitecture is the major ~l of polym r science rêsear~h. 

Cheaieal modification of a polymer has been a po" rfùl tool for making 
o 

novel polymerie aaterials. Many vari.tie~ of orga ic lons can be 
, - ' . 1 

1neorporated lnto polfm.ers. either as part of the aekbone or on a slde 

ehain. 1mpart1ng a wide range of properties to the resultant materials. 
, ù 

wblc~ have been recently termed as ion-cont.iulug lysera or, iu soae 

cases, ionoaers. 

In recent studies ou ion-containing p'Olymers, two areas have 

recelved considerable attention. One is the field f polyelectrolyte 

.$,olutions. which bas yielded not only a very large umber of pub.lications, 

(I,2) ~ but aIso ~ monographs • The other area compr ses the sblid state 

propert:tes of iono1ll8rs, 1,'.e. thermoplastic copol,.e s ..of non-ionies 
" \ . ~ 

containing:small aaounts of ionie species. The lat er ha';' be.n the 
" , (3-6) , '(7 8 

8ubject of severa! s~posia • and two bpoks • • Several additiona1 

families of materials have bem explored, especia1ly as they are related 

to ib~ustria1 applications; e.g. ae.branes(9.10) and io~ exch..nse reeina'(ll) ~ 
By contrast, severaI ar~s of ion-co~taining polymers baVe reeelvecl :"', 1 

ouly 8c~t attention. AJM)ug these ... y he mentioned the 8011.d atate 
, , . 

properties of polyùectrolytes, whue the"high glas. transitions' sake . , 

a thorougb study very diffieult f12). 'Also, tb~ organic ionOlR.ra whieh 
. "\. , " ' 

_ . have bem 8tudied to date .te based on. materiala whieb bave a uarT:01f 
f • ,1" . 1 

, JI! 

range of dieleetrie constant or c:ohesive. energy d~sity values. '1'bey 
, . 

, have s:l,m1lar st1:Ucturesand &lso fi,tc,:. • • s1a1lar io~c (e.g. carboxyl) , 

groups placec1 on or neaT the bacltbone. , 
l ' 

Q 

- l , 

. , 

" 1 
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It was therefore of considerable interest to as certain 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 wh~th~r the fact that the 

polymers contain ions is of predominant'importance. For this purpose, 

1 
four polymers were selected, differlng widely in structure and type of 

ion. These materials were "Nafion", dimethyl dlallyl ammonium chloride, 

3-acrylamido-3-methylbutyl tr~ethylammonium chloride and sodium 

2-acrylamido-2-methylpropanesu1fonate. (The chemical structures of these 

are presented later). 

Due ta the great interest in "Nafion", this material was investigatJed 
~ 1 

more extensively than the others,' and is -<1escribed in the first part 
/ 

'of th~ thesis. Th';~afions" represents an excellent choice for 
1 

investigation: the materials are Qas7d on completely fluorinated polymers, 

and also the ion is placed at the end of a rather long side chain. 

Fur thermo re', while mast of the mechaniesl studies of copolymers have 

been performed qn mate rials containing metal carboxylate ions, the 
) 

"Nafion.sn contain the sulfonic acid group. 

The results of t;he other three polymers are described in the second " 
\,,~ 

part of the thesis. In contrast / to ''Nafion'', these three polymet.;s 

contain high concentrat~ons of ionie iroups, an~ are wat~r so~uble. 
1 _ e.~'L 

the type of ions and the molecular environment of the ions in tQese 

polymers are totally different from one other. 
~"'Il -, --

\ -

1 

AIso, 1 
t 

-
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PART ONE 

PHYSlCAL PROPERTIES AND SUPERM>LECULAR STRUCTURE 

OF "NAFION" 
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1. INTRODUCTION' 

• 
An ideal ~tructural material ~hou\d strike &' good balance 

between rigidity and toughness, a high softening temperature, bigh 

stability, satisfactory weatherability, good flame resistanee, and 

easy proeessability. However, the more common plastie matetia1s 

auffer serious deficiencies in som.e of these eharacteristics. To 

achieve the rigidity of eonventiona-l structural materials such as 

glasses and metals, the moduli of most organie polymers vould have to 

,be increased by a factor of about 10 ta 100 times while the softentng/ 

teaperature would have ta be increased to at least 300
o

C. 
1 

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

requirements much better than mast normal polymers. Subtle structural 
< ' 

changes involving the ionic nature of polymerie systems can pro duce 

profound physical and cheudcal property changes. ' Ionomers are also 

aptly deseribed as "Thermoplastic-Thermoset Materials,,(l) due to tbe 

fact that these polymers can not' oruy be molded by conventiona! methods 

/ 
as cau tbe thermoplast:f,~$, but they 

/ . - . also achieve themosetting properties. 
Il 

The applications of these materiais continue to grow sinee they combine 
< 

many of the best features of both thermoplastic and thermoset" materiais (2) . 

il!> 

1.1 Previous Studies on lonomers 

A serieS of recent a tudies has 'been devoted to e1ucidating the 

, (3-21) 
effe~t of ions on th~ v1soelastic properties and structUJ'es of ionomers • 

The bu1k of the evidence. from s~l angle x-ray scattering, water 

uptake. glass transition, rheological arid mechanical measurements, 

auggests ,that at lov ion concentration, the iorb are present as multiplets, 

- \ 



~' ................ --.. ------------------------------------------------~ 

s. 

acting as simple 'crosslinks, whereas above a critical ion'concentration 

more extensive aggregation is encountered, leading to the formation of 

, ~ 

clusters whicb contain not ooly ionie material. but also a considerable 

portion of the organic pol~r(4,6,25,27}. In general .... thèSe ionlc 

clusten act as a reinforclng U1ler or crystallite, giving the sample 

sOllle of the properties of phastj separate~ SYST such as are 

encountered in some b10ck copo1YJ1lers (28-30) or partly crxst'illline 

materials (31). The ion concentration at the onset of c1ustering 

differs fram material to material, oecurring, for examp1e, at < l mol% 

of ions in polyethylene (1,32), at ca. 5 moU in po1ystyrene (lS), at 

ca. 12-15 moU in ethyl acry1ate based materials (33,34) , and not at aIl 

in the linear poIYPhosphates(24). 

The physical properties of only very few ionie copolymers 

have been. studied in some detai!. Except for the polyphosphates, 

these are aIl hydrocarbon based materials and inc1ude po1yethylene(3-11), 

/po1ystyrene (12-11), polybutadiene (18-22). as weIl as some polar ' 

, (23) 
polymers containing low molecular weight salts ; the phenomena 

f' 

which arise due tp the presence of ions are quite similar in aIl these 
\ 

materia1s. 

It is comp1etely beyond the scope of this introduction. to review 

the literJture on the physical properties of 1.onomers. Only a very 

brief summary-will be given here, and only t~ose- propé~ties which have , 

a direct bearing on the present work ,wfll be sUIIIIII8r1zed. -

1 

1 ! , 
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\ 

For JIIOst io.nomers, it bas been fO!Dld that the glass transition 
\ 

temperature '\(as determined, for e~ple, by DSC)\ increases with 

1 
./ \ 
increasing ion, content. At low -concentrations, this increase is 

linear, but as the concentration incr~ses tbrough thé clustering 

\ {. (23 34) 1 
region, the rate of increase a1so rises ' • Loss tangent measure-

, \ 
ments in the glass ~ralisition region generally reveal two peaks. At 

l,ow ion 'concentrations this corre1ates with the DSC value of glass 
\ 

transition, but at high \ ion contents deviations may appear. Usually. 

the lower 10ss tangent ~eak is due to the glass transition of the 
\ 

\ 

ion-poor material, while \the peak at ~igher temperatures is due ta the 

ionic regions. 

Stress relaxation studies of non-crystalline ionomers reveal 

tbat for systems whicb are clustered, time-tem.perature superposition 

fails, reflecting the existence of a secondary relaxation mechanism(35) • 

This secondary mechanism is associated with the c1ustered ionic regions. 

'If, the ions are present in low e~ough concentrations so tbat they do 

not c1uster but act as multiplets\' (or crosslinks), no
o 

deviation from 

time-temperature superposition is observed. 

In a11 'thematerlals in which, clustering of ions is encountered, 

this c1uste$g a1so 'manifests itse1f as a smai1 angle x-ray scattering 

peak. The, Bragg distances involved are usually of the order of 

o ' 
50 A, alt:bough sma1ler distances have been found in s9IDe systems. 

1. 2 Previous Studies on "Na fions" 
/ \ 

"Nafion", a perfluorosulfonic acid ~rao!, 1I'aS deve1bped recently 
\ 

- (36) 
'-,' by du Pont • 

',. 
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1.2.1 ODœpos1t1on 

Th1.s novel aater1a.1 ia a copolymer of tetrafluoroethyl:ene aud 

a perfluoroethylenically unsaturated 1DDD.OIlleI; conta1ning a au1fouie*--' 
\ 

acid group ,and cao be repreaeuted by: 
'" 

x-5-12 

. 
the method of ayutbes1s 1a deacribed la. several U.S. patenta (31-42) • 

"hfion" 1s f1rst prepared as a copolymer, with the su1fouic ac1d 

group in soae precursor fOrlll SJlch as au1fouyl fluor1de (37) • This 18 

a reaarkably stabl.e product wh1ch cau b~ fabricated easlly into varions 
o. 

fonlS. These sulfonyl fluor1de groups cau 'tben be converted to the 

corresponding sulfona te salt by ~cting the eopolYll~r vith aqueou8 ' 

'base. 8uch as HaOH. and ta the acld fora bt reacting the sa1t vith a 

s~~ 'inorganic. ~c~ s~ a8 ~~4 (~!U.' ~~"-~t and free ac1d forms '. 
\ \ ' ~ 

are essentiaby infusible. 

\ 
\ 

Sulfouyl. 
f~uor1de fora 

-~-.. --+ 

- /" 

Ba salt: 
fol'll" 

\ 
Z-SO:fl 

l'ree aei.d 
fom 

vhere Z represents the organ1c portion of the polyaer. , . 

.. 

\ 

\ 

" 

/ 
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1.2.2 Physical. Properties 

Since a numb'er of phYsical properties relevant to the proposed . .." \ 
commercial applications have been summarized recently<!J3-4S), only 

\ 

thofe which are concerned wi.th this work are presented below. 

The copolymer composi.tion ls usually. e~ressed ln terms of 

.equlvalent wefht, EW, which i8 de~ined as the weight of polymer in 

grams which will neutralize on"e equivalent of base. The equlvalent 
'. 

wight of the pOlymer is solely determined by the ratio of the two 

manomers. Copolymers of commercial. interest have equiva1ent weights. 

, '. 
in the range 1000 - 2000. 

()" , , 
The &Velling of ''Na fion" Is controll.ed by the ratio of the tlro 

monomers, in contrast ta that of conventiOnal ion exchange resins in 

which it depends on the degree of crosslinking. The higher the equivalent: 
1 

weight of "Nafion", i.e. the higher the TPE content, the less extensive 

"" 
the swelling will be. penerally, the polymers wi th an EW below 1000, 

become too weak for use in the swollen ffrID (they may, in fact, be 

soluble) and those with an ml a;bove 2000 have too few ionic groups. 

It has been suggestecflilthat(46) only the su1fonic acid group of "Na fion" 

shows an affinity for swelling agents such as water, tlie remainder of 

\ the polymer remaining inert to the swe1Ung agent. The capacity of the 

polymer to absorb water is thus determined by the EW(43,45). 
, rj \ i 

A reproducible absorptivity ~ r~u1t when "Nafion~'-~ ts boiled 

for 30 minutes 1 in water. Consequent:ly, tb1.s treat:ment is considered 

as a standard for the purpose of cÔDlpanson. The water absorbed under 

these conditions lis called the "Standard.llater Absorption". It 1.8, also 

repo\ rted(43,4S) tbat the water absorptivlty is deer. ea8ed if the n+ 
, 1 . 

1 

-j 
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1.0ns are exchanged for _tal. ion,a .. 
,~ --

"Nafion~ ta expe~ted" to posse8a outatao.d1n& propenies by virtue , 
of its éhem1c.al. structure. Apart frOll the deai-red hyc1roph1l1dty and 

reaeti.v1ty of the, sufonie acid groups, the reu1.nder of the pol.yaer haà 

_ the chem1ca1 1.nertn~ss ebaracteri.atie of fluoro~1on poly.era 

C01lta1.ning no c:arbon-hydrogen bonds.. lt- absorbs water rapicUy even at 

r~ temperature, but" the remforced __ rane sve11a oul.y witb small 

and predletabl.e d118e11S1ona1 and ng1dil:f changea. lt i.8 thoa possible 
, 

to e01llbine good selectlvlty vith 1.ow r~iBtance to ion transportation, 

h1gh physi,cal. strength and long, sE!irvice 1.1.fe by tailori.ng the polyaer 

structure and by special techniques of fabric:atiDg and re1nforctng the 

aerabrane. 

1.2.3 Appllcat:l.ona 

As a result of its extraordi.naf:Y propeniea, "Naf:J.on" aae.branes 

have found appl1cat1.on as unique~ long-li.fe separatora in e1ectro-

. (47-54)' " c.hèlU.cal - and chell1.c:al. proce8aeB, sueh as the new. Chloromat" 

/,~proce8s, for pr~uciDg sodium hypochlorite frQll salt vater. "Nafio~" 
\ -

ta al.so used i.n place of tbe eonventional asbescos- in chlor-al.kali~diapbra8lll 

cella. Because of potential reduc,tions iD energy coat 1.n other 
, \ ... 

proeeases, "RaHon" .eJlbrane teèbnology vlll also benefi.t other 

1ndustrlal proeesses. "Rafionn f.s v1.ewed as'a neW' e1ec::trochea1.ca1 

~elective hanter. In c1ia1ysi.s, :lt eenes as a vettable, pem-' 
, J 

iJel.ecti.ve reactor. / Hany other poteo.t1al uses for "Raf:ioDn are under 
1 

\ 

1 
j' 

- . 

\ -1 
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2. EXPED.IMENTAL 

Polymer samp1es were kindly supplied by Dr. W. Grot of E. I • 
~ .. 

Du Pont de Nemours & Company, in~he fotm of 1.3 mm thick sheets, of 

equiva1ent weight of 1155 or 1365. Unless specified, aIl measurements 

vere performed on the sample with an equivalent weight of 1365. 

2.1 Sample Preparation 

"Nafionfl-!ia, "Nafion"-K and "Nafion"-Li were prepared by 

immersing the "Nafion"-H in the appropriate hydroxi.de solution, and 

"Nafion"-Cs was prepared by immersing it in a CsCl solution. The 

"Nafion"-Fe used for the Mossbauer effect study was prepared by immersing 

"Nafion"-H in a Fe2(S04)3- R2S0
4 

(2:1) 601~tion. H2 S0
4 

was added in 

order to prevent the formation of hydroxide complexes. 

2. 2 Drying and Thermal Stabi1ity 

A sample (ca. 1 gm.) whi.c~ had been stored at ca. 40% relative 

bumidity and which had absorbed ca. 6 wU W8;ter (based On a method of 

determining the dry weight to be described be1ow), was pl.aced under 

vacuum at 25°C for se.veral days untU thLe vas no further weigbt 10s8 

«0.1 mg.), and its we:Lght was determined. Subsequently, the same 

-
sample was replaced in the vacuum systelll, th1.s tiJD.e at a higher 

temp'erature, again~r another far days untU another constant weight 
\ 

bas been reached. The pro~dure vas repeate~ for temperatures up to 
, 

o 0 
210 C for the acld fora and 330 C for the po~assium -salt. 'fhe results .. ~ , , 

are shawn in Fig. 1, and wil1 be described )DOre fu11y be1ow. 

---



-. 

" 
11. 

An lnf1ection point 1.8 evid.eu.t at ca. 170°C for the acid fODl; 

this ~~t vas taken as the o~tl.u.. drying temperature suce a saaple 

!;!f 'u.xtan. IIlOdulus 1.s obtained at this temperature (see ng; 20 \ below) • 

It i.. ,ulte posaible ~hat ....... residual ~t..r + th:ia _le, 
but no means vere ava1.lable for deterain1n.g ~hat t. Subsequently, 

, 0 - . 
samples dried at 170 C. for p~ripds ofover 24 bu. v.Ul be referred to 

as "dry" S8Ilplea. It ia interesth8 to note that, below 170°C, vater 

i.s absorbe~ and desorbed reversibly, whUe. ° ' abave 170 C, the proc:e8s 1& 

\ 
irreversible, pos8ib~y due to the inception of degradat1.on • . 

o For the salt sa.ples, a drying temperature anywhere from 90 C 

ta ca. 240
0

C yields 1:denfical results; all the 8a1t s8llpleS vere dried at 
1 

the1r glass transition temperature4 T , for a period of 24 hrs. or IIIOre. 
8 

... . 
2.3 Vater Diffusion 

A. 88IIpl~ of cirV fUa, dl. 1 .. thick, vas iaDersed in water in a 

c:onstant-teapera.t:ure bath. liter a certain tille, the sample lnus removed 

frOll the water, the surface dried, and the weight pin (Kt) vas 

det~ed. The same sample was then replac:ed in the bath at the S8JIe 

te1lperature for a second t1ae p~i~. ad the weight was re-detera1ned. 

1'he procedure vas, repeated untU there vas DO further weigbt gain;1 the 
, 

total veight gain is referred to as the equllibriua sorpt1.on, M.:-
Al! the weighing procedures vere done ~ lesa tban 10 sec. 

- ' 

2.4 Glass Trauslt1oa. Tellperat~e 1 

The glass tr~l~ ~tures vere 'lÎIeaaured 'b,. thel fol.low1n~ 
tecbniques. 

2.4.1 DtDa!ic llec:haD1.cal11etbod 
1 • ' 

tIoe t, vas r_n~ by the _ a _-:-~~ _ a fœe-
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FIGURE 1. 

Dtyi.ng and thermal. stabUity curveS for 

"Nafion"-H and "Nafion"-K. 
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bration tors-i.onal pendulum (to be deseribed in Section 2.'6.1) 

1 
t a frequency of ca. 1 Hz. 

o ~. 

A heating rate of 1e~ than 1 C per ain. 

s used. 

2.4.2 imetrie Method 

-.,. calorimet ie studies were perfo:rm.ed by using a Perkin Eltae,r 

Di.ff,erentia1 S ing Calorimetor (Model DSC-l), employing a heati.ng 

- -o 
rate of 10 C per min. The teDI-perature at ~hich the slope of the lines 

. changed (as determined- by the, intersection o~ the extrapolatied stralght_ 

1ine segments) was taken as the POSitii of the transition. 

2.4.3 Di.1atometric Hethod .: '9 

The linear variable differential transformer (LW> ~thod(55) 
vas femployed. The sample-was placed in a quartz tube vith a quartz rod 

resting on top of the samp1e. The outer tUbe. vas cotméeted to the outer 
j 

j • i 
part of the LVDT ~ while the inner rod was connected to the core. By 

heating the sample, the core was moved relaUve Ito the tr~former thus 

changing the e1e~trica1 characteristi.cs of the unit' and allowing the 

measuremen.t of the expansion of the sample vith tem.perature by use of 
, ·t 

the appràpriate electronies. 
o 

A heatiDg rate of ca. 1,.C per min. was 
-.1 

utUized. The expansion coefficients of the samp1e above' and below l' 

verJ ~Ted. T
8 

vas c1etermned as clescribed.la Sect~ ... 2.~. 2. B 

2.5 Stress Relaxation 

One of the most iD,teresting .features :f hl.gh. polyaers i.e that a 
-

. &i.ven pol~ cà:n display a11 the features -of a glassy 80~~ or an e1asti.c--
, 1 

, .' 

rubber or a ~cous Uqu1.d depending on the teIÇerature and tf.me (or 

freqUency) scale of the 1IIea8un;ment. Tbus, polyaers are 'Usually cJescribed 

, 



o 

1 

as viscoelastic materia1s. They show creep under load and stress 

relaxation under strain. 

The stress re1axometer used in this study is similar to that 

described previous1y(56). The temperature variation during aby one 

14. 

run was held below ± 

to a fixed strain as 

O.loC. The sample, of thickness 1.2 mm, wa~/aeformed 

rap:S;iy as possible (in a stepwise fash!on), and 

the stress decayed monotonically with ttme. 

Rapid deformation will cause local heating in a sample, resul~ng 

('57) 
in an increase in temperature . Because of this drawback, the 

1 

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

0.3 sec. Making use of the "factor of ten- rule"Q;8), stress readings 
ft_ 

were taken onl~ after 3 sec, thereby minimizing the effect of the finit~ 

~ormation time. Most of the runs vere doue wtth ca. 4% deformation 

(in~e 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 reg~on emp10yed here, tbe deviations from linear 

viscoelasticity are very smal1: For example, log Evalues at 10 secs. 

for strains of 1.5% and 4.4% are r 9.80 and 9.82. FUrthermore, tbe sbapes 

, of the cqrves are ïdentical, except for th1s sma11 vertical shift:, Since 
.. 

a11 the stress relaxation results were obtained us1ng only a very small 
"" ' . \ \ . 

, 4 .. ' • 

range "'o'f straiDs near ca. 4%, the data are bel1eved ta be interna11y 
.' -

self-consistent. As will hé seen 'later, ;the SlDa11 deviat~s frOID 
.,rl' ....,., ... 

linear v!scoelasticity are certainly not responsihi'ie' for the fai.l~ë pt 

t1me-temperatur,e superposition which 1s observed '1.n somè of the "N~fioDsfl. 
< 

MeaSUrementVfhlgh modulus ~ were ~e in the bending mode, whUe 
/ : , . (, 

< // 

'\ 
/ 

-' 

,-

" 

," 
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8 2 
those at lower moduli (below ca. 5 x 10 dyn/cm) were done in 

• 
8tretching. 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(59}. 

The Young's modulus, E(t). can be calculated by the following 

formuIae (60) • 

E(t) - g B f 1 (6(, ... o-f) 

where 67..is the de format ion , f i8 the stress (in gr8pls) , (1 :1s a correction 

factor for the compliance of the force transducer, g 1s the acceleration 

,of gravit y and B ls the approprlate shape factor defined below. 

For bending: 

" 

B'" 

where w and h are the width and thicknes8 of the sample respectively; 

l2.,are the distances ~etween the point of deformat:1on and the'l,ifÏ::;":'~ ;J 

edge& 'Of the supportlug clalllp. 

For stretcbing: 

f ' 

B - tl,!~ 

where w and h are def1.ned ·abave aqd 1.1& the distance 'between the clamps. , 

'., ./'Por .amples for which t:he princip le of t1JDe-temperature s~perPDalt1.~ 
, , ~ 

of, viscoelastle .~ta 1.8 v~l1d, Mater curves of reduced IDOdulus verSU8 

reduced t~ ~~ ~repar~d by sh1ftf:o.g the curves ~f.lmodu1us versus 
/' ' 

t11lle so tpae/the overlap betveen successive curvee ,1.s maximized(61) • 

'. 

~ The . firat .Mft 1. vertical (111. modulus) vith the n~t horizontal (in timé) • 

/ , 

/. 
, / 

. , 

..... 
l, 

1 
, . 
••.. r ..... , 
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Shifts are done according to the reduction parameters 

E (t) 
r 

ToPo 
1=-- E(t) 

Tp 

t t./a 
r T 

The reference poi~t for the measurement of To and Po is normal1y 

taken as T. a. the shift factor, is obtained by determining the 
g T 

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 trolle master curve. 

Modulus-temperature curves can be derived directly from stress relaxation 

data using the 10 sec modulus for each temperaturel. The distributions 

of relaxation ttmes are calculated by the second approximation method 
• 

of Schwarzl and Staverman (62) • 

H (T) = -
dG(t) 

dQ.n t) 
+ 

or 'in terms of log-lèg plots, 

It -2. 

t 2 
G(t) ~{d lOg C(t) Id log t - (d log C{t) Id:, log t} 

. (1/2 .. 303 d
2 

log G( t) 1 d'Clog 1:) 
2

} 1 t 
- 2-r 

1 
The computer program f~r the calculat10n 'is preaeatecl tri Appendix 1. 

.' " 

, ~. 
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2.6 Dynamic Mechanical Studies 

Since polymera are viscoelastic materials, stress and strain are 

not in phase in dynamic (oscillatory) mechanical measurement. Dynamic 

mechanical tests make it popsible to calculate the real component of 

the elastic modulus, as weIl as the imaginary component which determines 

the dissipation of energy as heat. Furthermore, in dynamic tests the 

observed responses, especially damping, are much more sensitive to the 

polymer constitution than in step-function experiments, such as stress 

relaxation. Greater reaolution la achieved at lower frequencies than at 

higher frequencies (a consequence of the different activation energies 

of the thermally active underlying mechanisms in the solid state: the 

lawer activation energies are associated with the lower temperature 

damp ing P eaks) • 

2.6.1 Infrasonic 'requency (0.1 - 3 Hz) 

One of the most versatile and wel1-known techniques f~r making 

low frequency(infrasonic) dynamic mechanical measurements,especially 

over a vide temperature range, i8 che tors~onal pendulum. The one used 

in these studies ha~ been described in deta~l elsewbere(59). Heating 

o rates were less than 1 C per ~n. to reduce thermo-hysteresis effects due 

to tbe poor heat conductivity of polymers. 

A rectangular sample vas clamped to a rigid supporting rod at thè 

bottom end, and at the top end t6 the oscl1lat1ng part of the apparatus, 

whieb consists of a torsional vire, ail inert1a1 system and a mobile 
~ 1 

rôd. Tb~ _ ~~Ple vas set in~O free torsio~l «;)seillatij by an initial 

torsional displaee1lient: of 10w deformation (less than 2. $ desl CIl of 
" 1 

spee1.iDen length). Therefore, the aaap1e vas uader a s1nusoidal suain-

/' 

/ .1 

',' 
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and It continued oscl11atlng freely with a constant frequency, v, 

and a gradually decre/aSing amplltude (:i.e. a damped sine wave). The 

vlscoelastic parameters can be calculated from the frequency and the 

amplitude decay of the damped sinusoidal oscillation as follows: 

(1) shear storage modu1us, Gf 

Cf 

B 

2 A2 
2 V u 

v + --) 
o 4 11"2 

where v 18 the natura1 frequency of the 8upporting wire and inertial o 

system without the samp1e, and M ls the moment of inertia, B is the 

shape factor (âeflned be1ow), and A la the logarlthmic decrement (a1ao 

defined be10w). 

(11) shear 10ss modu1us, Grr 

411"H 
CU --­

B 

(lii) 1088 tangent, tan ~ 

(f'Ic' 

A Is defined as A - lIn 1n(~/An) 

st th 
where ~ and An are the amplitudes of the 1 and n oscUlation. 

, 
,The shape factor for a torsion 

.,L 
of bar vith a rect:aDgular cross-8ectlon is 

g!ven by(61) 
. 

1 - v 113 .. /16 t 
• ' 'f • \ 

wher. li 1s a GUIIer!cal factor 4epen4e.Dt on the rat10 of the thicJœe •• 
1 - (63) , l, 

ta tbe, v;tdth of the _ple .' aDd ~,v, and b are the l~h. width 

ancl thic:~s of 'the saple., respective1". 
1 f ' 

'. " .... 1 ,.r 

- , , . ~ 

" . " ' 

, . 

• " r.' '>,"-; ,:)/. 
. / 

, 1 

'. 

, , 

1 
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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 approxûnate 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 

s~ressed as a cantilever.~ The polymer beam was vibrated by energizing 

7 . , 7r~ 

a coil with a soft-Iron core adjacent to a smalI Iron clip attached tn~ 

the free end of the specimen. 

A complete treatment of the viscoelastic behaviour of the vibrating 

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

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

f 1 
(66). 

ormu a 

tan cS 
âv ---

13 v 
o 

Where v and Avare the resonance frequency and line-width at ha1f 
o 

maximum, respectively. 

2.7 Die1ectric Experiments 

Die1ectr1c me4surements were carried out on a General Radio 

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

, (67) 
'. '4 type prevloysly emp10yed by HcCammon and Work • Heasul='ements were 

" 1 o ~o 
~ over the teDtperature range -190 C to 'F4" l?O C and at frequene1es 

• l , 

__ fr~ 40 JI2: to _lOkllz.~t1:'la-t4telf-of l"~ th~ lOC t'or 1Iin. wm _~.I 
DUe \a,~otWater clesorption, thr.ee .frequencies vere measured 

\ 

in one single ~erilllent to eusure the same expel"1aental condltl9UB at 

eac:b frequency. 
- f 

I-
f 



t 

o 
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The dielectric polymer sample can be regarded as being 

electrica1ly equ~valent tQ a capacitance, C , in parailei with a x 

, ' 
~ ~\" ... :..~ ~ 
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resistance. R • at a given frequency. The dissipation factor, tan ~, 
x 

of the sample is given directIy from the bridge readings by measuring 

the disk capacitance. C and resistance. R. The reLation is: 
x x 

l 
tan~------

21rVC R x x 

where v is the measured frequency. 

2.8 Smal.l Angle X-raI Scattering (SAXS) 

X-ray ~ffraction patterns were obtained at room temperature using 
, 0 

a Kiessig vacuum camera vith Nickel-filtered Cula (1.54 A) radiat~on 

(40kV, 20mA). The exposure tUnes were of the order of 100 hr. The 

photographs were analysed with a Joyce, Loebl. double-beam recordLng "'. 
aicrodeDB~tometer. 

2.9 HOssbauer Ef~ect Studles 

Mossbauer effect spectra vere taken at rooa temperature on a 

,constant-Acceleration spectra.eter w1.th a aul.tlcb&DDel pulse-helght 

aalyzer. A 10 ml; source of" CD
57 

.in Cu aQd a standard _taIlle 1%011 

absorber vere obtained froa .ev Engl sad lIuet.ea-r CorpOration and .a~1oaal 

Bureau' of Standard of U.S.A. respeet1.vely. -rhe 8aaples prepuecl have 
~ \ ~ 

thic1œes. (of ca. 12 118 pe
S1/r::a2• ' 

\, . , 
o The data .ere reeorde4 as ~0UIlbI per channel vs c:Juumel n1Dber (up 

j , • 

to 512 in the present é:ase). 
L • 

%he latj vu ~erted ~to • ve~l~ 
/ 

: . 
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sea1e by detenœining the hyperfine strqcture of the standard metallic 

iron absorber (as descrlbed by Shecbter et a1(68). Positive velocity 
, 

corresponds to the source moving toward the absorber. The total number 

5 of counts accumulated per ve10eity point vas 6-7 x 10. The reproducibi-

lit y of the spectra was about ± 1 channel (or ± 0.0173 mm/sec). 

The resulting spectra were analyzed using a computer program 

written by Professor D. C. Priee. University of Manitoba. The program 

i8 a least-square fit to the generalized equation as follows: 

cr (v) v - v a 
1 + ( 0) 

r 

where v and r are the peak position and I1ne-width respectively, and 
o 

a the line shape exponent with a - 2.0 for Lorentzian shape. 

cr (v) and cr are the absorption cross-section and the maximum absorption 
\ 0 

cross-section respectively. 

The valu~ of X2 (the sum of the squares of the deviations from the 

f1tted curve. divlded by the variance of a single count) was used as a 

criterion for determining optimal fitting. For the fit to be acceptable, 

2 
lt vas required tbat the value of X be between the 1 and 99% points 

2 -- l. A 

of \the X distribution; t;bat Is, between ( t + 2.2 - 3.3 t ) and 

( t + 2.2 + 3.3 t ) approximately, where t, the number of degr~es of 

freedom., 1s the number of cllannels used' 10 fitting the speétrum, less 
\ 

the nUlllber of adjustable parameters in the fitted curve. 
, " 

4 • The Mossbauer parameters, Dalllely uomer shift 01stau,ce between 

the center of the ,l1ne or doublet ta tbat -pf aetallic ~rOll), quad~uple 

spUtting (distance bebMell peaka of .the doublet), iatensity and ,l1ne­

w1dtb <at balf intens1ty> vere evaluated totally by the eomputer prograa. 

'.f ' 
\ 

\ 

: 
i 
1 
1 
1 

1 
1 
i 
1 



The peak area vas then calcula ted aS: 

Area =z ( TI" /2) x r x l 

where l is the intensity. The recc~l-free fraction, in turn, vas 

calculated by using the Area method(69) . 

It bas been shawn{70-75) that the isomer shift measures the 

22. 

electron density at the iron nucleus., and t:he quadrupole splitting 

57 arises fram the interaction of the excited Fe nucleus vith the electric 

field gradient about it. 

1 . 

J \ 
\.. 
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3. RESULTS 

& 
3.1 Desorption of Water an~Thermal Stability 

Figure 1 shows tbe desorption of water with increasing temperature 

presented both as the number of water molecules per sulfgnic group 

(HZO/S03H), and as wt%. For the sake of comparison. the weight loss in 

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

are discussed in Section Z.2. It 18 evident that tbe incorporation of 

ions into the polymer improves its thermal stability. 

Same features of the degradatlon proces8 are noteworthy: When 

"Naflon"-H Is beated above 170°C, Le. when degradation commences, HF 

18 evolved. This Is indicated hy the fact that a glass holder in contact 

with "Nafion"-H during degradatlon turne cloudy; if a steel holder la 

used instead. It Is also corroded. Natural "Naflon"-H ls transparent 

and alightly yellow. It turns white if it la bleached by either 

HZOZ or RN03" It becomes black when the absorbed water Is completely 

lost and degradation starts, but it turns white agaln after 7 wt% 

degradatlon. Furthermore, the "Standard Water Absorption,,(43) goes down 

drastically as the sample 18 degraded: A 10 wt% degraded 88l1lple cau 

absorb ouly 2 we% of walter while the undegraded sample can absorbed 

24 wt% of water" Some of these faets suggest that the lonie ,roups of 

"Hafion"-H are destroyed during degradatioD. 1 

3.2 Diffusion of Water 

The diffusion equation of interest 1.n th1s case 18 one in wh1eh 

sn} 1Afinite ~~t of Jll8ter1al of unifora thick,aess. 1:t ls batbed ~ an 

ataosphere eou.ta1n1ng the d1ffus8l\t.; For the esse of a ~ina over a 
{ 

( 

! 
! 
l 
1 
1 

i 

/ 
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o 
short tille perlod, the solution to the problem is gi.ven by 

<~ Crank(76, 77) as: 

1 Mt Dt 1 ~ CD n Db 
- - 4 <-h2 ) {,.. + 2 l (-1) ierfc 1 

M n-O 2(Dt) CD 

where D - di~fusion coefficient 

} 

Mt - amount of diffusant taken up by the sheet at tilDe, t 

24. 

K".. .- amount of diffusant taken up by the sheet at equilibrium 

ierfc x ... ,CD erfc y d Y _ 11'-1 exp (-;x2) - x erfc x 
x 

erfc x - 1 - erf x ... error funct~on complement 

-! '! .. 
erf x ... 2 ,.. t exp (-y ) d Y ... error function 

o 

n - positive integer. 

Fig. 2 shows the typical sotption curves at severa1 t:eaperatures. 

The li.nearity of the plots be10w Mt/MCD- i suggests that the diffusion i.s 

.ncld.ao 8Dd tbat a CODSJ..t diffU8.~on coefflciènt la operative. Tbe 

values of D vere calcu1a2d from the initial. slope of ~he plots. i.e. 

by sett1Dg the second ttrra in the brac.1tet equal to zero (78). The 

1nductioJ1 ttiIe ~s eatimated to be 3 sec. 

Fig. 3 sbova a p10t of log D vs lIT. The b~baviour 1s of the 

~ type. 1ea&g to an e.x:Jessfon: 

J) ~ 6 .. 0.x 10-3 exp (-4.8 ~1/1t.T) ca2sec-1 
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3.3 
/ 

Table 1 shows the transition temperatures of "Nafions lf 

\ 

vith different counterions, and also that of polytetrafluoroethylene 

(PTFE)(79) for comparison. The B peak positions, which are also listed, 

will be described below. The incorporation of ions into the polymer 

extends the glassy state to a high~r temperature. 
, \ 

Except for lithium, 

the inerease in glass transition temperature is inversely proportional 

ta the ionie size. The addition of 3 H
2

0/S0
3

H bas a negligible effect 

on the glass transition of the acid sample. 

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

The T was determined ta be 122 ± lloe from a series of 4 measurements. g 

3.4 Stress Relaxation 

3.4.1 Acid and Salts 

The results of the stress relaxation runs are shawn in Figs. 5, 

6,7 and 9 in which the master curves were plotted vith T ..... T as the 
g 

reference temperature. Fig. 5 alBo shows the stress relaxation master 

curves for styren.e and for two styrellé ionomers(15) for tbe sake of 

comparison. The latter are labelled by giving the 11101% of metbacryUc 

acid foll.owed by letters in pare

1
heses iDdieat1ng tbe counterions 

\ < 

f9~owed by a letter indleat:g th JIOlec~r weight range. 

3.4.2 Effect of Water-

ln' coJtrast 1:0 the behaViour of the therraorheo1ogicaUy smple 
r , 

dry acid. seen.in Fig.- Si t1ae-te:mperature superposition breaks dow .. 
v1.th the ~tion of 0.5 H20/troT'- as sbowu in l'ig. 6. Sfnce the\ overlap 
. \ 

• tIII8 aax~zed 14 the _ s~rt t:fae re~. pronouuced deviÀtions appear~ 

1 
1 

--"--

. ' 
\ -
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TABLE l 

GLASS TRANSITION (a) AND (8) DISPERSION DETERMINED DY VARIOUS ~ECHNIQUES 
\ \ ~, 

Dilatometric 
Dynamic Studies (ca. 1 Hz) C,lorimetric Studies Studies 

,-t (oC) T (oC) 
a,( ....I$~_ 

T (oC) 
a TB(oC) T (oC) 

a 
".1., 

-- 'P'tPl(7~) ca. 127 18 to 53 

T 
-i • 

.. 

~ 'tJ ~ ~ ... 

~ , ) 

''Nation''·H (0 H20/S03H) 

, ~~ 820/S03H) 

"N.f:lol\ tt_Ca 
-;} 

t'Naf:lOl'l tt_lt 

''Naf1onu':Na • .->~ 1 

''Nation tt-Li 

---

, 111 

i09 

211 

225 

235 

217 

23 104 % 1 122 ± 11 
-62 

160 212 ± 1~ 116 

150 213 :t 20 109 % 22 
'\ 

140 238 ± 2S 132 %,15 

147 212 % 18 120 ± 9 

\ 

e 

1, 

N 
0\ 

" 

~ , 

... , 
...: 
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4t 1008 times.· This shifting 
(, 

. 27. 

pro~ure ..... ult. in a p.eudo ~t.l 
curve, rather than a true mastet curve ~ch vas obtained for the . 

• 
dry acid. It can be seeo that the rate of stress ret.a.rtion la 

enhanced by the presence of water. This contrasts vith the behaviour 
j. foI''' 

of a~ ethy1ene lon01DeX' c:ontaining 8': ac1di.c groups (47% of which vere 

neutrallzed vith Na) (80), for which vater slowed down the rate of 

stress decay. 

3.4.3 Effect of Neutra1izati.on 

'Fig. 7 shows the stress relaxation data of ''Bafion~'-K (100% 

~ 
neutrallzed). 

o 
It is evtdent that below 180 C, t~teœperature 

superposition i.s not applicable, whereas above lSOoC, lt i.s re-establ1shed. 
\ 

Soae other features are noteworthy: "lIJe stress re1:xatiém 18 sl~d down 

by' neutral1zation, so tbat a broad,ening in the di.stribution of 
.' . 

relaxation tt.es results, as shawn in Fig. 8. Agam, data for styrene 

and a styrene ionbJDer (15) are shown for eocpari.son. nt,é rtfbbery reg~ 

for the "lfafion"-K is IIOre pronounced tban that in "Nafion"-B. 
, 

Di.stinct viacous flOs, is observed Ilt high temperatur~. 
• J ~ ~.r' 

3.4.4 EffèCt on 1legraclation 

Pige 

vbile J'ig. 

9 shows the stress relaxation data of the degraded-"BafiOll"-B, 

10 ~ares the ":'ter,J:urves! for a' clegz:;aded ~d an uii-degracJeci 

---saaple. '. The g1..assy aocttilus dlçrwes after degradation Vhereas tbat in 

I:hé nbbery reston increases, revea.liDg a COIJ1'U's1.on frOta a pta..ti.c- ' 
. . ~ 

. ... 
Ute. .. teri ... l to a .ore rubber-like Olle as clegraclatioo talc.ès place • 

1 ~.l • '\ .-

~ . . . 
.Po •• 1bly tIOIIe cros8lin~ also Oecurs vith increaaiDg desradation, 

... \ 

ad -tt.-teaper4ture soperpos1tioD reuiDs appl1.eable... An 1.Jlf~t:1oa 
o • 

~.... ,~ 

,_ --.-~~'---:-pO~ fis ob..rved At 010" g' equal ta about 7.5 iDd1cat1ng 80IIe type of 
• 1 

" 



o 

o 
i ,. • , . 
" . 

/ ' 

crosslink structure in the polymer. 
~ 

The IDOst s1gnificsnt change observ!!d in the Dl8ster curve i. 
\ c 

the decresse in the slope of the transition regioR as a result of 

degradation. These resdts are .Wlar to those for plaetic1zed 

poly (vinyl chloride) (8l) in vhicb micro-crystalline regioRs vere' 

found to be important. 

28. 

- -----

3.5 MOdulus-Temperature-curves 

Tbe .1mplest way of characteriz1ng tbe elast1c propèrt1es ~f ~./ 

polymer 1& to measure it. ela8t1c modulus as a function of tempersture. 

o Sinee polymers are v1scoelastic, ~ven at low stress levels, tbe mechanical 

behav10r of polymers i8 often Ume dependent. Therefore, in sUDIIUlriziDg 
" , 

behav10r over a wide ranse o~ temperatures, it i. convenient, to use 

a standardized test and to report tbe behav10r at a definite t1me, 
, . 

• ay 10 seconda. The 10 sec. modulus 11 plotted V8 tempera,ture 1n 

lil. 11 for both the acid anel the ,potas.ium salt. Curves for seyrene 
. ' 

and two .tyreee ionomer. (15) are al.o .hown for the sake of comparllon .. 
1 

Arrow. ind1cate'the Sl ••• tr~ns1t1on fot each matarial. 

3.6 J)yn!mic Mech&nical Studie. 
1 

3.6.1 Aci4'anel Salts 1 , 
1 

1 
\ , 

i 

Fig.. 12 - 15 pre.ènt the loss UDact over t~. tellp.rature 
• • 

range of -lS00C to ca. 250°C for the dry Acid 'ao.4 the .alt. It ca. 1 Hz. ',' r~ •• , \ 

lt i. clear that three r.laxation rel~ou 'al" d1.cernib1e. for a11 the "'l--
J 

uo4aaraeled .ample. atudi'8CS. . They are' labe1eel aa CI, B ,;and' y 1 relaxations 
, - ~ 1 1 

. in' orcier of clecre.a1ns peak temp.rature.. The Cl re1axat;t-Dn i. _ 
" . ",~~. /' 

c~l'.ct.r1lecl by tan" v.l~a in the raDS_ of 0.5 to O."f Thil B r.,ion 
\ 

( 

1 

, ! 

J 

/ 
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29. 

manifesta itle1f as a shou1der or a sma11 peak with tan' a-values of 

0.03 to 0.06 above background (sh~ a1so after subtra,ion from 

background as a dashed line). The y region occurs dthe SaJDe 
r 

temperature 8S that of poly(tetraf1uoroethylene). 

3.6.2 Effect of Water , .... 
/ 

Fig. 16 show8 the 1088 rangent (at ca. 1 Hz) fpr .~'Na11on"-B vith 

varioua water contents as a funct10n of temperature in thJ B and y 
- - " 

regions; tbe S peak, as can be seen, 8Mfts to lower~_temp raturf. 
1 

the addition of water, and final1y merges with the y p k. For 
1 

three of the samp1es, the shur storage and 1088 IIIOdu1i Cf and GU, 
.. J 

are 8hown in Fig. 17. It un be aeen that ct decrease as the water 

1 content 1ncreases. 
, \ 

3.6.3 Effect of Degradation 

.. , 
~ 

'/ 

1 

\ \ 
Xn J'il. 18. the 10 •• tanaent of "Saf1on"-B Vith different 

"'"'1 
deare .. of degradation (4ef1ne4 a. S veilht 10.8) 18 p1C)ttè4 a. a . ~ 

" " , fua.ctf.OIl of temperature. -It ia ev14eAt t~t "the. ~ fJeak 1a DOt present 1 

\ ' 
111 the 4ep'a4ed ... p1d. The .hul=' .torage and 10 •• Iiodu11 are shawn 

111 r1l. 19. The .torage aodu1us c!ecrea.el a. desradation iDcrea .... 
o - , 

F18- 20 ~howa the .toras. modul'" at 0 C determ1.ned at CI. 1 Hz, 

~or •• mpl_ with di'ffering w.ter cont~ntl and v~t1.ou. degraes of v ,; • , 

4earadatioD, lt can be .-un that ct 1ncreases vith 48creas1Dg water 
• l" • 

content, and that a maxi1llum Cf valua 18 r .. eb.ed ar aIl the vater ~, 
.; ,- / . 

relllOV.d. _ Bey0n4- thi. point, Cf decr ..... asain al a re.ult of dear~tion. 1 \ . , 

.The po.1tion of ~1I·~1IUIl vas taken aa an .indication of .. 4ryae ••• 

3.6.4 ,Eflect of CoUlltprionl, :-- '~. 

ID cl pr: ... llr i>~ vat. cM • .uepordOD. tIhic~:Ia ti.'~lt 18 . 

uaully pre.~t .s ,a .bo~ldlr~ b~COIIIU ~ pMk !tu a ~ O~l) ~Ch .",.~ 
, 1 // 

/ 

", 
l'" j , 



o· 

/ 

·e / 

to lover temp.eratUres with 'tecreas1Jlg water content. Eventua11y 

(at, ca. 3 B20ls,03-) the ~ peak mer~8 vith tbe y peak to yield a 
. 

30. 

81og1e dispersion. This is il1ustrated ~D l'igs. 21 and 22 for the 

"Naf1.on,t.Li and tlNaf~tI-Ja re8peAi~ely. The positions of the 8 

peaks at, Ca. l, Hz for the dry polymers are aleo 1isted in Table 1. 
• 1 

l! 
p:ig. 23 compares the y relaxation of the dry "Na fion" vitb diffefent 

count.rions. It ia char tbat the peak ha1.ght :lB tm-ereel,. \ 

proportional to the cation .ize, escept for the, aCid, 
" 

A plot of log v v. lIT. for the y peak of "Nafion"-B and PTFE 

18 shown in Fig. 24. The activation enersy for '~af1on"-B eva1uate4 

from th~8 plot i8 ca. 13 kca1~lIIOle. and. i. e10.e to the value 1 for 

pm: The da.becl l1n.' (for PTlE) vas 4~awn' by McCrum (79) for the 

1 
1 

c14ta from reference. 82, 83 u.cI '84; only t:he pointa of1~auer et al (83) 
~ -" t' / ---

,aad 'Schmiecler '~t al ~84) a~e DDt COD8:1.8t~t vith that I1ne. l ' 

j.1 D.1elactr1.e Stu41. •• 

1'181. 25 - 30 pr."D~ tbe dielactr1e relult. of .... ,loD"-B vith , 
,! ,,1 '... \ ... f f" 

1 Yar10wl vatu COJ1tanu at frequenc1.as of 100 Hz, 1kHz anc1 10kHz. A 

.. jœ peak 'rith • IIiaor peak' adjacent to \ 1t are oba.rved 111 'the S 
" \.... 1 l ,---

relaxation reaton, vb1i. t!w Y relaxation 1a cSielectrie.llr inactive, 
, 1 1 / 

as Ùpecte4.. '1'he 41 relaxation b 41fficult to ob.erv. èlue to the fast 

duorption rate of vater aboYa rooa temperature. 
, 

The S ~.laxation 
/ , . 

re,ioD at 100 H~ a. a funeti.oD of vater content 1e sbovn in r1i .. · 31. 

lt cm be. _~eeD tbat. the B re1ax&tlon Ihftt8 to lover t_peratur .. a. 

the vater content .1ucr ...... - ,'or vater CODte~ts 1ea~' tban 1.7 8
2

0/80
3
B, 

1 

thlll1Dor peak app-tr ... at t..,eraturM !wer than J the _jor peak. vbl1. 
, ,1 ' 

" 

aboYe 1 .. 1 ~20/S034 '-t~,'coDteD.t, tbe réver.e oceur ... The Yar~tion 
, 'f " 0 l ' , '1.1: , , , '1 ' -. \ • 

" 1 .. 



o 

/ 

\ 

, ' 

31. 

of the major dielectrie peak positions vith water content J and the 

correspondins vsriation of the 1IIecban1c:a1 peak vosiUons, are 

summ,arized in Fig. 32. 
\ 

Fig. 33 shows log v vs lIT plots for the major peab, for 

varyiDS water contents. The minor peak 1.s not weIl separated fr~ 
, 

'the _jor peak in the region of 0;7 to 2.1 B20/~. The activation 

enersies, are given in Table 2. 

Fig.. 34 - 35 show the dielectr1e reau1ts of "N"f1.on"-I vith 

varioU8 water contents at frequenc1es of 100 Hz, 1kHz alld 10kHz, wbi1e l' 
\ 

the los. tangent at 100 Hz as a function of ,,-.te'r content 18 sbown . ' 

,~ in Fig- 36. Apin, the B relaxation .bift. to 10wer temperature a. 

.. 

\ 

~' 

the vater content increases. 
) , 

3 .. & _11 ÀDlle X-raI Seatt.ring Studies 
F. 

1 0 0 
S.era1 diffuse halos vere aeen 111 the range 1 <29<40 • 

The IHu1ts are 1i.teeS in Table 3, a10DI vith tbo.e for .tyrena 

'/ aa4 • ..veral at~_ ioDAIM ... (17) for " .. I!.d ..... 

cry~taU1nity ,vu fpussd. 

.0 evUence 01 

'l' 'l" • 
1 

1. 

" 3.9 Ho •• b .... r Effect Stu41e. / _ 
l,' / ' 

.. •. ~.~b~ .ffect .,.Jtra of' thé ferrie .alt of' " .. ,ift" of tvo . . . 
different equ1val,ent vetpt. are .bon' iD 1'1p. 37 and 38. The 

,pa1"-.teri of the Mo •• bauer .pectr. obtaiaed are ...... d.ze4 ta Table 4. 
, " 

'the isOlier .bift. siva are relative tq .. ta11re 1.ron. It 18 c1ear 
1 .... , 1 

> • \ l~ 

that tbeJ 1I0..r abilta are the .... for botb 'equi.;valent veilhts. The 
, ' 1 

, 1 \ 

, - .per1llantal data ara _11 11tt84 1»y a broa4 .1ngl.et puk.. I ... ertbat..., . 
" 

\ ' 

/ , 

\ 
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Wat:er CoDt:eIlt 
(82°/8038) 

"'J 

0.4 

0.7 

1.4 

1.7 

3.0 

4.1 

15.0 

r 1 

" . 
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32. 

1 . , ' 

1., Major Peak 
(leal/_le) 

!._ 'lU.DoZ'- Peak 
(kal/_le) 

25.4 

27.1 c.a. 16 

25.0' ca. 16 

ca. 26 

25.3 

1 
16.2 

29.6 14.9 

22.1 
J 
, ~ 

'. ' 

,r _ ) 

\ . 
j 

1 .'" • .! 1 

1 \ l, 

,v .~~ ,,' ,;~:.~~,,~~~ .. 
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33. 

v 
a ,doublet gave a better fit to the exper~ntal points (Fig. 39) for 

an equivalent weigbt of 1365, tbough the quadrupole spl1tting 18 
. 3+ 

rather smal1 _(which 18 characterist1c ~f d1storted Fe ion). 

For both equiva1ent weights, the peak area, and theref.ore ,. 
• 

reeoil-free fraction as -weIl, are the same, but the height and line-

width differ somewhat. The observed linew1dths are c.ons1derably 

greater than the natura! 1inew1dth of 0.19 ffIl4/see. 

" / 
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1 
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( 
, 

Sa!ples Bragg ang'le (26) 

"Bafion"-Cs 1°43' 9°16' 32°20' 

"Bafion"-R (Dr1ed) 3°9'(&) 9°26' 

"Bafion"-H (degraded) 9°22' 27°48' 

Polystyrene 9°32' 1S038 , 

PB 3 .. 8 (Cs)h 4°40' 9°32 • 1S038' 

40 PB 7.9 (Cs)t 1°28' 9°32 • 1S038 , 

PS 9.7 (C.)h 1°34' 9°32 ' 18038 ' 

, 

) 1 r 
(a)Thb va,1ua b 1.0 close agreement with the one C01IIIlUDic:ated 

to Dr. Â. ~eJ1berl 'private1y by Df. li .. Crot of Du Pont •. 
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TABLE 4 

H)SSBAUER PARAHE'I'EIS OF NAP'ION-FE 

EW - 1155 

cS Il r 
~lDII1lsec2 ~mmlsec2 {DllDlBec~ 1 {%~ .!ll 

) 

Singlet 0.444 1. '34 1.02 0.06 
(Lorentzian) 

Sing1et 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 ) 

S1ng1et 0.447 0.98 1:32 0.06' 
(Lorentzian) 

S1ngl~t 0.448 0.99 1.29 0.06 
(a- 2.12) 

Doublet 0 .. 449 0.381 0.70 0 .. 78 0.05 
(Lorentzun) 

, \, 

Doublet 0.1i16 0.367 0.60 0.63 O.OS 
(AsBymmetr1c) 0.83 0.91 
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Water 80rpt1.on curves, of "Nafioutf-H (EW - 1155) • 
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Oriainal .trl •• rllaxation curve. Ind ma.ter 

CU"' for "Nafion"-H a. wall"'" •• ma.tar curv •• 

thr poly.tyren. PB and two .tyran. ionomer. 
PB 3.8 (Na)h •• nd PB 7.9 (Na)t. To• Ta' 
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FIGtJU 6. 

1 
Or1,1nal etr... relaxation curve. and , 
p •• udo .etar eu"_ for "laf1on"-H vith 

0.5 H2o/S03B. 'ro -,T,' 
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D1atd,but1oD of ra1aut1oD tiaea for ".af101J"-H, 
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".af~"-~, '8 .0& '8 3.8 (lfa)h. '1'0 - 250C~ 
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Dielectric 108s tangent vs. temperature for 
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Mechanieal a peak position and dielectric major 

peak position vs. vater content for ''Nafion''-H. 

66. 



o 

50 

o 

o 

-50 

o 

- -. - - - --- _.- ------ -----

o Die1ectric, 100 Hz 
• Hechanical, CA. 1 Hz 

6D 

., 



o 

'. 

----------------~~----.-------~--------............ ~:~ .. '<J 

FIGURE 33. 

Log v vs. lIT for dielectric major 

peak for "Naflon"-H . • 

67. 



.'" 

o 
• 

o 

0 
l' 0 

0 
."., .-t ..-4 ....-

~ ....-
.". -.", 

~ 
~ 
0 ~ ~ 
8 .......... >' 
.......... r-I 
...-t ."., ...... -" 

-----
."" ...-

" 
.... " 

l' 

0 

~ 

• 
0 

:z: ('1') 
('1') 

0 
CIl 
........ 
0 

N 
'CI :z: 

('1') ('II 0 

4\ 601 

e ,. 



o 

FIGURE 34. 

Dielectrlc 1088 tangent vs. temperatux'e 

for "Nafiou"-K vith 1.9 H
2
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B at 100 Hz, 
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FIGURE 36. 

Die1ectriè 108S tangent vs. temperature 

for "Nafton"-K wi-.fb varying water content 

at 100 Hz. 
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Mossbauer spectrum of "Nafionn-Fe (KW - 1155). 
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FIGURE 38. 

Mossbauer spectrum of ''Nafion"-Fe (ml = 1365) 

Sing1et fitting. 
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FIGURE 39. 

Mossbauer spectrum of "Nafion"-Fe (KW = 1365) 

Doublet fitting. 
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4. DISCUSSION 

4.1 Glass Transition and Linear Expansion 

While the agreement between DSC and tan 6 resu1ts for the 

glass transition of the "Nafions" is gratifying, the values obtained 

by the above technique are seemlngly inconsistent with the low value 

of the ID-second modulus. E (10), for the same mate rials at the glass 
r 

transition temperature. As cau be seen in Fig. Il, for the styrene 

ionomers ~he E (10) value at the glass transition temperature is of 
r 
la 2 

the arder of 10 dynes/cm, while for the "Nafions" the value i6 two 

orders of magnitude lower, bath for the aeid and the salt. Also. 

an inspection of Fig. 5 reveals that in the glassy region the stress 

relaxation master curve for nNafion"-R is p1aced ca. 10 orders of 

magnitude of time below tbat for the styrenes. ref1ecting the same 

problem as was found in the isochroiRl modulus curve. On the basis of 
o _ 

the stress relaxation or modulus temperature curves. lt might be ' 

tempting to think of the glass transition as being closer to 300 e 
a 

for the aeid and ta 100 e for the potassium salt. The acid does show 

a tan .s peak (ca. 1 Hz) at 23
0 e. but this peak is extremely small 

(t.an 6 =0.07)in comparison vith t.he glass transition peak (tan 6 .... 0.4): 

° Furthermore, the salt shows no peak or shoulder at 100 C. the S , 

° region appearing only 40 to 60 higher; however, here agaln the peak 

value "of tan cS above the background 18 only O~04 ta 0.06, ~h suggest8 

that it Is, mast probably. not the glass transition. Thus. in spite 

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

temperature tan 6 peaks (i.e. ca. 110°C for the acid and ca. 220°C for 

1 
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the salts) as the glass transition temperature. Also, the results 

of studies on wet to be discussed later, support this 

interpre ta tian. 

If this lo\{ the modulus at the glass transition is 

correct, then sorne type of unuBual packing in these materials i5 to 

he inferred. This unusual packing, incidentally, might also correlate 

with the high water transport and high dimensional expansion that is 

observed. The densities of the materials are most revealing in this 

context. The density of the "Nafion" precurBor (the material in which 
~ 

the -SOJH group is replaced hy S02F) is ca. 2.1 for an equivalent weight 

of 2100(85) and that of PTFE iB 2.0(86). By contrast, the densities 
"-

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 st~ies, 

the stress relaxation master curves for the "Nafions" (Figs. 5 - 7) 

are quite broad, resembling those of the styrene iouomers much more so 

than those of polystyrene or other non-ionic and non-crystalline 

polymers. Furthermore» time-temperature superpôsition breaks down for 

o 
both the dry potasslUJ1l salt below 180 C and the acid in the presence 

These'data, together vitb 'tbe presence of halo at 

a low angle in SAXS. 6Uggest that in the "Nafions" the ions are clustered 

in tbe same vay as in tbe other lono,mers. It sbould be recalled, in 

this context, that, clustering is taken to mean DOt Just simply small 

--

li 
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seale ion aggregation of the type leading to erosslinking, but large 

seale elustering ineorporating a large number of ions and also some 

non-ionie material. 

The failure of time-temperature superposition Is a very strong 

indication that the ionie regions eontribute to the relaxation proeess. 

Most probably this involves a reorganization of the eluster, possibly 

a hopping of sulfonate terminated side ehains. This yould represent 

a secondary relaxation meehanism and eontribute ta the total relaxation. 

The breadth of the distribution of relaxation times (Fig. 8) as yell 

as the breadth of the modulus-temperature eurves (Fig. Il) also 

support the idea that this polymer lB phase separated, since it parallels 

the behavior in the styreneB. The fact tbat superposition applies in 

the dry aeid but fails in the presence of 0.5 H
2
0/S0

3
H is puzzling, 

but might indicate that the secondary process, while present, contributes 

very lit~le to the total relaxation 10 the dry material. This is 

consistent vith the finding in plasticized poly (sodium acrylate) 

that water, even in large-amounts, decreases the~lifetime of the clusters 

(88) 
w1thout destroying them • 

The re-establishment of time-temperature superposition in the 

potassium salt is a1so consistent w1th the behavior of a low DlÔlecrolar 

weight clustered polystyrene ionomer contalning 7.9 mal% sodium metbacrylate. 

In contrast to the high malecular weight styren.e ionomers. which remain 

thermorbeologieally complex even at the highest temperatures whlch 

were studied, in that particular low moleeular weight s~ple time-temperature 

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

1 
1 

~ 

1 ; 
,1 
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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 shawn that molecular weight has a strong effect on phase 

separation, with high molecular weight samples showing the greatest 

fendency to phase separate. Furthermore, it is found that ion clusters 

in h in i l800C h i 11(15,80) can mainta t eir tegr ty up to in ot er ooomers as we . 

A comparison of the master curves of degraded and undegraded 

"Nafion"-H (Fig. 10) reveals that the long-time modulus, which 

correlates vith crosslinking, lncreases with degradation. This faet, 

eoupled with the lower water absorption of the degraded sample, and 

o 
the disappearanee of the SAXS peak (Table 4) suggests that above 180 C 

the 100 elusters deeompose. and. that possibly smal1e~ ionie aggregates 

or multiplets are formed. These multip1ets behave as temporary erOS8-

links. a phenomenon wbleh ls also found in many other ionomers. 

It is worth noting that for "Nafion" linear viscoelastieity is 

valid only for sma11 deformations (less than 2%) as is also the case 

for PTFE(89). For the latter, it bas been suggested(89)that the 

nonlinearity arises from the inherent cry8~i~ and deformation 

indueed crystallization. However, no crysta~ 18 fotmd in "Nafion", 

and the cause of the nonlinear behavior must therefore lie eisewhere. 

The f~lure of time-temperature superposition could be ~U8ed 

either by non11near viscoelasticity or by the presence.of a second 

relaxation mecbanism. In the former case, superposition should be 
-

acbieved by vertical shifting as vell as the UDUsual horizontal shifting. 

This is not foun~, however, indicating that a second meebanism is the 

! 
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probable cause of the non-sup~rimpossibility. Moreover, the fact 

o that fOI7 the "Nafion"-K superposition is re-established above 180 C, 

indicates that the nonsuperimpossibility i5 not due to nonlinearity. 

AIso, the small angle x-ray scattering peak which was observed in 

"Nafions", suggests that weIl defined large ion aggregates exists, 

which may be the locus of the proposed secondary reLaxa~lon. 

4.3 Dynamic Studies 

A dynamic mechanical investigation of the a relaxation in the 

acid, which has been ascrlbed to the glass transition, reveals that 

water (ca. 3 H20!S03H) has ooly 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-ionie phase. Water 
y 

would not be expected to interaet vith the hydrophobie fluorocarbon 

baekbone, but would interaet strongly with the ionic regions. Therefore, 

if tbis peak were due to the ionie regions, then a strong lowering of 

~ts position would be expeeted as the water content is inereased, 

(90) 
as is found in the case of nyl.on • 

In the salts, the position of the 
+ + + 

a peaks for Ha ,K and Cs 

salts 1s in qualitative agreement vith the qla effect which bas been 

(91) 
found operative in many ion-contatning polymers • This effect 

~uggests tbat the glass transition should be proportional to the ratio 

of the cation charge, q, ta the distance between centers of charge, a . 
+ 

The fact that the Li salt does not fit this relation suggests 

possibly tbaI some 

SO
l
Ll fOnD b cause 

of the SOlH grctups bave IlOt been converted !Dto 

of the selective rule (Li<H<Na<K<Cs):o The effect 

-r 
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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 hlgh at the glass 

transition. 

The mechanical a peak in the dry acid occurs at 23
0

C at ca. l Hz 

and moves to lower temperatures wlth increaslng water content. S~llar 

o 
behavior Is seen in the salt, a shoulder appearlng at ca. 150 C 

in the dry mater1als. and agaln moving to lower temperatures with 

increasing water content. although now as a small peak. The downward 

motion of the peak with increasing maiBture parallels the bebavlor 

found in many other polar polymers such as polyacrylamide(92). nylon{9~ 

and polyv1nyl alcohol(94). This type of behavlor i8 most probably due 

either to a ehange in the nature of the moving group which is responslble 

for the specUie relaxation. or to a change ln the barrier which hinders 

the motion of the group. or to both. In the "Na fions" , however. a 

third possibllity exists. Sinee the polar groups probably exist in 

clusters, it is quite possible tbat we are dealing vith the glass 

transition of these hlgb1y polar regions. This Interpretation Is reinforced 

by the drastic decrease in peak temperature vith water content 

(Figs. 16,.: 21 and lZ). The drastic effect of water is, incidentally, 

further evldence against ldentity1ug the B peak vith the glass 

transit:1on of the bulk phase, sinee nR vou1cl not be expected to 

interact w1.th ~O. As can be seen, the (J peak_ at least :in the acid, 

:1s insens:1t1ve to vater, and :1s thus IIIOst l:11œ1y the. glass trans:1t:1on. 

Vith regard to the S reg:1on, on the other band, the h:1gber tan ~ values 
c 

observed in the dielectric experiments/, coapared to tbose observed in 

the mecban1cal tests, again lDd1cate tbat ve are deat1ng vitb the polar 

1 
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regions. It 18 however, a180 possible that the a peak is due to 

a more specifie motion within the ionie reglon or of a polar group. 

auch as the ether oxygen or a water-ether comp1ex. 
\1 

On1y very few experiments were performed on the mechanica1 a 

peak in the salts. ln so far as it has been studied. its behavior as 

a functioD of water content parallels that of the acid. except that 

the peak ia much smaller in the dry salt than in the acid. and it 

occurs at ca. 1500C. It Is reasonable to infer that the ionic regions 

in the aalts hold together much more tightly than those in the aCid, 

and thus contribute much less to the relaxation. The absence of the 

B peak 10 the degraded aample again reinforcea the suggestion that 

the a peak reflects a relaxat~on in the ~onic reglon, aince, as 

diBcussed previously, the ionic clusters are ~estroyed as degradation 

proceeds. 

Since the position and the activation energy of the y peak in both 

the acld and the salt are the same as those found 10 PTFE. tbere la 

l,ittle doubt that in aIl cases it is due to tbe same mechanism. The 

helght of the peak is affected somewbat by the typ~ed, but 

this effect ls Dot drastlc. It .,1a wortb recalltnk tbat the height 

of thls peak is also affected by the level of crysta11~ty 10 PTFE. 

The dlelectric results are most ~usual. Clearly tbe major 
/ 

! 

re~tibn of the acld tnvolves t:wo peaks (Figs. 27 and 33), the 

mecbanism of tbe b1gber peak being probably independent of water 

content throughout the region. Whi1e the pos1U.on and the height of tbat , 

peak v~r1e8 vith water con"~t. its activation energy doe~ note It 

,.' 
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is conceivable. although by no means certain. that thls peak ls 

due to the glass transition of the polar regions. This is supported 

by the rapid change of the peak position wlth water content. but 

wou Id 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 Mossbauer Effect Spectroscopy 

The presence of a SAXS peak is clear evidence in support of the 

clustering suggestion. Many ion-containing polymers show thls behavior. 

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

data are difficu1t to interpret. but the presence of such a peak, without 

a doubt, ls related to the presence of distinct scattertng centers 

in the polymer. , 

The Mossbauer e.ffect is a technique vell suited for the study 

of the influence of condensed phases on the binding and mobility of 

exchangeable cations in polyanionic frameworks. 

The va1ues of the isomer shift for both e.qu:1valent: weights 

correspond to an effective 4s electron contribution (70) of ca. 5%. 

, 3+ 
They indicate tlllAt the bond1ng between Fe and the polymer sulfanate 

group is predomiDantly :f.on:f.o (98). This is :in agreement vitb previous 

results~99-103) on other mat:erials~ Ferric ion bas a d 5 el.ectron:f.c 

configuration and bence a spberica11y symmet:ric charge dist:r:f.bution. 

It sbould, t:berefore, be cbaracterized by the absence of any e1ectr:ic 

field gradient at tbe nucleus un1ess an 1JI1.SYBIIStrlc environment produc.es 

sucb a gradient. Bovever, t:be small quadrupole splltt:1ng in t:be higb 

equiva1ent veight sampl.e suggests tbat: the 48 el.eet:ron ~:f.str1butioD 

of Fe in the higb equivalent veight "BaffDll" :f.s part1a1ly distorted in 

, , 
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eontrast to the low equivalent veight sample. Furthermore, the vide 
t"''''''-'; 

linewidth indieates either that a distribtition of environments exist, 

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

are possible. 

4.5 Diffusion and Drying 

The differente in the drying behavior betweeo the aeid aod the 

salt Is profound. Figure 1 shows elearly that the~eraction ofowater 

with the aeid is mueh stronger than vith the salt; ~eady at 100 C 

the salt cao be obtaioed in a dry state, while a temperature of over 

160
0

C is oeeessary for the aeid. It is also elear that the salt is 

mueh more stable than the acid at high temperatures, the degradatioo 

o 
curve for the salt being ca. 130 C higher than for the aeid. These 

results parailei the findings of the Du Poot group(85). 

The diffusion coefficient for water 10 the acid is extremely high, 

higher than that for any other partIy ionic or non-ionic polymer for 

which data are avai1able. It 15 comparable to that of the ion exchange 

resina and oo1y one arder of magnitude lower than the self-diffusion 

coefficient of water it5elf(104). Furthermore, the activat~on energy 

for diffusion ia only 4.8 Kcal/mole, close to that for the ~on 

excbangers and for self-diffusion of vater. Table 5 compares the diffusion 

coefficients and activation energies for diffusion for a vide ~~ge 

of representative polymers, sbowing tbat "Bafionh is, indeed very 

permeable and comparable to tbe complete1y ioD1.c ion exehangers. This 

fact reinforces tbe suggestion of unusual pac1d.ng of the polymer cbains 

in the "Rafions". This low density pacld.ug :1s undoubtedly due to the 

presence of tbe ionic aggrega~es. Il: should be llO,ted, hovever, tbat \ 

1 
1 
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the presence of ions does Dot always decrease the diffusion coefficient 

for water. In the case of polystyrene, for example, at 9.7 molI 

of ions (i.e. in the clustering region), the diffusion coefficient vis 

a vis the non-ionie material is decreased by a factor of 500 

(see Table 5). 

1 
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TABLE 5 

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

Self-diffuaio~ of Water 

Polyatyre~e-aulfonate 
(4% OVB) 

(16% DVB) 

Polystyrene ' 

Polyetbylene(p - 0.922) 

Ethyl Cellulose 

Polymethyl ~ethacrylate 

Polyv1nyl chlor1de 

Nylon 6 

Styrene Ionomer 

o Temperature ( C) 

25 

28 
28 

25 
25 

26 

25 

25 

50 

30 

25 

25 

2 
D(cm Isec) 

:3 x 10-5 

-6 2.3 x 10 
2.6 x 10-6 

-6 
9.1 x 10_6 
2.2 x 10 

-7 5.5 x 10 

2.3 x 10-7 

LB x 10- 7 

1.3 x 10-7 

1.6 x 10-8 

9.7 x 10-10 

9.0 x 10-10 

E D (Kca1/mole) 

4.41 

4.8 

4.6 
5.2 

14.2 

6.3 

11.6 

10 

6.5 
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5. <DNCLUSIONS 

Perhaps the most interesting conclusion of this study 

concerna the supermolecular structure of the '>tiafions". It ia 

suggested tha~ the sulfonate groupa are highly ionic, as revealed by 

Mossbauer effect results, and these ions in the raaterials are clustered, 

1. e. present :In large aggregates containing also SOlDe fluorocarbon 

material. Th.is suggesti.on is based on bath the rheological properties 

of the material and the existence of a small angle x-ray scattertng 

peak. 

The glass transition is IDIlch hi.gh.er than would be expected on the 

hasts of rheological data alone. The discrepanc:y suggests an UDusual 

pac1d..ng effect, which ts also supported by the high value of the diff?Bion 

coefficient for vater and the low activation energy as weIl as by the .,. 
decrease of dena1.ty on neutralizatioQ.. 

The fallure of t:1.me-t.eD.perature superposition in the materials 

suggests the presence of two relaxation aec~, one due to chain 

diffusion (as in noDl8l. organic polyme.rs) and ~be other to tbe presen~ 

of ioD1.c clusters (as are also found in tbe clustered styrene iODOII.ers, 

a.ong others). "l'he second.ary aeébanisa 1IIOst probably :1nvolves a hopping 
, - , 

of ioIl-teEKlDated cbafns froll ODe c1uster th anotber. 'The clusters 

o 
seea to becoae .,bi.l.e above 180 C, as suggeste4\ by re-establis1lllent of 

• 
t:lae-teçerature superpos1.t:ion alnJve tbat te.perature in the salta. , . . 

1.'be S peak in c1yDaa1c studies 1.& pr,obably also re1ated to the i.oni.c 

reg1Dns. lts posit1.on 1.& .trongl.y affected by the presence of vater, and 

..,. ref1eet the glas. trau1ti.oD in tbose regf.ons. Dielectr1.cal.l.y.., a 

. -

clouble peak 1.& observed vb1c:h 1.s a1so higb1y sensitive to~vater. The 

.. 
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y peak is of the same origin as in PTFE. 

The diffusion coefficient for water is extremely high, higher 

than in any other non-ionic or partly ionic polymer for which data 

are available, and comparable ta tbat of ion exchange resins although 

the polymer bas a very different structure. The activation energy i8 

comparable to that for self-diffusion in pure water. 

It is evident that the "Nafions" resemble other organic ionomers 

in a vide range of properties, notably in the presence of ion clustering 

and the resultant effect on the rheology of the mater1als. By contrast, 

the dramatie deerease in the density upon ionization and the accompanying 

increase in the diffusion coefficient for water are novel features, 

not encountered in 'other ionomers. The r~on for this dUterence neec4J 

to be elucidated. Finally, the dynamic meehanical studies suggest tbat, 

at least in the presence of, water, the glass transition. of the ionie 

a regions may be lower than tbat of the matrix. This bas aiso not been 

encountered in other ionies. 

" 
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APPENDIX l 

Program tor the Calculation ot Shitt Factor. 

The tolloving program is designed to compute the 

shitt tact ors tor a series ot stress relaxation rUDS at 

successively iDcreasiDg temperatures. It requires a 

discrete set ot force versus ~ime data at each teaperature. 

plus a number ot pa~ameter8 iDcluding T
S 

(or &Dy con- \ 

venient reference temperature); 0g and Ut (~h~~~ need on17 

be estimate.); 0, At and B, &S define4 in Section 2.'. 
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.l''UEGC''-1Q' '60.~'.b2 

~.I .AU • 'UNA" J 
.S .... 1 
GlJ tu •• 

62 J ••• 

, 
II" 1 .EO.I' ~u TO 6:1 
AAEF-cUM."'.'CU"A'.-IJ-CÛNA'I'J.'OL~'I'-T~'/'~'I'-UfG'I-'JJ 
GU TO'" , ' 

60l .AfP~UN.'fl.'~".I'~MA"J'.'UE~"J-TGI/'OeG"J-DEG'I.I" 
.. ou t-5 .. -1." 
66 CUN.'~1.'O"'~I-AM~ 

G" TO 67 ) 
'.0 CO"" .... 

, ItfLF. • 
.... Te' •• 66J 

66 *O~NAT"HU.5_."I'.- - .,." •• ox."TG OU, OP A~" 

98 .. 

.7 .~,te'6.6.J'OEG'L,.é~"J ......... , •• l'oa •• T"HQ.5 •• ~".- - ·I.'.JO~.·fE~. , LOG SH'PT aEL. TO TG·./.7' 

, 

.".O .•• P •. l" , 
1""~H.eo.OJ ••• Te".'69' ~.~ •• ~N'N •• " • 

... 'OAM.Y' 2 ••• 21' •••• , 
'1" lPUMoH.EU.O' d' fk".WUc.., &J ....... , 

.. p"a"A1'" .," •• .JI ' 1 ' 

PLOfT ,,,r. J .' , 
"""PLOT'.eo •• , CALL PLOTe ..... __ .&MI_.I • .-AK.I ••• ZJ 

,,,C .,.,..,fol.O.o, CAL" KU'.' ...... A .......... ..... ,,-,., 
, 1'" 'PLOT 2 .... fn GO TO 90 
'" • IVU ,+ J 
."" • .., J .. ". • • ,., .. \ 
00.. J ••• 4 
,.. • Nol • lA" 
J~'''*.~'.AJ ,. '. ~ 
'U .,." • • .u, 
lU • ~'U."" + a 
~~~ • "'1-"/9 J§I ~ ... , - '.~.J" • • 
t'... - 0.0 ': "M, .. • ... CI 
ou ". ,.;1 .. ,..-
9" .-2 .. • •• H1fM 

.. - " 
'\ " 

. , 

• 1 

1", ! 
" , " 

'<1 l,'" 

. 
," 

'.bI. , 
• '-;1' 

... ~! " ... 

n' 1 \ 
.;, "J! 

1 

',' 
'" 

" 



1. 

c 

1 

.. 
\ 

<0-

( 

'P,F'U.J'.F..Q"'.4)' c.O TO lU 
... ,,-,, .. :l'.t.f,,Y'UH' WH'" • E:U,.J. 
jF'~'H.J,.~r.r~., r •• _ • e'~.J' 

112 CO"'T ,HUI:. 
CA&. L, .. LUlt..2 .Y"AA.Y""tw.H •• fU."".,,".-J, 
JF'~ .. 1Of .~J COU T.J ."., -
H~ ..... -, a 

.a CONT'HUE 
CAf.CULAft: ... L. ft. ~ufW$.AI'4' S ... r"~'."E.'J GU ru 800 
lU - o.u .V ., 0.0 
5UU .00.0 l' 0 

MW .. 0.0 
GO 9, , .. 'S.A' 
U", • DE~'jJ - tG ..... " ... /,,, ... ,., 
su .. .., .. UC JI 
SV • 5" • vc JI 
suu .. ,,"J-U4IJ .. 5UU 

, 91 SU" .. SU1f -. UU ,.vu • 
.. • IlL - IS • J 
.... "Pe. .«w •• " -,..StI",/'SU-~"-H.:'UL" 
ca - -j/5LOP~ 

'''fE)a • ,sw."OPe~U'/" 
C~ • - .. n~...:. , 
~LrAH • 4.JO~ •• Y01.".~/'Ouo.O 
DO V.J 1 • ,.. IlL ' 

= p'''. CU~G'JJ.~7J •• ~'/'CZ.U"J' 
9~ H'" • PCL'.~I".O~" 

_ITI;'6. 4' __ c.\ 
.,UTe'6.U', / " ' 

9% rQ~"ATc/.a •• "TEHP.·.5_.·T-T~·.5 •• ·LUG .·.5~.·'T-'GJ/LOG Â·.6 •• ·~& 
".GY' ./' ,\ _ • 
... ITE'6.~." ,~ü J .""H.C"'." J •• , 1J .t., JI .'-'S.IIL'" 

... rD" ... T'~ .0.J, ..... 0 •• • l''I.Z .fI ••• Z.I' • lt.ZJ 
'tIfdTEC •• ftJ fG.C •• U.WOLf,... _ •• ""',..r' ...... fG ••• l',. .... IO ••• C •• ·.~ ••••• O •• ·C2 •• ~ •• a .aO •• ·ACTa" 
'AfltJtt &,.,.a.,y ••• ,..,..~ •• "'àa./~. J 
I~J 1'.,,,100 
",,, 96 • • ',._" 

~ "~JIII w", - '''''.H-k~.~U' J .. -uri:' :8 af' • YJe.,Z/tI, J, 
M' ffU •• ilI J Of. ~tiL~ •• "ru 

.~ r~.,..t.//.~.;·~, ,su •• - ., l''O.~ •• ., • .,'~~e .·.~' •• ~.'O •• 'JHT~AC~ 
.n .·.~I •. ~, 
w.'1'~'6 ••• h _ 

... ":»"''''1'{/",/.~",·~ •• W&u'~· •• &..''. Cû' .. '..,."5 '."t:. C • • '17". U •• t • 
•• '.".". ••••••• C(4w.fJUN ~~r • -.1 "'~"'~~.J 

... 1""""'''1' ._ •• , G'~ YCi\'UO \ ., 7. J......",._ 
. "HU. TU' 

,. CAllHfI ... 
00 1U41 &. ••• 10 "'-

; /-. - l' .... . , 
, , 

.. / 
,', 

. 

\ 

-

1 

/, 



t 

\ 

'. 

• 

• 
, , 

.... '~!\ . 
~"'\' 

",,-'" \ 

IF" ,.,.,."', • .lOI 1411 • zo H, ••• 'L-".~ 
fIZ ....... 
• ~ "" •• ~1.. '" .;u ,.u • .eUO 
.FU·u .... r .. K' Ml • '" 
... ,yett,,, 7 .. 'CI:'" JI •• • .... N,e' 

71 ,,,.II.AT.IHI .. ' fE ... • .... .t .. ~.I' 
"". fi!'tI. ,~, 'CUtt'" JI. 'af4 ... Hotl 

7Z ~op."r.· ~~ A ".20F~." 
. . -Jle;., ... 7~J' trl.S • ,1 • 'U. 'U' 
7~ r:lwMfUHfI...l".'JJII4; ... Z •• ' ' r 

*'1'E' •• 71' 1&.0.'.,.' .... 2. 
'11 "_"""'H •• 1 ._., • .zOU' -'\, '\ 

D::J 7* ~ • 1. "".A 
wez •• ve •• , 
.... ·2 'ii •• 
1Y.J 75 1 • .. • .N.Z 
.". • ..,. + 2 
1~'€'J •• J .. ~.OI GO TO 7. 
"C'" • VI:' JJ 
'CO • 0 
GU TO 75 

7. E'~." • 8LA~ V,., ... , .o.u~ 
75 COHflWE 

\ , 

, 
, l ' 

'l' , 
1" 
1 ."C'G.NE.O, GD TU 76 

''''~.~O.ZJ GU TO t. 
4IIIC,Tt;' •• VFun,,,,.cu,,.u. 1 i.;~,..'" .. , 
GO Tu 16 -

7. V'.z. • veeJ' 
•• JTEC6.vr, T'J'.' t~IJ.I'. 1 ~ Ma. ~. 

76 Co..1'~1IIUE 
'100 .... ~'6 .. 71. lLO,'-H, • ." 

GO fO .~.,. 
'''0 ST"P 
~ 

,,' , ' 

,-

. \ 

.., ... .uu~ .. 11! PWT~ 'I~ •• "'A".Y.I"." •• M2 .......... , \ 
CJ_NUN ~~~,~, .EC5 •••• j._"~O •• ot.T'5.'.~*t..~I~ 

1 

l ' 

" 

.. 

0._'6'"," _'IZ~U .:;r ... 
1"1't.~ __ ",,",., .,,'/· .. ·.·z·.'.s·.·.·.'.· .. 6'-.·'· ••• • M·.·.'~ 
... ft..ot;1ot Ci~A*I" '/.".ftI./,·,/ 
MU" •• • , .. .... 

• ~~N .. "'.'.t ... ~ 
y.c~ • .z, •• /, ..... , .... , ••• y~, ••• , Y~ •• ~.'M .. YICAL~ 

• ~~ •• 1"/.zr~ •• z.~~u •• , 
..... , 'HUI::M.I'O.'" u;ia •• " 
U.O 

, ' ,. 

" 

" 

" , 
t l

( 

, ' 

,1 
.'. 

/ ' 
l, 

, 1 

, , 
, .. - ~ \ 

t 
,.' .... 

-, , 
": .• ;' .. ,./IIt, _.~, r .' 

fo ;. 

" ....... "'!' ~ 

1.00. 

\ 
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102. 

Program for the Ca1culation of Distribution of 

Relaxation Times 

CALCULA'IUH 0' N'LAK~TIOH IP'CTMA 'AU~ OYNA~" MOOUL' GY U.'NG CUHV& 'IT 
IIITHO,,. II'PITTC.N lU Do C. YIU 'Co. ,qT. 

N • NO. (JI' PCJ 'Nft TO Ult ,. fT t.u '/II~". '00' 
... , • AIlIIAY WNTAIN''''r. .""HT' TO "1 A"'''LlaD TO EAai CO-oltO,,..T, PAIA. 
" NU .... I(i~.' INCo If "f',N&O. liT .,"ULU 8. "T Ta I.e "". 'ACH ~AU'. 
CO" • AARAY 14H(Of" .. "oco '1 WHICH CONTAI'" Ttl'- CO«,"CIHT. 

0/1 rOW'M OH ~ITU.N 'AOM eUAV~T. 
N'D' • OU'PUT V AlI 1 AULt COHfA INING ni' NUMOP 0' '011'­

,ICIINT. CALCULATIO. Neo'-, ,. rHI DAO," 0' TH' 
POLYNClMIAL u' G,.r ,,,. 

IPAIHT • -. DU~PAI.'I' ALL pltIN'.NG. 
o LI'T' ,oe'"el'NT' u, U~'T ,IT AHO CTH'_ 

RlLIVAtIT ."0.N4f ION. 
N' • NU"~H ~ ,0NtTAA'NT. "J~O ~OIHr.,. 
., • AIUIAY CON",NIHG A''''.'AI 01' THI C"""TltAIHT'. 
y, • A"AAY 'OHTAIN'HCj OMP'NA'" ~ THI CONI'''AIHT'. 

a, 4NO y, 'AN NOT HA~I VALU" rHAT AM. PAHr 0' • AHO Y. 
HI" A,., THI .'LA.ATION 6P'fTNA C IN LOG laPAI •• ION' TIN' IHOULD •• 
'w,ce O~ ORIGlHAL I~ALI) ~' 

( 

OI .. "",,,,,N ~uoo,. YUOO,,' w'C~OOl''''C al', y" all,NAN"'O' 
OIN'N'ION Wc/IJOO'. 'O'JOO"'PI~OO', HI~OO', CO"I.J,"~OO' 

'000 It,Ao' •••• 1t1ilO.1600' 'iliA"'''', •• "ao, 
1 ''''''''AT' '0 •• ' "" ."T', •• 6' 'HAM&"" 1-'.'0' 
• 'O."ATCIH •• ///.e ••• o~ .'AO".,' , H.N' ~ 

,O_NAT , "10' 
~IAO'.,~' 'M'J'. J-I.N' .'A" ",J' 'Y'J', J • J.III' 

J ~MNA' ""o." 
O~ • 1 • ,. H 

• .TC" • 1.0 
'''~ • 1 NJIOG • lit 
."NJlOO.OT.J .... " 
1,.~ •• g.OJ GO fO J"'" .CiT .N"DG' ,,, 
DO 1# ",. 1. HI' 

• .'A~, •. 7' A"L'. Y"L' 
T'ORNA' Il''0.,, 

W'''''' •• '''' """'" n'L'. '" •• ,~,. •• ,,, ... A' , "'0." 
1. l'II"" • ° 

CAL&. CUHV""A,Y.~T.H, •• CA&..~"O~.CO'!HCO'.j~ •• H'.N' • .,.Y', 

."'f" •• " 'HAN."', ,.j.,~, •• ., ... ,.0' 
10 'ONNAf'/I,'OJl"""'~JI"Y"'~M"YD" •• ",· •• T • ,1.",'" ,,9J1,'1f" 

DD HD _ I ... a' H "' 
".,, --~U'C" • CD'CM' • A'" 
", ., • CO'! ... 

f' 

1 

ï_ 

--
/-



IF , ( 

0' , 

c 

'0' " • 0.0 
,,, INCO' .LI. Z' GO ro U 
00 40 J. J. HC.O, 
vo,l, • VOl"~ • 'O",J"""""J-l'--
""" • l'OU, • "'-1 "CD"J""" 1 ''''J-Z' • ° .01., • lOCI' • 1 J-I )fI J-IJ ICU" J'"'''''' J-;U / 

u .111. '0''''1'1111) •• 0.U/z.JOJ - ""., 

C LUC.AlU nu •• LOG' CAL COHTNOL. 
", •• ".Le.u.u, GU ro ,. "'1'. V "1 • ALOGIO,.,I" 
GO TO 00 

1. H' " • 0.0 
Il ° If A ITtU 6, U, lU". y IJ Jo vo." .'00' .10' Il •• " ""U' 
I~ "P~ÀT'J'I •• J.~*'O.I." •• 'J 

GO TO '000 
1100 If 0" 

IHO 

... 

• 
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APPElfDIX Il 

Water Diffusion in Conventiona1 po1ystyrene 

T t 26°c e.mpera ure ; 

Time, t 

3 min. 

6 min. 

9 min. 

20 min. 

25 min. 

30 min. 

40 min. 

60 min. 

-120 min. 

/t/b 

1"7." 

208.5 

255.4 

380.7 

425.6 

466 .. 2 

538.4 

659.3 

932.' 

b : 0.91 mm 

..1071 

.2143 

.2857 

..4286 

.5357 

.6786 

.7500 

.8571 

.9286 

12 hr. 1 1 • 0000 

D va. calculate4 a. ,., x 10 -7 c.2/ •• c. 

; 
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APPENDIX III 

TABLES OF SUPPOflTING DATA FOfl FIGUflES 
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o 
• 

PART ONE, FIGURE 1. PAGE 12 

ffNation"-H 

Temp. (0 C) 

25.0 
42.0 
80.0 

106.0 
130.0 
154.0 
168.0 
175.0 
181.0 
195.0 
207.0 
214.0 

ffNation"-K 

Temp. (oC) 

25.0 
77.0 
85.0 
89.0 
95.0 

101.0 
105.0 

--119.0 
164.0 
195.0 
212.0 
265.0 
299.0 
329.0 
33~.0 

vt% 

1.78 
1.63 
1.15 
0.83 
0.26 
0.12 
0.00 

-0.01 
-0.14 
-0.58 
-1·71 
-3.87 

vt% 

0.36 
0.16 
0.09 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.11 
-0.20 
-0.53 
-9.73 

/ 

l' 

107. 
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0 108. 
PART ONE, FIGUDE 2, PAGE 36 

Temperature : OoC Temperature 56°c 
h : 0.12 cm h : 0.12 cm 

Time 
Mt/Mf» 

Time 
Mt/Mf» (sec. ) ItLh 'sec.} ItLh 

40.5 ' 53.0 0.092 25.4 42.0 0.123 
80.3 74.7 0.148 60.6 64.9 0.225 

120.2 91.4 0.201 120.6 91.5 0.344 
240.2 129.2 0.271 241 .. 3 129.5 0.533 
480.0 182 .. 6 0.369 480.6 182.1 0.116 
900.0 , 250' .. 0 0.504 899.1 249.9 '0.811 

1800.8 353.6 0.101 1800.5 353.6 0.875 
3600.5 500 .. 0 0.878 3600 .. 0 500.0 0 .. 892 
1200.9" 701.2 0.9318 

10800.0 866.0 0·959 

f 

Temperature 28°c Temperature 99°C -.:{-
t • 

h : 0~13 cm h : 0.13 cm 

o 'l'ime 
Mt'/M. 

Time 
Mt/M. ,/ '.ec .. l Itlb '.ec .. l Itlb 

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. 60.1 64.9 0.389 
240 .. 0 129.1 0 .. 403 122.2 92.1 0.591 
480 .. 0 182.6 0.59.4 239 .. 3 128.9 0.139 
900 .. 0 250 .. 0 0 .. 112 358.6 151 .. 8 0.816 

1800 .. 0 353.6 0.867 ~f 480.7' 182.1 0.861 
3600.0 500.0 0 .. 906 90'.7 250.8 0.952 
7200.0 101.1 0.941 1300.4 300.5 0.973 

14400.0 1000 .. 0 0 .. 965 
.; 

"'j.. 

j 

\ / /". l 
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e 109· 
PART OBE, FIGURE 3, PAGE 37 ,... 

. " 
Tem~erature {oC} 106 D 

"'() • 0 -6.036 

26.0 -5.636 

56.0 -5.447 

99.0 -5.000 

( 

r 

" 

1 



/ 

--~ 

'----

/ 
/ 

------L... 
1 

/1' 

! 
! 

PART ORE, FIGURE 5, PAGE 39 

, 

-~ 

e 

1 
/ 

, 
1 

1 
, 
1 
/ 

,--- 1 

~- : TEPP. 19.0 3~~5 5~.G 61.3 73.Q ft7.6 99,8 410.6 122.8 13S.~ 155.~ 170.2 
! LCG A~ 11.5 10.1 7.7 6.. •.• 2.6 1.5 -0.1 -1.9 -3.4 -5.6 -7.6 
l ,~ 

o 

185.0 
-fh8 

i~~~~~-~-~~~-~-~~-~~~~-~-~~~-~-~~:_~-~~~-~~~~~-~-~~~-~-~~~-~-~~~_:_:~:_:_~~:_:-
, 

. i 
2 
.3 
5 
I~ 

3'; 

lO~ 

~O.: 

.lO' 
SG~ 

1~.05 

l~.ü~ 

.. :.~ . 
t~.G3 

1.:.->t 
<1).98 

9.9S 

1 

!JJ~7 '.95 
~ ... 92 
9:-8 

fh84 

9.et 
9.77 
9.7. 
c}.68 

9.63 
ch60 
9.S8 
9.55 

6~~ 9.52 

~.6J 

9.59 
9.54 
9 •• ., 

9 •• 1 

9.37 
9.31 
~.22 

9.12 

9.02 

9.09 
<}.C~ 

Q.û2 
8.9. 
8.83 
8.68 

th55 

8.b5 
~.8(1 

Il.74 
8.66 
8.54 
8.41 

8.31 

f\.44 
~.o 

8. 
fh27 
8.17 
8.06 

7.98 

8.05 7.131 
8.01 7'. 7~ 

~9y7.'5 
7.92 7.72 
7.85 7.67 
7.79 7.b2 

7.74 7.se 

7.:)6 

1.53 
7.5C 
7.46 
7.41 

7.37 

7.1') 
7.11 

7.26 
7.21 

7.16 

1. l f) 

7.14 
7.ce 

7.(\4 

100G 9.9t 9.78 9.50 9.32 8.e9 8.43 8.21 7.89 7.68 7.52 7.32 7.11 ~.q8 

200é 9.89 9.27 n.Je 
300~ ~.87 9.72 9.44 8.76 8.11 7.80 7.63 7.48 7.27 7.Q6 6.Q3 

1
- 500-: 9.\., 
tOQO~ 9.82 9.66 9.36 9.10 8.62 0.01 1.57 7.41 7.22 6.85 

l~~~---------~~~-------~:~~-------------------------------------------------------- -- --- - - --- ----- -

.... .... 
o 

~ 



e e 

PAR~ O.E~ FIGURE 6, PAGE ~O 

.---. JEMP. 3~.() 4-0.6 60.3 70.4- 80.0 ee.4 9'7.5 i 
1 

LOG AT l,}'4 8 .. 1 6 .. _ 4 .. 7 2.9 1.6 -0 .. 6 

I--~~~--~~_:_~~~_:_~~~_:_~~~_:_~~~_:_~~~_:_~~~-~-
/- .. 

I~.... 2 9.82 9.74 9.66 9.53 9.26 A .. 97 
1 " 3 ~.81 9.73 9 .. 64 9.51 9 .. 22 a.91 8~31 

5 9.81 . 8.25 
~ le 9.80 9.71 9.61 9 .. 4-4 Q .. ll 8.76 8.16 
• 2C 9.79 1 
~ .le <h78 9.69 9 .. 57 9.38 9.00 8.64 8.{\S l 
t 5~ 9 • ..,7 
1 , 

lC~ <).7(1 9.66 9.52 9 .. 29 8.85 8 .. 49 7 .. 87 1 
l 

20C 9.75 
30,-, 9.74- 9.63 9.46 9 .. 20 8.71 8.3S 1 .. 72 
set: "h?3 

tCCC ".72 oQ.59 ~h3e 9 .. 06 8.51 8.18 7.48 
2OCO( 9.70 
3(100 9.e..9 9.54 9 .. 26 8.91 8 .. 27 8.01 
5000 9.68 

101100 9.65 9.49 9.09 8.69 
1600<1 <J.64 

~--~~~~~~~~~~~~-~~~~------~-------------~-

e 

... ... ... 

.~ 

t~ 

J 
~ 



.--------------------------------------------------------~ 
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PART OIE. PIGURE 7. PAGE ~l 112. 

TeMP. 34.0 43.6 
LOG AT 27.8 25.9 

64.û 71.0 92.6 113.4 123.~ 133.0 J43.u 
23.2 ~1.2 17.7 1~.3 13.7 lJ.7 9.6 

TINE LOG E LOG E LOG E _OG E LUG E L~ E LOG E LOG e LOG e 
2 
3 
5 

JO 
20 
.lU 
50 

100 
200 
300 
500 

&000 
2000 
3000 
5000 

10000 
25000 

10.16 1~.12 10.01 10.02 
10.15 JO.JZ JO.06 10.0Z 
10.15 JO.12 10.05 10.01 
10.14 10. H 10.04 10. a 1 
10.14 10.11 10.0"- 10.00 
10.14 10.10 10.0"- 10.00 
10.J3 10.10 10~03 9.99 
10.13 10.09 10.02 9.99 
10.12 10.09 10.OZ 9.98 
10.12 lo.oe 10.01 
lp.ll 10.07 10.01 
10.10 10. Ob 10.00 
10.09 10.05 9.~9 

10.09 10.04 9.99 
10.07 10.03 9.97 

i.98 
>J.97 
9.96 
i.'J5 
9.95 
9.94 

~.94 

9.94-
9.9.J 
9.9" 
9.9~ 

fJ.92 
9.91 
9.91 
9.90 
9.89 
9.69 
9.88 
9.87 
9.86 
9.S5 
9.8~ 

9.ti9 
9.88 
9.87 
9.87 
9.8ô 
9-85 
9.85 
9.84 
9.83 
9.8~ 

9.ti2 
9.éJO 
9.79 
9.78 
9.77 
9.75 

9.84 
9.84, 
9.8.j 
9.82 
9.81 
9.81 
9.80 
9.79 
9.78 
9.77 
9.76 
9.74 
9.72 
9.71 
9.69 
9.66 

9.77 
9.77, 9.67 
9.'75 9.6~ 
.9.74 9.63 
9.1" 9.6~ 
9.72 9.6J 
9.71 
9.70 
9.68 
9.67 
9.65 
9.63 
9.60 
9.58 
9.65 
9.50 

9.60 
9.57 
9.S!J 
9.54 
9.51 
9.48 
9.43 
9.4U 
9.~6 

9.29 

TEMP. 159.0' 72.0 180.0 193.2 210.2 227.0 256.0 276.0 320.4 J 
LOG AT 7.4 5.5 4.1 3.2 J.~ -0.2 -1.8 -3.9 -5.3 

-~~~-_:~~-~_:~~-=-~::_:_:~:-=_:~~_:_:~=_:_:~:_~_:~:_:_:~:-~-
2 
3 
5 

10 
20 
30 
50 

lOÇ 
200 
300 
500 

JOOO 
2000 
;500'-
5001j 

10'0," 
2590'; 

'-

9.51 
9.49 
9.46 
9 ... ';' 
"1. lU 
9 • .59 
9.35 
41 • .j, 

-9.29 
~.25 
~.19 

9.'2 
9.07 
9.<H 
&.9& 

9.27 
9.23 
9.&8 
ii.J6 
9.&2 
9.06 
~.oo 

'.96 
8.90 
8.82 
8.1,') 
8.~6 
~.58 ' 

,1,'" 

9.&8 
9.&5 
9.09 
9.03 
9.00 
e.96 
8.89 
B.a J 
e.79 
B.72 
e.64 
e.55 
6.49 

8.90 
8.8. 
8.16 
8.6<;1 
8.04 
8.58 
0.48 
a.3d 
~.33 

.a. 25 
d.12, 
8.02 
7.q~ 

7.~0 

8.4.2 
8.35 
8.27 
6.17 
a.07 
a.Ol 
7.95 
7.80 
7.76 
7.7. 
7.69 
7.64, 
7.~9 
7.b7 
1.53 
7.50 
7.46 -

7.87 
7.79 
7.72 
7.65 
7.6Z 
7.5& 
7.54-
1.50 
7.'Hf 
7.46 
7.42 
1t .. 
7.:J6 
7.33 
7.2'# 

7.53 
1.50 
7 •• 6 
7.42 
7.40 
'1.37 
7.;$3 
7.2.8 
7.25 
7.21 -
7.US 

7.0-6 
7.02 

7.24 
7.20 
7.15 
7.&0 
7.01 
7.02 
6 .. 9(t 
6.87 

6.72 
6.57 
6.39 
6.25 
5.97 

6.83 
6.73 
6.63 
6.51 
6.3. 
6.07 
5.69 
5.37 
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{" 

o 

PAR~ OB!, FIGURE 9, PAG! ~3 

----------'------------------- -
TEMP. 25.0 50.2 
LOG AT 9.6 7.6 

58.6 62.4 
S • .3 3.7 

74.6 87.6' 96.2 
1.3 -1.8 -4.5 

TillE i\.QG E LOG E L.OG e LOG E L.OG E L.OG E L.OG E 

~----;-r-;:;;--;:;~--;:;;--;:;;--------;:~;--;:;;-
i 3/ 9.74 9.59 9.18 8.69 e.14 7.R2 'SI 9.38 6.66 0.10 7.80 

10 9.70 9.55 9.34 9.09 8.61 8.05 7.77 
2'1 9.54 8.56 8.01 7.7~ 

3~1 9.6" 9.529.279.008.537.997.74 
sol fh49 7.97 7.72 
tO~ 9.63 9.~8 9.20 8.88 8.44 7.93 7.7C 
~q 8.38 7.~1 7.68 
30~ ~.S9 9.4. 8.79 8.35 1.89 7~67 

j SC ~ 8 • 31 1. 87 7. 65 ~ 
~ ,oot 9.5S 9.38 9.01 8.67 8.26 7.@4 7.63 
1 1 2QO..l 8.20 7.82 7 .. 61-- - ..i 

l 
"'30C~ 9.31 e.91 8.60 8.16 -7.80 7.'i9 
SOOC 8.12 7.78 7.57 

_!!~~--~------_::::----~----;:;;-_::::~.::::-

v 

,. 

.... .... 
IoN 

i' 
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\ 114. , 
PART OlfE, FIGURE 12, PAGE 46 

"l'ation''-H 

Tamp • G' tanc5 Tamp • G' tan6 2 ~~lnlcm2l , cl '4lnlcm l x100 , cl x100 
1.98x1010 -" 

4.50X108 -150 2.4 100 31.5 
-140 1.89 3.3 103 3.58 34.4 

• -136 1.77 4.37 107 2.86 38.4 
-120 1.70 5.9 112 ' 2.32 40.7 
-116 1.60 6.46 117 1.52 0 37.8 
-110 1.47 (J 7.05 121 9.56s107 35.7' 
-108 1.42 7.3 125 8.83 32.3 
-106 1.40 7.39 127 9.36 29.5 
-104 1.31 7.54 131 5.10 26.2 
-102 1.31 7.53 135 3.78 23.8 
-100 1.30 7.4 137 3.18 21.97 
-96 7.33 140 'r 1.25 3.55 
-90' 1.14 6.8 150 2.20 
-80 1.04 9 5.77 155 1.76 

;'-70 9.57xl0 4.76 160 ' 1.49 
-60 9.00 3~ 164 1.31 
-50 8.33 '3.,48 
-46 8.10 3.47 

e -40 - "t;ô3 3.57 
-30 7.10 4.03 
-20 , 6.23 5.02 
-10 5.33 6.2 ' 

-5 4.97 6.7 
0 4.87 6.91 
5 4.65 < \ 1.12 

10 4.36 1·22 
12 4.19 7.44 
14 4.13 7.21-
17 4.08 1.14 
20 3.80 7.17 
24 3.60 6.92 
35 1.75 6.91 
40 1.11 7.01 
4, l,52 8,11 
~o- 1,44 9,36 1J 

55 l' 1.26 11.3 
6o<-~ 1.16, 12.35 
65 1.08 8 14,19 
75 9.54xlO ' 17,51 ..; 

1- 80 . 8.60 .~ 20.0 
85 8,39 22.4 
90 ' 6.30 26.33' 
9~ ,.'6 28,72 

, 
'i> 

l,le 
l' 

'\ 
,. 

/ 
y 

,,,,,~I' 

.' 
0 .......... 

" 
l , . "-f---; .- .~ 

1 
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PAHT ON~, Ffounl l?, PAOt 4G (Cont,' 

"NAt'ion"-cu 

'f8ë~' 
?,o8 
210 
21J. 
220 
224 
230 
236 
240 
2'0 

0' 
(4rO/9m2 ) 

"lX107 
~,O 
3,49 2., 
1,9' 
1.B2 
1.,6 
l,. ,4 
1 •. 18 

-( 

1 ---

.-/ , 
1 

tan6 
l.Wt 

" 49.3 
'3.7 
'2.0 
48.2 
Ji'.O 
38.4 
3'.1 
33.2 
29.7 

• 

\ . 
(' 
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PAW!' OB!, 'lOURE 13, PAOE" 

(8ë~~ 
-150 
-140 
-130 
-121 • 
.. 120 
-11' 
-110 
-106 
-10~ 
-102 
-100 
-98 

- -96 
-94 
-90 
-84 
-80 
-70 
-60 
·50 
-40 
-30 
-20 
-10 

o 
6 

""-, 10 
13 
21 
21 
40 . '0 

/ 
60 
62 
64 
66 

- 68 
70 
72, 
71f l' 1:· 
" . 

116. 

.' 

'& 
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PART 011, 'lOURE l~f PAO! ~8 

0' 
"19/0,,2) 

2,OOx1010 
1,80 
1.78 
1,6' 

• 1 J \ 
rI, : ~ 

, 
! J " 

, ,. 

m.. 
a80 
190 
20,0 
210 
219 
222 
226 
230 
23' 
240 
2'0 
26, 

, ' 

" 

/ 

1 

/ 

, 1 

,. , , 
•• l "~~ rI" 

JI' ! 'llIIo;' ~ J l' 

1 1 1 f '1,-
\ ' I?, 

, 
'. l, '. ,.' , J 

' 'h,. 1 ~ 1 t' t 
\. ~ • • /'. ,. l' ..••. , 



• 

• 

" 

PART 012. 'ÏaUHE 1~! PAGE 49 

(Sëî# 
-166 
-160 
-1'0 
-140 
-130 
-128 
-126 
-124 
--122 
-120 
-116 
-114 
-112-
-110 
-108 
-.106. 
-104' . 
-102 
-100 
-96 
-90 
-80 
-10 
-60 
·'0 -40 .'0 
-20 
-12 

" 10 
20 
24 
40 
'0 10 
.0, '0, 

100 
110, 
120 
1'0 , 

0' 
(419{om2 , 

2.11"1010 
2.06 
1.8.7 
1.74 
1#62 

1,28 
1,27 
1,21 

1,16 

(Sëî' 
140 
14, 
1'0 
l" 160 n 

16" 
110 
11' 
lBO 
190 
200 
20' 
210. 
214 
220 
224 
226 
230 
234 
240 
J'O 

! 

l' .. ' 

118 .. 

t'- 1 1 

1 
! 

/ 

, 
1 

, !, 
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PART ONE, VIOVRE 16, PAOE '0 

0,1 HgO/BO,H 

Tsmp. 
( ç) 

~o 
30 
24 
20 
10 
o 

-10 
.. 20 
-30 
-40 
-'0 -'6 -70 
-Bo 
-90 

-100 
--:-1-06 " 
-110 
-11' 
-120 
-12B 
-13' 

Q 

1 • ft 

119. 

// 
r 

. " .' 
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PAB~ O~I. PIOUa! 11. PAGE '1 
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' .. '. 
• ~ . fIl. . " 

• ,1' { . . 
D ii. • ,., o,~~ .~O/H~~ .>'~~. ~t~.tll', 

1 .. 

120. 

., 
j 

"1 

(. 
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r 1 
J " 
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" ,1 " J, .. 
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PART ONE, PIOURE 16, PAOE 52 

0.2 vt! 0",:&-&(14t4 

tOa'R. ,0 C) 

20 
10 
o 

.6 
-10. 
-16 
-20 
-26 
-30 
-36 
40 

, -42 
-44 
-46 
-48 \. -'0 .'2 -.. ,4 , .,-6 
·'8 
·60 
·62 
-6~ 
• 66 
• 68 
-10 

---16 
-80 

'- -8~ 
-88 
-90 
-92 
-94 -'6 -'8 -100 

-102 
-lO~ , 
-106 

,-110 
. -11" 
-120 . 
-12' . 
.. 110 

, 

11.2 vt! Do,:&-&404 

'l'OJDR.(Oç2 

24 
23 
16 
10 , 
o ., 

-10 -1' -20 
·2' 
·30 -3' -40 
-4' .'0 
-60 -6, 
-70 -1' -80 1 

-8' 
-88 • 
-90 . 
-92 
-9" 
-98 " 

-100 
-102 

, -10' 
-108 / 
-110· 
-11' 
-120 
-t2' 
-1'0 
-140 
-1'0 

/ 

121. 

1 • 
1 

,~ 

• f 



PART ONE, FIGURE 19, PAGE 53 

9.2 vt% pogra4od 

• 1 D 

'" , 

:~. /' .. 

l 122. 

11.2 wt' pe.ra4e4 

'. ,., 0 wt' J •• ,.' •• 
,c ••• ,' .... 11) 

1 ., 
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123. 
PAnT ONE, FlaURE 20, PAGE ~4 

W.ight Chang. (wt!) Log 0' (OoÇ,c&.l Hz) 

2.~ 9.247 
0.9 9.4,8 
0.5 9."2 
0.1 9.'86 
0.0 9.687 

-0.2 9.'36 
-11.2 9.4'7 

o 
/ 

,;II 

• 1 

0 

/l , 
',' 

. 
/ 

Ir ~ 11 

/ 
" / ./ 

t ~< 
O· .,~ 

/ ,. ~ 
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PART ON~, FlaURE 21, PAOE " 

'(8ç~' 
-20 
... 30 
.. 36 
-40 
-46 
·'0 
-52 
-56 
-60 
-66 
-70 
-12 
-74 
-76 
-78 
-80 
-84 
-90 
-94 

-100 
-106 
-110 
-120 
-130 
-l~D 

1 
1 

! " f/ 1 

" , 
1 

tan6 
,,~oo 

,.68 
7,02 
8.29 
8,37 
8.9 
8.1 
9.13 
8.74 
8.69 
8.~~ 
8.16 
8.0' 
7.8~ 
S.l' 
8.12 
8.0 
8.05 
8.,~7 
8,2 
8.33 
8.~3 
7.91 
6.72 
'.21 
3.'9 

, 
~ " 1 

,r 

'1'SlDp. 
( ç) 

25 
20 
11 
o 

-10 
-20 
-30 
-40 
·'0 
-60 
-70 
-78 
-82 
-86 
-90 
-94 

-100 
-110 
-120 
-130 
-1~0 
-l,S 

/ .. 

\ 

",' 

" 1 

/ 

tan6 
,,100 

3.51 
3.89 
3.79 
3.98 
4.oi' 
4.4 
,,47 
6.84 
8.,6 

10.06 
10.28 
10." 

9.86 
9",5' 
9.44 
8.83 
8.21 
'6,82 
',36 
4,35 
'.03 

. 1,27 

. , 
/ 

" ... -, 

124, 
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PAH'!' ONE, JI' r U 1) H l'~ 22, PAO Ji.! .' 56 

1.5 H?O/BO;Ih 3.4 U
2

O/OO
J

fh. 

Te mp . tan6 'l'gmI> • tlin6 
~q xlOO J c) xlOO 

-15 ·7.07 20 6.18 
-20 7 ' 41~ 10 ,,8 
-21• 7.66 -1 , , 3~( 
-30 7.56 -10 '.17 
-36 7,4] -20 5.12 
-40 7.26 -30 5.37 
-44 7.09 .. 41 6.14 
-50 6.82 -50 7.47 
-54 6.67 .. ,6 8.68 
-60 6.76 -60 9.27 
-64 6.59 -65 9.'8 
-70 6.8 -68 10.07 
-74 7.01 -70 10.' 
-80 7.2'( -72 10.17 
-84 7.37 -75 10.3 
-90 7.94 -78 10.42 
-94 8,13 -80 10.16 

0 -100 8.66 ' -82 9.96 
-102 8.62 -84 9.78 
-10j~ '"'. 8.82 -85 9.62 
-106 8.6 -88 9.56 
-108 8.3' j -90 9.63 
-110 8.11 -91 9.29 
-114 8.0 -93 9·0 
-120 7.08 -94 9.0 
-126 '.3 -9' 9.37 1 
-130 4.7' -96 9.3 ;~-

-140 2.87 -98 9.27 
-l" ' 1.4 -100 8.0 

-102 6.1' 
-104 6.~4 // 
-110 ~ 6.6 
-116 6.~ 
-120 '.1 
-1'0 4.8 

• 'or 0.0 B2O/BO,.a (~. li,n. !l.) 
\, -

e 1 

41.. ....... -
l ' 

li 1 
1 

'1,1 ~~ ç/ 

------ ' ... 1 
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e PAWI' ONE, }/'IGUHF; 23, PAGE 5'( 
126. 

"Nation"-H (BOO Fisuro 12) 

"tiation"-C&I (Dee Figure 12 ) 

"tiation".K (lfee Fi8uro 13) 

"Narion"-N& (.oe Figure 14) 

"tla.tion".Li (.00 Vieure 15) 

>,. 

..J 

o 
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... ; 
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127. 

PAWf '{)1'1 E , FICURFJ 2~, PACE 59 

100 Hz 1 kH2 

() ) tan~ " 100 'l'emp. (OC) tan6 x l-OO T"mp.( C 
le 

4.0 4.3- 9.2 .4--:-, 
7,1 6.0 14.0 ' 8.4 
8.2' 6.6 16.5 13.4 

12.2 14.9 .J 18.0 15.1 
13.1 18.6 20.6. " 17.9 
14.5 25.5 ~.5 16., 
15,8 2912 ,,' 26.0 1'.8 

'\ 17~2 31.4 29.3 16.8 
"- 18.8 33.0 32.' 19.3 
'" 20.3 33 . 38.0 24.9 

21.2 • 6 43.0 33.0 
2.2.1 34.9 48.0 44.2 

~. 24,0 35.1 51.0 ~2.6 
2~LO 35.1 "., 62.0 
27.4 3~. 6 '9.' 69.4 
28.4 36.1 60.0 71.0 
30,8 38.3 62.8 75.8 

0 • 32,0 39.9 64.5 77.3 
34,3 43.9 66.2 78.7 
36,O? 45.8 

). 
68.3 18.9 

37,5 4S.2 69.8 77.8 
40,4 ~3.0 72.0 7~.O . 42" ",7 73.8 , 71·9 \-

4~), 4 ~'9. 4 ,78.0 61.0 
47.2 61.3 S2.2 48.9 
~O 63.0 86.1 38.8 

/ '0,4 63 . .4 89,0 32'~9 
'3~4 63.4 
,4,6 62.4 

~~.) , 1 '7,' -,a" \ • ,S., . '6.8 
62,4 47,9 
67,0 '" 3,.1 
70,7 26.1 

, 7~.' 20.3 
79,0 1,,6 -. 83,' 13,6 •• 
89,6 / 13,0 

\ • ----------- - "--- . y .... 
' .. ';;;. 

, 

! 
\..!:: 1 " 

'. 

:- J 

\ / • 
~ 1 

, , ' - , --..,.,1 ' . 1) 

, 
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PAR'!' ONE, 

10 kHz 
Ir 

'l'.IDI2.~oCl 
11.0 
lB,3 
23.3 
26.5 
30,0 
33,0 
38,5 
44,0 
48.2 
52.2 -cél 
56,1 
61,0 
65.4 
69.0 
72,' 
7',6'-

~~ 
81,0 
82,9 
84,3 
8~d2 

- 87,0 
88.,0 
90,.7 
92,2 
94,0 
97,2 
99,7 

, . 
',' 

FI GUIU': 25, PACE 59 
1 

• 

,. 
\ • _ tan6 x 100 

3.3 
7,6 
8.6 
9.1 

10.0 
11.'4 
14,4 
18.4 
22,8 
27~6 
33.5 
41.2 
50.0 
59,6 
69,9 
78" 
81,0 
89,4 
91.4 
94,3 
96,2 
97,1 
98,0 
97,9 
96,~ 
9~,O 
93,2 
~6,9 
1,8 

, 

,. 
\> '. r., .. .---:: ", ... 
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~. 
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(Cont. ) 
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PART ONEt FIOURE 26 t PAGE 60 

100 RTl. l klj..m 10 kHTl. 

Tgmp. tll.nô Tsmp. t an ô Ta mp • ta.nô 
! cl .tlQQ. ~ c ~ xl'OO ( c) !1Q.Q. 

-62.0 1.1 -51. 0 1.2 -~3.6 1.2 
-57.3 1.3 .46.0 1.5 -35.4 1.8 
-54.0 1.5 - 37.0 2.3 -27.3 2.6 
-4B 2.0 -28.4 3.4 -20.1 3.5 
-41. 5 2.5 -21.2 4.5 -16.7 4.1 
-39.0 2.8 -17.5 5-.3 -9.4 5.3 
-33.6 3.5 -10.5 7.1 -5.2 6.4 
-30.6 4.0 -6.0 8.8 -1. 0 7.8 
-26.0 4.8 -1. 6 11.2 5.2 10.7 
-23.0 5.5 1.5 13.8 9.0 14.4 
-19.3 6.5 4.5 17.6 13.0 20.0 
-18.5 6.8 8.5 25.2 17.0 23.9 

1 -16.0 7.8 12.5 30.5 20.0 27.4 
-14.8 8.5 16.0 33.2 24.5 31.4 r-

-13.0 9.0 18.5 34.6 28.0 33.2 ) -
-12.2 9.4 19.0 34.8 32.5 33.7 './~ 

e -12.0 9.8 21. 0 35.5 37.5 34.0 
-8.6 12.0 23.4 35.9 41.2 34.3 
-7.0 13.4 25.1 36.0 43.8 34.2 
-4.4 16.0 27.0 35.8 50.5 32.1 
-3.6 17.3 30.6 34.7 52.3 31. 4 

1 -2.2 18.3 35·7 32.2 57.2 29.0 , 
0.0 22.7 ~7.2 26.1 ., 

0.7 25.0 48.5 25.0 
2.5 29.4 
3.8 32.2 
6.0 35.3 
1.0 35.8 
7.8 36.1 

10.0 36.2 
11.0 3,$>'.9 
11.9 35.8 
14.3 35.2 
15.2 35.0 
17 .• 5 34.2 
20.5 ~2.1 
29.6 28.1 
34.5 27.0 

" 

< ' 
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PART ONE, FIGURE 27, PAGE 61 

100 H~ 1 kHz 10 kHz 

Tgmp. tan6 Tgrnp. tan6 Tsmp. tan6 
! cl ill.Q. f cl !.!QQ ! cl !.!!tQ, 
-90.0 1.0 -61.1 1.0 -76.2 , 0.6 
-84.6 1.2 -65.0 2,1 -63.0 1.6 
-74.5 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 -44.5 6.'0 -37.6 6.2 
-60.0 3.7 -41. 0 7.1 -31. 6 8.0 
-58.0 4.1 -39.6 7.7 -22.5 12.5 
-53.8 5.0 -33.0 11.4 -15.6 17.7 
-51. a 5.6 -27.3 16.0 '-10.5 24.2 
-47.3 6.9 -23.4 20.4 -T.6 . 26.5 
-45.6 7.6 -18.4 27.3 -5.0 32.3 
-42.0 9.9 -14.8 32.2 -3.0 .. 35.1 
-3$L 0 12.9 -13.0 34.6 -2.0 36.6 
-37.0 l5.4 -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 2.4 39.7 
-31. 0 23.6 -T.O 39.2 4.0 40.7 

0 -28.3 27.l -5.5 36.0 5.1 41.1 
-26.5 30.4 -4.6 37·7 6.7 41. 4 

~ 
-24.6 32.5 -3.5 37.3 7.0 41. 5 
-20.6 35.5 -O.~ 35.6 7.5 41.1 
-19.6 -35.9 3.2 33.5 6.2 41.7 
-17.6 36.0 8.7 29.9 10.0 41. 9 
-16.2 35.7 14.5 26.4 ' 12.0 41.9 
-13.5 34.2 25.0 21.2 14.0 41.6 
-11. 2 32.2 16.0 40.6 
-9.0 30.1 18.0 40.4 
-6.3 27.5 19.3 39.8 
-4.0 25.3 21.0 39.3 
-1. 0 ?3.1 23.0 38.5 

3.5 20.4 24.2 37.9 
9·3 17.8 27.4 35.3 

15·0 16.0 29.0 34.6 
25.6 13.2 31.0 33.8 

\ 
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PART ONE, FIGURE 28, PAGE 62 

100 Hz 1 ltHz- lO kHI 

Tamp • tan6 TaIllP '. tan6 T8mp • tan6 
( C) àQ.Q. ~ Cl !l:.Q.Q. ~ cl !.!.Q.Q. 

-84.8 1.7 -73.0 1.7 -67.2 1.6 
-79.6 1.8 -69.0 1.9 -55.5 2.9 
-78.0 1.9 -61.2 2.9 -49.0 4.5 
-T5.8 2.1 -57.0 3.9 -43.5 6.7 
-71. 0 2.5 -50.2 6. 5 ~ -36.4 11.1 
-65.6 3.4 -45.0 10.0 -30.5 16.9 
-63.0 4.1 } -40.0 14.7 .. 26.5 22.7 
-60.0 5.1 -35.5 22.4 -23.0 27.8 
-58.4 5.6 ,..31.5 30.2 -19.2 32.5 
-54.0 8.0 -2'7.3 37.6 -16.2 35.4 
-51. 6 9.4 -23.8 42.1 -14.0 1 37.1 
-4T.4 13.1 -20.0 46.3 

" 
-13.0 . 37.9 

-46.0 15.1 -17.0 48.5 -8.2 40.9 
-42.3 22.9 -14.7 49.4 -3.4 43.6 
-41.0 26.1 -12.2 49.4 1.4 46.1 
-38.8 30.8 -9.2 

, 
48.7 3.0 47.0 (~"\~ 

-37.7 33.6 , -7.2 48.1 T.3 48.8 

0 
":'34.0 40.9 -5.0 47.6 9.6 49.5 
-33.4 41.7 0.0 -46.4 14.1 50.7 
-32.6 43.4 6.2 44.0 15.8 51.0 
-29.8 46.7 10.7 40.8 18.2 51.3 
-28.5 47.4 19.3 33.1 23.2 51.0 
-25.2 47.0 25.6 27.3 24.6 50.7 
-24.4 46.4 30.5 24.8 27.2 50.0 

r ,.22.0 44.5 39.6 20.2 29·0 49.5 

~ 
-20.7 43.7 36.2 46.3 
-18.5 42.8 41.0 43.8 
-17.5 42.6 43.0 42.8 , 
-15.4 42.4 1 46.0 40.9 
-11.0 40.8 48.0 39.7 
-10.0 40.0 50.1 38.1 
-1.6 30.9 53.6 35.5 

4.7 23.2 56.0 34.1 1 13.0 16.0 
22.3 14.2 
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100 HIZ 1 kJ;h 10 kHz 

Tsmp. t"an~ Tsmp. tan6 'rsmp. tan6 
1 { C) !.lQ.Q. { cl !!Q.Q. ( c) xl00 

-99.0 2.7 ... 114.0 1.1 -91.0 3.0 
-93.2 3.7 -104.5 1.8 -85.6 3.9 
-88.0 5·5 --97.5 2.5 -79.2 5.6 
-82.2 8.9 -92.0 3.2 -75.0 7'.3 
-77.0 16.5 -86.5 4.4 -71.5 9.3 
-73.3 27.6 -81.2 6.5 - -66.7 13.7 
-68.7 36.7 "'76.0 9.8 -63.6 18.1 
-65.5 31. 2 -72.2 14.6 -60.5 24.2 

... -6.2.2 21.7 -67.6 24.5 -57,6 30.1 
-59.7 16.6 -64.4 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 
-44.0 25.4 -49.0 16.3 ' -39.2 18.2 
-41.2 21.2 -46.6 17.3. -37.5 17.1 
-40.5 19.2 -44.7 19.0 -34.0 17,9 
-36.6 12.4 -42.0 22.7 -33.4 -18.2 
-31.0 6.1 -39.0 26,9 -31.5 19·7 
-28.4 4.8 -38.0 28.3 -28.0 22.5 
-20.0 2.1 -35.5 31.'2 

-34.7 31.9 
~. -32.6 32.1 

-30.3 30.6 
-29.2 29.8 
-27.2 26.3 
-24.2 22.0 
-18.9 14.6 
-17.3 13.0 
-10.0 6.6 
-2.6 3.9 

3.0 2.7 " 
8.5 2.0 

~ 1 

.. , (J 
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PART ONE. FlOURF. 30. PAOE 64 

100 H~ 1kHz 10 kHz 

\ Tsmp. tan 6' '1'smp. tan6 ,(S~î" tan6 
~ C} ll.Q.Q. ~ C} !100 !lQ.2. 

-128..6 1.1 -123.0 1.0 -1'21. 0 o..8 
-126,.0 1.3 -113.2 1.9 -111.2- 1.5 
,:,,119.0 1.8 -104 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 1 ",1' -75.0 31.0 - .. 
-102.0 4.7 -80.4 30.9' 71.5, 31.4 
-99.2 6.0 -80.0 31. 5 -71.0 30.8 
-94.7 10.0 -77.8 29.7 -67.8 22.6 
-9,3.0 13.2 -77.2 28.9 -65.0 15.9 
-90.0 19.4 '-76.0 23.7 -62.0 11.9 
-89.2 22.1 -75.6 22.7 -58.7 -10.6 
-87.0 28.6 -7~.0 1 T. 4 -53.7 11.9 
-85.2 31.1 -70.2 11.0 -48.4 13.5 
-82.4 25.8 -67.0 10.3 -48.0 13.9 
-82.2 23.6 -64.~ 12.2 -46.2 15.0 

0 
-76.8 10.3 -62.7 13.8 -43.0 ~ 16.5 
-73.2 11.1 -62.2 15.0 -41.0 17.0 
-69.5 14.7 -59·7 16.1 -39.3 17·3 -

> 

-68.7 15·2 -58.1 16.5 -37.1 17.1 
, 

-66.2 14.8 -56.3 16.2 -34.3 16.7 -
-63.3 12.4 -55.0 15.7 -32.2 15.8 
-~.9 8.1 -54.5 15.4 -30.2 13.4 r 

, -sr" 0 4.2 -52.0 14.2 -27.2 10.6 . " -45.0 0.6, -49.2 13.5 -24.5 8.5 -,' it -44.0 7.6 -19.0 5.4 
-32.0 2.0 '. 
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PART ONE.~IGURE 31. PAGE 65 

"Nation"-H with 
0.4 H20/S0

3
H 

Tamp. tan! 
( Cl) .!ill 
29.0 41.9 
33.3 51.1 
36.5 59.3' 
41.5 64.1 

-50.0 . 80.1 
52.7 -85.0 
54.7 89.6 

.58.0 96.5 
60.3 101. 6-
61.3 103.8 
64.0 108.5 
67.5 112.0 
69.2 111.2 
72.5 101.9 
74.4 94.7 
75.7 86.8 
78.0 77.6 
83.6 58.6 
8S.0 54.9 
66.0 53.1 
87.5 50.8 
92.0 44.7 
97.5 38.1 

( 

"Narion" .. H,vith 
15 H20/S~3H 

-127.5 
-1'23.0 
-122.3 
-118.6 
-117.0 
-115.6 
-113.2 
-110.0 
-108.0 
-105.3 
-101. ° . 
-98.7 
-95.0 
-91.0 
-89.9 
-67.8 

O.7·H20/S03H (Figure 25) 

1.4 H2o/S03H (Fisur~\ 26) 

1.7 H2o/S03H (Fisure 27) 

2.1 H2O/S03H (Fisure 28) 

3.0 H2O/S03H (Fisure 29) 

4.1 H2O/S03H (Fisure 30) 

\ 
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PAR'r ONE, FIGURE 34. PAGE 68 

100 Hz 1 kHz 10 kHz 

t.n6 
, , 

Tsmp. t .. n~ Tsmp. 'rgmp. t .. n~ 
! cl xlOO { cl ~ ( Cl x)"OO 
-112.0 0.5 -103.00 0.6 -9'T.2 0.6 
-10'T.O 0.6 -80.5 2.'T -T8.0 2.6 
-93.2 1.5 -'T2.'T 4.,3 -'Tl.0 4.1 
-85.2 2.5 .. 66.8 5.9 -65.0 5.6 
-83.0 2.8 ':'61.5 8.6 -60.0 'T.l 
-'T5.0 4.4 -55.~ 14.2 _ -52.0 ~1.8 
-68.5 6.9 -51.0 20.9 -47.6 HL 7 
-63.0 11.5 -48.6 25.1 -44.3 21.1 
-5'T.'T 20.1 -45.4 29.8 -40.0 2'T.9 
-5'T.0 21.5 -40.8 32.~ -37.0 31.6 
-54.0 26.2 -38.0 31.6 -34.5 33.8 
-53."3 2'T.3 -37.8 31.5 -32.2 34.8 

.' -49.6 30.7 -35.2 30.2 -30.0 34.9 
-46.2 30.5 -33.0 29.1 -28:0 34.5 
-43.0 28.5 -30.6 '28.2 -26.5 34.1 
-42.3 28.2 -28.6 2'T.'T -24.5 33.2 

0 
-41.9 2'T·9 -2"5. 5 27.6 -22-.3 32.2 
-38-.8 26.8 -19.0 28.2 -18.0 30.0 
-36.0 26.8 -15.8 28.8 -14.5 28.6 
-33.'T 21.5 _ -12.0 29.5 -10.8 2'T.6 
-31.5 28" 3 ~ -5.8 30.1 -8.5 2'T.1 
-29.5 28.9 0.0 30.0 -4.5 26.3' 
-26.0 29-.0 4.4 29.4 -3.2 26._1 
-20.0 26.9 9.5 28.5 1.2 25.5 
-l'T.O 25.1 18.6 24.3 5.8 25.3 
-13.0 23·0 24.5 21.6 11.4 25.2 
-7.0 20.4 28.5 21.1 1'3.5 24.9 
-1.5 19.0 20.2 23.5 

3.0 16.9 25.5 21.0 
7.5 14.0 27.0 20.4 
8.0 13.7 32.0 1'T.7 

16.5 11.2 

\ , 

\ 
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PAR'r ONE, FIGURE 35, 

100 Hm 

Tsmp. tau6 
( C) xl00 

-119.0 0.3 
-110.0 0.6 
... 104.0 r 0.9 
-100.0 1.4 
-95.0 2.2 
-93.4 2.7 
-84.0 7.3 
-77.0 11.9' 
-75.8 12.7 
-70.5 18.2 
-69.5 19.2 
-64.0 25.7 
-63.5 25.9 
-58.6 24.4 
-54.6 22.4 

0 -50.5 19.1 -
-46.'5 15.7 
-43. ~\ 12.6 
-40.6 10.7 
-37.5 11.1 
-35.2 14.2 
-32.6 18.2 
-30.0 18.$ 
-27.8 16':'3 
-26.0 13.7 
-23'.2 11. 9 

., ..... 
1 lU 

PAGE 69 

Tsrnp. 
~ C l 
-90.0 
-81. 0 
-73.5 
-67.6 
-61. 5 
-57.0 
-53.0 
-49.0 
-45.2 

": 

-42.2 
-39.4 
-36.8 
-34.0 

-",. 

-31. 0 
-29·0 
-27.0 
-25.0 
-22.6 

/ 
! 

/ 

- -- - _ .. -- ;-------.. --
n ' U .. cl 

, 
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l kHz , 10 kHz 

t a.n6 Tsmp. tan~ 
xlOO ~ cl !100 

2.5 -87.0 2.3 
6.9 -19.0 6.5 

11.7 -72.0 10.3 
15.9 -65.7 14.7 
22.9 -59.7 19.1 
26.7 -55.5 23.2 
26.2 -52.0 26.9 
24.3 -48.0 28.4' 
22.6 -44.3 27.4 
20.5 -41.5 26.2 
18.1 -38.6 25.2 
16.1 -35.6 24.3 '" -
14.5 -33.0 23.2 
14.1 -30.5 22.2 
14.6 -28.3 21. 3 
15.9 -26.6 20.5 
17.8 -24.0 20.0 
18.9 -22.0 19.4 

-19.3 18.0 
-18.0 17.7 
-16.5 17.4 
..1'13.6 15·; 
-10.7 14.4 
-8.0 13.6 
-6.3 13.5 

(" -
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. ' 

"No.fion"-K vith 
Q.67 "2°/8°3" 

Tsmp. t .. n~ 
( C) !lOO 

, 

For 3.55 "20/803H (Fi8ura 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 
2'6.8 6.9 
27.8 8.0 
29.8 10.5 
31. 8 13.1 
33.5 15.6 
36.2 14.9 
39·3 9.5 
40.0 8.5 

Ct 41.5 7.2 
43.4 6.9 
45 .• 0 T.O 
49.3 T.7 
58.2 10.4 
63.6 13.5 
69.0 lT.l 
T3.0 20.4 

" 

J 

" 
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1. INTRODUCTION 

• 
Durlna th. pa.t twonty y.are, iat.re.t ln the chemlltry of 

polye~.ctrolyt.1 (water-.olubl. polym.rl) ha. b •• n continually lncr ••• lna. 
, 

The tr ••• ndou. pot.nttal for polyel.ctrolyt.. ha. l.d to a vi.orau. 

driva to dev.lop th ••• mat.riala, who ••• t~dy ha. b.com. a dynaœic fi.ld 
~ J 

of'indu.trial r •••• rch. Th. polyal.ctrolyt •• Ar. u.ad in four .ain 
li 

area. -- w~t.r tra.taent, paper, textile •• nd oil r.covary, althQuah 

many oth.r application. in ... ller volume ara kRown. 

Aqueou •• olution Itudie. of polyel.ctralyt •• , h.v., of cour.e, been 

aoina on for many yaarl. Th.r. are levaral realonl fo~ thie, the mo~t 

obvioui beinl the i.portance of poly.1ectrolyte. in biololical 'ylte.e. 

Ch.mical re.earch in Iynthetic polymer. ia lar,ely inf1uenced by th. . . 
commercial importance of the material. lolid polyelectrolytel, at lea.t 

up to the pr.aent, have found relatively few .ucc ... fu1 applicationl, ... 
and th.refor. hlva not be.n Itudlad in ar.at datail. 

ThuI, it .e.m.~that the .tudy of po1yeloctrolyte. in hiahly 

concantrated solution i8 ~portant. It ,c.n not only •• rv. ~o bridge ~he 

IAP betw.en th. 801id atate and the very di1ute .olution .tate, but a1so 

it might sUlgast lama applications for solid po1yelactrolytes. One 

.uch Itudy involved poly(aodium acryl.t.), PNaA(l), the vilcoela.tic 
r -

,properti •• of whie~have been .tudied al a funetlon of dëlree of ioniaation 

and p1.stlci.er content u.ina water. form •• ide, .thylene alycol .nd 

81yearipe •• pl •• tiei •• r.. Furthermor ••• number of al ••• tran.ition 
~ , 

temperaturo inv •• tiR.tion. involvinl the u.e of pl •• tici •• ra have b •• n . , 

•• 
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o 

p.rfo~ed in aevetal laboratorle.(~-6). 

,The proviou. Itudy of concentratod loluttona of polyeleetrolyte. 

r~v •• l. .everal not~worthy reaturo.. ~he d.panden~ of th. Il ••• 
- ~ 

tran.ition temperaturo of,PNaA on the pla.tiela.r QOntant ha. b~en 

.tudiod extenatvely(3). It wa. round that the Jla •• tranlition deereale. 

markedly wlth the addition ,of pl •• tiei.er a. i. the é •• e vith othar 

polymer •• , ln a more r.eent .tu~(l) on the vileoel~lt~e propartle. of 

pla.tlel •• d PNIA. lt w •• found that toni.at~on·produe.~ ~ dr •• tic· .~ , - / ~ 

change ln meeh.ntcal behaylor. tn the ,tre •• r4laxaiton .tudy(l). lt 

va. found that tiae-tamperature .uperpo.ill0~ failed for evary,tonte 

material .tudted. al~houah the maanituda of' the deviattonl of the long-

ttme moduli varled with the &mount of type of pl.attel •• r and wlth the 

deara. of neutràlllatlon. Thi. deviation wa. alertbed to th~ pr •• enee 

of a leeond relaxation .eehani •• (7) whieh ha. allo been tound in .. ny 

10n-eonta~nina polymer •• e.peclallY in the el~t.r relion(8). Sev.ral 

featur.. of the modului-temp.raturê eurvel of the.. material. are note­

worthy: A. the ion. content incr.~e •• the breadth ot the ~ran.ition 
tnere •• ee, and th, 81 ••• y modulul inerta ••• by about a factor of 3. tt 

h •• been eU88,.ted that the lnerea •• ln'the a1a •• y modulul i. due- to 

additional intermolecular bondina which relulte from the pr •• enee of ionl. 

On the other hand, •• th, pl •• ttelaer content tnere ••••• the bre.dth 

, 

of the tren.ition and th, Il ••• y modulu. deer...... finally, froa the 

eampari.on of the effect of different pl~ttei.e~. at th ..... con~.ntration. 

it wea tound that the 11a •• y mOduli and the ila.. t~an.ttloft t.~.rat~ré. 

o 

• 
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î ot. the pOl'~m.n J~e pràCti~allY ~.p."".nt of th. ty~.:Of plo.ti.tao •• 

A areat variation ln the effect th~.e pla.ticiaer. i, found only , .. . -

ab ove Ta' ln, terme of the dlcr.a •• in t~. mo4ului vith temperature. . . . 
It wa. aUI,e.ted that tb. ion. ln pl.atici.ed PN~ are cluAtered, al 

ovid.nced by th. K-ray diffraction data-&ftd the th.ra~r~eoloaical 
~ 

coapl.xlty ~~ the .tre.1 ~laxation data. 

- Some of the propertie. ôf PNaA 1~ coqcantrated aolutlon. are .. , . 
. obvioualy very dtffnent tre. tho.e of the ttNafi,ol\an "f\1ch have been 

de.crtbet ln 'art One of thie th •• t.. tt tl. tharafo~a. 'rea.onable to 

inqulrt wh.ther dtffe~.nt ~e1yalectrolyte. in cone.ntf.tod .olutiona 

will yield very dtffarent prop~rtte. er "hather the.e .. terial. will 
; , 

ahow atronÎ"faaily r •••• brafté •• , inde pendant 'of the datailed atruetura 
, ~ 

due to the unique co.polition and Itructure of that"meterlal • 
." 

In an atteapt to anawer thia qu.atien, three polymara dlfferlna 

~CiablY in ,tructure and type br lont wero •• l.ct.~ fo~ inveltlgation • 

. The.e .~teriale ver, d:lt4t.th~l Cu.al,l)'l ammonium cblo,ride. ~MC). 3-acrylamldo-

3-methylbutyl ~rtllltthylam1DOniUID chlorld. (AMBTAC) and .di". 2-actyl •• ido-

2-methylpropane."lfonate CAMPS), the structure. ol which are .hown b.lo~t 

nMDAAC AMBTAC ': A.MPS 

CR2 -Ctt2-

t
-:- ':Cttif-, 1 

- CIl2-CH ' bt-
1 1 
CH2 CH2 
~{ CIl3-~CR3 ~3t3 c(,\n3 

' '1" , 122 .1 ' 1 ~ 
C1- 1 o - Na+ CR2 

l ' 
3 

1 .t 
+N(CR,) 3 , Cl-

• 

" 
b 
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It shou1d be not~d that DMDAAC and AMBTAC differ drastically 

in s-trueturc ,but shllrt> Il common ionie species, whereas AMBTAC and AMPS 

are structurally similar but pessess very different ionie groups. AlI 

of these, in turn, differ from PNaA which is much simpler strueturally 

and whieh contains sodium the carboxylate species. 

The areas chosen for this explora tory study include the glass 

transition, 'dynamic meehanical properties and dielectric properties. 

These were selectéd beeause of the experimental ease and~ecause of 

the great differences whieh have been found using these techniques in 

previous studies of PNaA and ItNafionlt
• Since water is one of the 

plasticizers used extensively in these investigations and aince the 

effect of water on various.polar polymers has been investigated(9-26), 

it seems reasonable, before the conclusion of this introduction, ta 

.. b .... 

review briefly sorne relevant results of thesp investigations for illustration. 

A complete review is beyorrd the scope of this study. 

It is well known that most of the low molecular we~ght compounds, 

such ~as water, will influence the mechanical behaviors of some polar 

polymers drastically. It has been reported that the 0 peak position moves 

ta lower temperatures with increasing water content for polar polymers, 

(9) (10-12) (2 5 6) 
such as collagen and nylon and ionic polymers, such as ioneneà " , 

poly(sodium ~rylate)(l,3), and the ehtylene ionomers(13). For those 

which were studied by dynamic methods, including collagen. nylon and 

ethylene ionomers, the tan 6 peak height increases with increasing water 

content. 

The effec t 

ta material. In 

of water on the sub-T
g 

relaxations differ fro, material 

(13) 
some polymers, including eth~lene ionomer , 
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polymethyl methacrylnte(14.1S), p01y-2-hydroxylpropyl methacry1nte(16), 

(17) (18) 
polyhexamethylene adipamide ,poly(2,6-dimethyl-phenylene oxide 

and po1ymethacrylamide (19). a new "t,rater peak" appears, whi1e the a 

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

other polymers, no new peak appears but the a peak is changed in sorne 

(9) 
way by the presence of water. For materials, such as collagen • 

polyoxymethylene(20) , polysulphone(21), polycarbonate(21), water does 

not influence the a peak position. but, does increase the peak height. 

For other polar polymers, such as ny10n(11), poly-2-hydroxyl ethy1 metha-

(16) (19) (22-25) cry1ate ,po1yacry1amide ,and polyethylene terephthalate , 

and also some ionomers, such as '~afions". the a relaxation shifts to 

10wer temperatures and in addition the peak height increasing. In 

contrast to this, the a peak for polyg1ycine(9) shifts to Ibwer temperatures, 

but the peak height decreases with increasing water content. 

The influence of water on the B relaxation has been ascribed by 

several authors to the motion of units ôt po1ymer segments comp1exed vith 

water in the amorphous regions. tthis occurs in the case of collagen(9), 

1 (11,12) l 1 h (21) (21» ny on , po ysu p one , po1ycarbonate , etc. It has a1so 
~ 

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

bonding, 1eading to a shifting of the a relaxation to lower temperatures. 

(This occurs in the case of p01yacrylamide(19), po1ymethacryllc acid(26), 

etc.) 

It has been suggested that water can behave as an "antip1asticizer" 

in certain polymers, such as polycarbonate(21), and ny10n(10). In the 
.,; 

studies of the p1asticizing effect of water on nylon by Prevorsek et &1(10), 

it was found that water changes into an antip1asticizer at temperatures 
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below the Q' transition (which was 8Bcribed by the same authors to the 

glass transition of the polymer). Allen et 81(21) suggested that water 

acts as an antip1a~ticizer for polycarbonates due ta the fact that the 

activation energy for the a relaxation in the wet sample la higher than 

that for the dry sample. ~ 
J 

/ 
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2. EXPERIMENTAL PROCEDURE 

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

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

followed by dialysis to lower the NaCl content from 1-2% NaCl to < O.~%. 

AMPS was synthesised by the method described by Murfin & Miller(28) while 

AMBTAC vas prepared by the synthesis utilized by Hoke et al(29). 

2.1 Drying and Thermal Stability 

o A sample (ca. 100 mg) vas placed under vacuum at 25 C for 

several days until there vas no further weight loss «0.1 mg), and 

its weight vas determined. Subsequently, the same sample was placed in 

the vacuum system, at a higher temperature, for another few days until 

another constant weighehad been attained. The procedure was repeated 

o for températures 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 

o evident at ca. 75 C for the AMBTAC; this point was taken as the dryin8 

temperature for all the samples. 

2.2 Preparation of Plasticized Samples 

Distilled water, formamide (Fischer SCientific), ethylene 8lycol 

(Matheson Coleman & Bell) and glycerine (Allied Cheudcal) vere used 

without further purification. 

2.2.1 Water-p1asticized Semples 

Since the polymers vere quite hydrophilic, water contents of 1ess 
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FIGURE 1. 

o 
Drying and thermal stability curves for 

DMDAAC, AMPS and AMBTAC. 

/ 
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than 35X could be obtained simply either by evaporatins the water 

solution of the appropria te polymer or by al10wing the dry polymer to 

absorb moisture unt!l the desired degree of plasticization vas reached. 

Both methods vere employed, depending On convenience. A pressure of 

70,000 psi vas necessary for molding samples of less than lSX water 

o content, at ca. 80 C. Samples containing more than 50X vater vere 

quite sticky and, as a result, were not suitable for tasting. 

2.2.2 FOrmamide and Ethylene Glycol Plastlclzed Samples 

The polymer was dissolved in the plasticizer in a PTFE tray. 

The solution vas then placed under vacuum at 80-900 C until the desired 

plasticizer content was obtalned. Complete solution was essentiai~ 

since inhomogeneous plasticizat!on occurred if the polymer wa~ not weIl 

dissolved. Water was avoided since traces of water would remain ln 

the sample after drying, and these traces we~e found to influence the 

mechanical properties of the pOlymers. 

AMPS and AMBTAC containing more than 15% plastlcizer could be 

molded stmply by heatiug the samples above their Tg' while, for plastlcized 

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

(60-80oC) were required. 

2.2.3 Glycerine Plastlcized Samples 

Due to t}e hlgh vlscosity and high boiling point of glycerine, the 
~ ~ 'i oU 

methodl!escribed above ln section 2,2.2 could not be employed conveniently. 

In this case. only a sllght excess we1ght of glycer1ne was added to the 

water solution of the polymer (tqQ much glycerlne eaused fOaming problems): 
- 1 0 

The solution was then dried undèT vacuum at 90-100 C untl1 the deFired 

.. 
:.~ 

il 

1 \ 
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glycerine content was obtained. Judging from the water-glycerine 

(30) , 
phase diagram ; the amount of water remaining in the samples was 

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

in section 2.2.2. Il 

2.3 Caloriffietric Studies 

The glass transition temperatures were obtained using a Perkin 

Elmer DifferentiaI Scanning Calorimeter (Model DSC-1B) st a heating 

o rate of 10 C/min. Samples containing ca. 12% water were molded firet 

to the dimensions of the DSC sample pan, and then enclosed in the 

sample pan. Sampl~s of h1gh water content were prepared using ~he 

molded 12% samples, adding water and equilibrat~ng and/or partially 

dryins 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 T redetermined. This procedure was g 

repeated at progressively lower moisture contents. The T values 
g 

for materials containing plasticizers other than water were not 

obtained by DSC. 

2.4 Dynamic Mechanical Tests 

Dynamic mechanical measure~nts were made under ni~rogen 

atmosphere using a torsional pendulum, described pre~iously at 

frequencies of ca. I Hz. Uniess othervise specified, all measurements 

o were carried out with slow cooling rates « 0.5 C/min). The Tg vas i 

i"dentified by the maximum observed value of tan~. Low tan ô values 
~ 

« 0.5) were calculated by conventional aethods, while for higher tan ô 

WR 



,. 
1 

o 

o 

/ ')'1. ' .... 
')' h~'\'C .. "", 

" , ) 
) "' 

$ 

148. 

values the ratio of amplitude was obtained by a trial and erro~ 

method in moving the base line until the ratio of the first to the 
, li.' 

second half cycle amplitudes was equal to that of the second to the 

third half cycle amplitudes. This was done becauae the base line vas 

found to drift at h18h values of tan 6. 

Due to the br1ttlenass of dry AMPS and AHBTAC samplee and the 

difficulty in preparing dry DMDAAC samples, only plasticized samples 

vere suitable for dynamiç mechanical studies. Furthe~ore, sinee the 

plasticized AMPS and AMBTAC samples also became brittle at low 

temperaturea, only cooling runa vere ~e and in these 

the experiments vere terminated vhen ~ sample broke. 

casas, 

Water desorption 

waa observed a1so during the experimenta. Thus. the range of wa ter 

contents that could be studied for these materials was limited, on the 

one hand, by the br1ttleness of the samples of low water content, and 

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

amount of vatel'. 

2.5 Dielectric Experiments 

D1electric measuremen~ were carried out on the instrfiment 

described in Section 2.7 of Part One of this thesis. Measurements were 
1 

- ~ 0 0 
made over the température range -190 C to ca. 90 C and at frequeneies 

of 100 Rz, 1kHz and 10kHz. o Heating rates of less tbanOI C pel' min. 

were employed. Three frequeneies were measured in one single experiment 

to ensure the same experimental conditions at each frequeney. tt vas 

observed that for low vatel' content samples, vatel' content increased 

during exper~ent8. 

, 
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3. EXPERIMENTAL RESULTS 

In the first part of thls sectlon the results 8tudiod will be 

presented lndlvldual!y. for one mater18! at a time. Subsequently. 

comparisons between different materials will be made. 

3.1 0 M D A A C 

... , , 

Unless speclfied. all measurements were performed on samples -containing 0.02% NaCl. 

3.1.1 GIa., Transition , 1 
Fig. 3 shows a plot of Tg vs we% vater for DMDAAC together wlth 

the correspondins plots for AMPS and AMB~C for comparison. For DMDAAC 

And AMBTAC. the T VS water 'content plot i8,8imi1ar. but quite different g 

than the one for AMPS. The error bars reflect the desorptlon of water 

during the expertments. 

3.1.2 Dielectric Studies 

Fig. 4 presents the dielectric 10ss tAngent at 1kHz as a function 

of temperature for DMDAAC with vArioU8 vater contents. Figs. 5-8 display 

the corresponding dielecèric reBu1ts for DMDAAC vith variou8 vater contents. 

TVa peaks are seen ln most cases. The shape of the minor peak was 

obtained from the difference between the experimental curve and the 

estimated shape of the major peak for samp1es containing 1.2, 2.2 and 

13.4 wtI wAter. 

A plot of log v vs lIT ls presented in Fig. 9. The ~r peak 

for the 1.2 wt% H20 samp1e an4 the min~r peak for aIl the others have 

an act1~tion energy of 18 kcal/mole, while the minor peak for the 

Il .2 vt% H20 sample and the major peak for aU the others have an 

'f' 

a i. ts 
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activation energy of 21-22 kcal/mole, These two peaks are labeled 
. 

as the a and Y relaxations~resp8ctivelyt and will be discu8sed latar. 

Fig. 10 shows the dielecfric a and y peak positions as a function 

of the water content. together wlth the corresponding plot for the 
't 

a relaxation (obtained both by calo~imetric and mechanieal mathods) and 

the mechanical y relaxation. 

3.1.3 Mechanical Studtes 

Fig. 11 shows C' and tan 6 at ca. 2 HI as'funetions of temperature 

for DMDAAC containing 10 wtl water (0.9 R20 per ion pair) and 

25 wtl water (2.2 H20 per ion pair). lt is obvious that both the a 

and y, peaks shift to lower temperatures with increaaing vater content. 

Also. G' decreases as the water content increases. 

During the mechanica1 measurements. water was 108t during the 

heating runs, presumably at the higher temperatures. Therefore. no 
, 

further studies of this type were carrled out. However, sinee the Y 

relaxation occurred &t a very low temperature, the (measured) initial 

water contents are probably approprlate for those runs. i.e. 12 wt% and 

21 wtl. The~efore, tt is not surpriaing that the ~ peak positions fall 

on the dieleetric lines in Fig. 9. whereas the a peak positions-do note 

Figs. 12 to 14 illustrate the plasticization effect of formamide. 

ethylene glycol and glycerine on the mechanical properties of DMDAAC 

containing 1-2% NaCl. Both C' and tan ~ at ca. 1 Hz are given as 

functions of temperature. lt is apparent that the largeBt peaks originate 

from the glass transition. The peaks shift to 10wer temperatures and 

also the heights of the peaks increase linearly with tncreasing plastlcizer 

content. This will be shawn in a subsequent figure for several materials 
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and plastieiaers. Also, C' decreas8s as plastieizer content tner.as.s. 

A rubbery plateau ta,ovident in all samples and.the rubb.r~ modulua 

d.cr •••• s vith increasing pl •• tieia.tion. For both formamide and .thyl.ne 

"glycol plaattci •• d sampl •• , the peak positions ar. a line.r funetion 

of the pl.atlel.er content, a. ean b •••• n in Pia. 15. The rat.s of 

Tg depre.aion for formamtdè and .thyl.ne alyeol plaatietaed s~le. 
0

/
0 .re 3.0 C wt% and 2.6 C/wt% re.p.etively. The rat •• for .amples 

, 
pla.tielzed vith wat.r or glye.rine vere not determine4, sinee the 

data for the Ilyeerin. plastieized aampl •• ~show considerable sea~ter 

80 that no .eanlugful lin. eould be drawu, and only a slngle point for 
.... :; 

the water saRple wa. me •• urad. Rowevar, it i. eonsid.rad unlikely 

that th. wt.r plot would b. Unear (as can b •. s.en in Fig. 3). 

Tabl. 1 aummarlzes th. re.ulta for the different plaatteta.rs 

used vith DMDAAC. Flgs. 16 and 17 ahow the effect of different 

pla.ttelaera on DMDAAC, at concentrations of 24± l wtZ and 43± 2wt% 

reap.etively. tt is interesting to note that DMnAAC plastiei.ed by 

25 wt% water ahows no bbe.ry plateau, but does Ihow a vell .epantecl 

B peak, whleh ta not a wlum tœ oth.r pl •• tic1&era ar. uaed. 

3.2 A M P S 

3.2.1 Glasa Tr 

The lowering of transition temperature vith increasina 

water content was sho in ng. 3. lt la not aurprising that the T 
1 8 

of the dry material i8 rather h1gh by eomparison toother non-ionie 

organte polymers. 

'0 \. 

, ' 
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TABLE l Glass Tr&~aition ne1re8éion by Different 

P1'asticizers in DND AC { 

Plaatieizer Wt' AT (oC) ATg/Wt' Average g 

W .. ter 10 31 * 3.10 
2.43"" 25 44 1.76 -

FA 10 31 3,.10 
'24 70 2.91 3.03 
41' 126 3.07 

'---

EG 14 - 36 2 .. 57 

~3 59 " 2.56 2 .. 58 
~ 46 120 2.61 

• • 
GL 9 10 1 .. 11 

24 88 3 .. 66 2 .. 41 
42 103 2.45 

q 
(1 

e 
, 

d, * E8ti~a.ted Talu~ ,. 
0 

"i 

" 

) 

, ' 
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~ 3.2.2 Mechanteal Stu«te. 

Fig. 18 ahowa the teaperature deplndence of Gt and tan 6 aa a 

fU~lon of wàter content. No dry·a~pl. wal atu~led due ta the dtfficul~y 
. . 

of ".ple p~paratloa. A larse uncertainty ln peak position 1. 
, . 

f.nt~clpated du. ta the la •• o~owat.r content at elevated t •• peratures. 

Rowever. lt. 1. clar that the peak be'lght ta ..,roport1.onal to the 

vater content. NO aub-T relaxatlon 1. found (a. dt.cua •• d later). 
. ~ 1 ( 

Aa the wat.r content increa •••• G' la é lowered and th. tendeney to flow, 

11 tncreaaed .. a tndlcatecl b,. the .tor .... aoAulu. plot • . 
In lia. 19 the eff.ct. of,dlffere.nt plaatict.er. <at 24 wtl) on 

th. ..ch.nlcal properttaa of AMPS ar. co~ared. The alyc.rlne-pla.ticiaed 

....,1. tv1lted. at e1evated t.p.rat.ure., &0 that ouly a part of t~ 

èurve 1 •• bowa.fQr that ruft. 

3.3.1 Ga .... !raQ.ittes 
/ 

the lla.. tn.n.ittOil tOiperatuH v. _t.er coutent va. .hown 

tn Pla. 3. l.t t. c1ear that the .. fhèt of water on th.. a1a.~ tran.ition 

of ,AlGTAC ia aild.1ar t.o that of DMDAAC. vbich ala~ cantalna quatenary 

~t_ ara", •• 
.' 

3.3.2 ~bantcal Stu41e. 
.... . , 

"-

Pia.. 20 cliçlays C' and tan. ~ aa functtou of tulperature for 

.. l'tous 'Pla.ttctnra (24 vt%) 'for tbe AHa'tA'C .y.ta.. l'or t"" fomaatde 

ad ethy1_ a1Jeol pl ... ttctaecl aaapl .. , a ahoulder ta fouDcl on the 

~ov taperawH atcle of 'ra. ne al:Jce~11le pl •• tt~i.K .. ~le .bowa only 

Olle relatt'ftly .,...trtc T. peal.lt. but .. a peùt beccau .tptftcant .. 

th ... l.yeer~ .. coat_t 11lcreu .. to 41 "tI (aa ahcMl tn na. 21). 
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3.4 WateT Absorption 

Although this phenomenon vas not studied quantitatively, it was 

observed that under ambient humidity, the equilibrium water uptake 'is 

inversely in related to the glass transi~ion temperature. 

o 0 AMPS (T ~ 170 C) absorbs ca. a wt%, AMBTAC (T = 112 C) absorbs 
g g 

ca. Il vt%, and DMDAAC CT = 6a
o

C) absorbs ca. 10 wt% water. 
g 

( -
3.5 Summary of Plasticization Results 

3.5.1 Mechanica1 Studies 

Figs. 22 to 25 illustrate the plasticizing effects of water, 

forma~de, ethyl~ne glycol and glycerine, respectively,'on aIl the 

polymers studied. Fig. 25 also includes the result of glycerine-

(l) 
plasticized PNaA for comparison. It is apparent from these figures 

that the response of DHDAAC to the different plasticizers is different 

from those of AMPS and AHBTAC in that the former usually shows a weIl 

developed rubbery plateau. The results are sumœarized below: 

(1) Of aIl the samples studied, DMDAAC with non-aqueous plasticizers 

shows the most clearly, developed rubbery plateau. 

(2) In water plasticized DHDAA1 samples, a clear sub-T
g 

relaxation 

(y peak) is 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 ls observed in the vicini~ of T . 
g 

peak ls somewhat sharper and higher. 

For the other polymers, the 

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

the Cl peak of DMDAAC smaller than those of AMPS and AHBTAC. 

tr. 
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o 3.5.2 Dielectric 

Only DMDAAC was studied with ooly water as a plasticizer. 

Therefore. no separate summary of results is presented. 

• 

o 
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Figure 2. 

Phase diagram of water-glycerine. 
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Figure 3. 

Glass transition temperatures vs. vater content 

for DMDAAC» AMPS and AMBTAC. 
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1 

1 

Figure 4. 

Dielectric 1055 tangent vs. temperature for 

DMDAAC vith varying vater content at 1 kHz • .. 

,. 
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Figure 5. 

~ 

Die1ectric 1055 tangent vs. temperature for 

DMDAAC vith 1.2 vt% vater at 100 Hz~ l kHz and 

10 kHz. 
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o Figure 6. 

.. 
Dielectric 1055 tangent vs. temperature for 

DMDAAC vith 2.2 wt% water at 100 H~, l kH~ and 

10 kHz. 
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Figure 7. 

Dielectric 10ss tangent vs. temperature for 

DMDAAC vith 13.4 vt% vater st 100 Hz, 1 kHz and 

10 kHz. 

." 
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Figure 8. 

o 
Dielectric 1055 t~e~t vs. temperature for 

DMDAAC vith 27.3 vt% vater at 100 Hz, 1 kHz and 

10 kHz. 
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Figure 9 

Log V vs. liT for dielectric 8 and y peaks and 

mechanical y peak for DMDAAC. 
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Filgure 10. 

Dielectric Band y peak position along vith a 

relaxation and mechanical Y peak position as 

a ~unction o~ vater content ~or DMDAAC. 
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Figure Il. 

G' and tan6 ~vs. temperature for DMDAAC containing 

10 vt% vater and 25 vt% vater at ca. 2 Hz. 
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Figure 12. 

G' and tanô vs_ temperature for DMDAAC containing 
"" 

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

o 
G' and tanô vs. temperature for DMDAAC containing 

\ 

varying ethylene glycol content at ca. l Hz. 
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Figure 14. 

G' and tan6 vs. temperature for DMDAAC coitaining 

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

./. 
Glass trans1t10n temperature vs. vater, formamide 

and ethylene glycol content for DMDAAC. 
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\ 

Figure 16. 

\ 

Gt and ~an6 vs. temperature ~or DMDAAC containing 

ca. 2~ vt% o~ various p1asticizers. 
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Figure 1.1~. ) 

G~ and tan~ vs. temperature ~or DMDAAC containing 

ca. 43 vt% of various plasticizers • 
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112. 

G' and tan~ vs. temperature for AMPS containing 

varying vater content at 1 Hz. 
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Figure 19. 

Ct 
G' and tan6 vs. temperature for AMPS containing 

ca. 24 vt% of various p1asticizers. 
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Figure 20. 

;r 
G' and tan8 TS. temperature ~or AMBTAC containing 

ca. 2~ vt~ of various p1asticizers. 
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Figure 21. 

G' and tan6 vs. temperature ~or AMBTAC containing 

24 vt1" and 43 vt% glycerine. 
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Figure 22. 

o 
G' und tlin6 va. tcmpera.ture for variouB poly-

elcctro~ytc3 vith ca. 24 vt% wat~r . 
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Figure 23. 

o 
C' and tan6 va. temperature for varioue poly-

electrolytea vith ca. 24 vt% formamide. 
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Figure 24. 

G ' and tan6 VB. temperature tor varioua poly­

electrolytea vith ca. 24 vt% ethylene glycol • 
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Figure 25. 

G'and tano VB. temperature for varioue po1y­

electrolytea vith ca. 43 wt% glycerine. 
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4. DISCUSSION 

4.1 Drying and Thermal Stab111ty 
,/ 

The thermograv1metr1c results presented in Fig. l, suggest very 

clearly that the polymers containing quaternary ammonium ions decompose 

at much lower temperatures than the material conta1nlng sodlum sulfonate 

groups. It Se.em5 reasonable to expect that AMPS in the ac1d fom 

would be aleo less stable by analogy with the resu1ts for "Nafions" 

(33) 
and sulfonated polysulfone • 

4.2 Glass Tr8ll8it1on 
~ 

1 
One of the significant resules of this study 18 the effect of 

the type of ion on the glass transition and lts change with water content, 

as shawn in Fig. 3. F1g. 26 compares these results w1th those for 

several other lon-contaln1ng polymers whlch have been studled prevlously 

in various laboratorles, 1.e. PNaA, "Naflons", 6,8-lonene, 2,3-oxyethylene 

10nens and 4.4-oxyethylene 101len.e. Two notevorthy features emerge: 

first, the glass trana1tlons of the polyanion1c mater1als (Le. "Naflon"-Na, 

AHPS and PNaA) tend to be h1gher tban tho8e of the polycatlon1c materials 

(1. e. DMDAAC, AHBTAC and ionettes). The glas. transition temperatures of 

aIL the.e materials most probably iB related to the ratio of the ionie 

charge (q) to the internuclear distance between cation and an10n at 

closest approach (a) (34) , the quaternary ammonium chloride group is very 

bulky 1n comparison to the sodium 8ulfonate or carboxyl groups, 1.e. the 

distance between the chlor1de ion and the positively Charged center 1s 

larger than that between the sodium ion and. the negatively charged center. 

The depen4enu of glas. transition temperature 011 q/a 18 con.istent 

< 
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Figure 26. 

Glass transition temperature VB. vater content 

for various ion-containing polymers . 
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~ ... ~... (35) vith the findings 4~her tonics. e.g. the polyphosphates , the 

(36) - (2) 
silicates , the aliphat1.c ionenes and the "Nations". 

lt has been'- known that polymers containing aromatic rings in the 

backbone chain have, in general, higher glsss transitions than those 

containing oo1y CH2 sequences. In contrast to this, the glass transition 

temperature of AMBTAC is higher than that of DMOAAC which bas a ring 

structure albeit an aliphatic one. Several explanations for this phenomena 

come to mind: the firet p08eibi11ty 1s that the ions 1n AMBTAC might 

be clustered while those iD DMDAAC are DOt (or less so). The ions in 

DKDAAC are located on the rings and sinee ooly one methylene ~ 

connects the rings, clustering m1ght ~cessitate appreciable distortions 

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

ends of Bide chaine, and this fact mght Iead to much easier 100 aggregation 

and the larger clue ter or multiplet sizes. The known effects of 

cluetering on the glass transition(4) suggest that the glass transition 

sMuId rise more rap1dly vith ion content for AMBTAC tban for DKDAAC. 

In addition, AHBTAC may be sUbject to hydrogen bouding, which would a180 

tend to raiee the glau transition and thue con tribu te to the observed 

effect. 

lt would be undoubtly more precise to compare the 10nic polymers 

and non-ionie polymers of the s&me structure. Tbe q/a effect suggeets 

that the polyanionice wouid show a greater iner ... e in the gla.. transition 

temperature than the polycat1on1cs. However. non-tonie polymers of 

identical structure as those of the ionice vere not available for aIL 

the materat. etudied here. 

Fig. 26 also reveale that the change in glase transition temperature 

vith wat~ content 1. very d1fferen~r the polyeat1oa1c. and for the 
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polyal1lonic.s. In PNaA and AKPS, the sWs transition temperature deereases 

vith increas1ng water eontent at an appreciable rate over the entire 

range stud1ed. By contrast, in DMDAAC, AMBTAC and the 1onenes, 1n1tia11y 

the glass transition temperature decreases rapt41y but the rate of 

decrease falls appreciably ab ove ca. 20 wt% water, and in some cases 

even increases beyond that point. Considering the range of structures 

stud1ed here, it seems reasonable ta sUSse-t tb1s trend 18 general for 

quaternary ammonium polymers and 1ndepepdent of the structure of the 

materials. ''Nafion''-H rema1ns unusual in tbat the glass trau1t1on 

temperature 1s practical1y 1ndependent of vater content. 

On1y for DKDAAC was the glass trans1~!on temperatqre invest1gated 

as a function of pwt1c1zer content for materials other than water. 

In the range stud1ed, dT Idc 18 eeén to be 1inear for bath FA and EC, g 

in mark.ed contrut to the behavior of water, as was shawn in F1g. 15. 

4.3 Kecban1ca1 and D1electr1c Stud1es 

4.3.1 a Relaxation 

4.3.1.1 -Effect of Water: In 80 far a. vater 1nf~ce. 

the position of the a relaxation, 1t bu been d1scu.sed iD Section 4.2 

above. It 18 of 1nterest DOW to correlate the aDlOUnt of plast1c1zer 

vith the tan 6 peak he1ght. This cou1d he done 0111y for AMPS (F1g. UU: 
. " 

lt 18 see1l clearly tbat the peak he1ght 1ncrea.u vith 1ncreasing 

vater content, though not 1n a U.near fuhion; this 18 sun 1n F1g. 27 

Along v1th other results 1Ihich will be discuaeed later. 

Table 2 lise. the chanse of peak he1pt and peak posiUon for 

the a relaxation detem1ne4 iD. th1s vork alan, with tho.. obta1ned on .. 
otherl uter1ab br a nUliber of other work.ers for the sake of cOllpar1.on. 

) , 
, . 

" 
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184. 

a peak b~igbt vs. plasticizer content for PMDAAC 
\ 

and AMP8. 
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t'a.ble :2 Effe~t ot Plastici~ers on Glass rransition of Poly~eTs 

Change of Change of Range Nethod 

" Pol7lle!" ('rSin 0o.~ !ntensity positicl:. (Freq. Plastici2er 
(t~n ~ /~ l ~oC lJ} { ~ } in h2.} Refere::.ce l ',' s - ' 

DMDllC t68) lhlter • -1 0-28 DSC :his ,,'crk 1 >"---... • c 28-50 ~sc 
., 

C' 

PA C.Ol(L) -3 lO-~l M(e 1) .. 

t -~~ C.Cl(L) -2.6(L~ 1~-~6 ~(,. 1) .. ~~, 

G:" C.Cl(t) •• 9-~2 ~(~ ;.; .. -,..... .. -, • 
AlIPS (166) \lat.er "-

0.ù3 -7 12-31 ~{!! l~ .. 
Mœ~.C (1:12'. ~ Water • -15 0-10 tSc .. li ',: 4# 

0- le-50 DSC .. 
. ~\ , - ... tion--R (1.1Q) lfater 0.02 -0.5 o-~ ~("" 1) n 

P_ ... (250) Vatel" • -1 o-~6 i)SC 3 

FA • -~ 20-60 DSC 35 • 
:f ~~l.ene ionoaer(SO} '-.ater C.OOO3 .., 

0-2 D( 10" ) "'i -; -1 '!. ~-

.6.8-i()lu~lle' (0) Vatel" -4 -3 2-29 ~sc 2 

2_3~o~eth71elle 
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p 0 15-60 to({,. l ~ 6 

~.'-o~etll1"lene 
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~, 
0 15-68 6 

-; ~ Co11atten(1.~T} Vatel" 0.002 -3.7(l} 10-35 ~(", ,.) 9 ...... . .. ~'" .. ~ ..... 
\Xl . " ~ IL- \ ~ 

I)'loll (95) Va.ter 0.03 !t{llO) \JI .". ":t.~)o - -37 1-2 ,) 10 ~ 11 
... . 
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Tho rate at wh1ch the peak 1ncree.e. for AHfS 1. .oen to be large and 

comparable to that of nylon, althou,h the effeet in AMPS p.r~1.~e to 
'E? 

mueh h1gh,r vater content than in nylon. By contr4.t, the rate of 

non-tonie polar mater1al •• 

Tho very lov peak h&1ght for th. 12 vtZ .. mple in Pig. 18 1e 

notevorthy. Thie low value ot tan ~ mi,ht ,uas-.t that ve ara 4ea11n, 

vith a vater peak har., but the alr~nt of the peak poe1t1oDt vith 

the DSe re.u1t. argue. ia t.vour ot thi. peak b.1n, tbe T,' lt 4. 

1IDpo •• ibla ta .tu4y tha dry .amp1e by meehaaiul muni, .0 more tboroulh 

tan ~ pNk heiJht At T, for tonie po1"ur. ara lovar than tho.e for 

the non-ionie,(39). 

pla.t1cizer cOIltont on the (1 puk heipt tor IUtarab other than vatar 

ha. bun iAY •• tiptacS lDO.t at~iv.ly iD the ca •• of J)KDüC, Tha •• 

r •• u1t. ara .1.0 .howD iA 'il. 27. lt i ••• an that • liA&ar ra1ationab1p 
~ ~ 

axi.t. batvaen tha •• tvo p.r ... t:.r., tba r.t. of incr •••• iD tan ~ , 

t b.illl' 0.01 p.r vt:~ ot pla.t~1.er tor 'A, 10 .D4 CL. Thu" tt i. not 

.u~r1.tAJ that at coutaAt v.1.Jht parent ot pla.t:1.ciz.r th~ (1 

pub OUR.t .pproxtalt.ly th ..... bript. tld .• vu ... ift Ji,.. 16 
1 

u4 lt for u. 24 ",cl .114 ca. 43 vd ot ,1a.t1c~.! fti. "H.l c,.,. 
01 ".UyJ.or 1. .110 0"""_ 1.1l JM1II~., a4 f Co • ~,.ft ataot, 111 œl. - - / 

t'b ••• ,~ ara .Jat1&1' CO 't .. 'oued 1A fI'~ ,~c~I.~~, Dy10n (11) 

' .. colla .. (f' tA flbuh t:ba _ ".t1oD .flact caua cha nptR. 01 . 
ûatarc1uata tH4û, ... ) tIIM Wl~ daa sUt. tl" ... tt1.oÎa • 
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Whcn we look at t~ .ame pla.t1cizer iD ditferent polym.r8, 

wc again tind that a co~tant weiaht fraction of pla.ticizer ,ive. 

e relatively con. tant peak h.ight. Thi. i ••• en particulerly in 

FiJ. 2' tor CL in var10ua po1ymarl and to a l •••• r' axt.nt a1.0 in 

FiJI. 2' and 2' for FA and EC. 

kl 

Another notoworthy teatur. 1. th. b.bavior of tb. p •• u4o rubb.ry 

modulu. vith incr ... iA& pla.tic1z.r content. ~ bal b.eA ob •• rv.d 

b.for. for PNaA, that modulu. decr ..... vith incr ... iAI pla.tieiz.r 

cOntent. Tvo di.tinct pOI.ibilitie •• xi.t vhich milht exp1ain thi. 

ch4n,. in the modulul. One i. ba •• d OA th .... uaptlon that the iOM 

ar •• olvatad and tbat th. entan,1ement .paciA,. i. inv.r •• ly re1ate4 

to the volUM traction of th. polymer (3
1). Thua, the modulu •• houleS 

be proportiona1 to th. vol~ fraction of. tb. polymer. Thi. i. evidently 
\ 

not tbe C4 •• , a. can b •••• n, , for axampl., 1A F1,.12. Th. rubb.ry 

IDOduJ."'. var te. trOta ca. 6 x 106 to ca. 4 x 108 dyne/ cm2 for a chan,. of 

polymer content troa '9 vtl ta 90 vt%. A tar mora 1ikely po •• ibi11ty 

1. that only aOlle ot th. ioDa Ar. hydratacl and that .xun.iv. r •• Uual 

tonie cro ... l1nkin, i& pralente4 ev.n at biJh p1altici~.r cont.nta. 

Tb. Iub-T
S 

ra1axat1ou ver. inv •• tipta4 only for DMDMC, priaar11y 

br tha 41.flactr.u tachD1.qua. ,'S .• ' .hw. clurly tbat tvo raUatin. ara 

aa. ~ tha ras10D 1nve.ti" tad J tha one oecurr1a. (at the biJher 

t""iatura 1. labeW 8 all4 ~e , .. Ic. politioD of both tha e aD4 tha y 

.. a1&udoDl ara ÔOWI\.iD ,t,.J.O. le t. Naft e1aal'J.y that the tu , 
1 

,ut 1Iatpt,' o~ dia 8 re1aut~ .01' ..... vith 1ACr ... to. vat., eotat_t 
0, l , 

IrM CAli O." ac 1.2 • 1.2 vd vatel' .sorm éo 0,01 at 21 wcl.ater. ftu 

/ \ 
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1 
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fact, coupled vith the cOnltancy ot the act1v.ttoa cncrgy of the 

8 relaxation (ehown in P18.9 for the 1.2 and 2.2 wt7. .amp1e.) 1 ••• 

17.4 kcal/molc and 18.5 kcal/mole), Buggeeto that the mechan1.m roe-

pon.1ble for the.e pGak. may or1g1nate trom an unhydrated part of the 

reput unit •• 

'l'he Y peak height chanp. only .11Shtly w1th v.tor content iD 

th. ranse of 2.2 to 21.3 vtr. vlter, but i. v.ry .mall belov thet v.lue. 

/Thia fact, coupl.d vith th. eon.t.ncy of th. aeU.vat10n enerlY (22.0, 

21.2 and 21.0 ke~/mole to~ tb. 1.2, 13.4 and 27.3 vtr. .ampl •• ) .ull •• t. 

tbat ve may be dea1ini vith • p.rticul.r hydrate4 .p.ci.. or pOI.ibly 

vith a vater peak. lt 1. noteworthy thet th. y peak for the 13.4 vtr. 

and 27.4 vtr. .amp1e. 1. allo active mechan1eelly. 'l'ha S poak could 

not b •• tud1ed •• c~n1cally in th. dry .a.ple, and va. not tound iD 

.amp1 •• contà1n1n, 13.4 vt1. and 21.4 vtr. vat.r <P18. 11). Th. pOlitionl 

of both r peak. wb1ch v.re found cb4nse vith vat.r contant, and they 

are I.en to fall on th ..... lin. a. the d'ul.ctr1c peak. wb.n plotted 

al 101 v v. lIT tn r1l, 9 

Data for AlfPS an4 AMBTAC hav. not been obt&1ned ov.r a wUe enouJh 

ran" of exper1mental variable. to p.rmit a d1.cuI.ion of th. B and y 

rl1&xat1on.. rrom tbe Uta that bava bIen obta1nld on th •••• y.t ... , 

a. w.ll al from DMDAAC~vitb p1&.tic1z.r. other than vat.r, it •• ama 

cllarly that no ~y~rt~nt '.~I r~lJX8t!UA arl prl'Int (althouJh DAI 

ba. b.n 10",,4 by ucba"üal aun. for JJHDMC). 'l'ha abaMc, of ~blD1e&l 

.uW. puk. eu b. r.1atad to th.a ltr1ttlfta.a of the ut.rul •• 
, l ' 

fta .tt.ct ot v.t~ OA .u1t-T. i'.1auttOnt, •• p~tal1y th. , 

1'.:1Aut~ t. i-'l'tH4 t • • 'tlIII i"Pi' ••• Ut1.v. pol,... ,ja 'rab1a. 3 
r __ {l 

/ 

J 1. . ' 
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and 4. Three d1ffercnt type. of behav10r cao be d1Bt1ngu18hcd. Por 

nylon, poly,-2-hydroxycthyl-m.ethacrylatc, po1yacry1aœ1dc, po1yg1yc1ca, 

polyethylene torephthalatc, "NaHona", DMDM-C\ the position of the B 

peak decrea.08 appr~c1l1bly vith 1ncreaa1ng w4t(~r content ~1h thtt 

peak be1ght 1ncr~.ae8, morc o~ 1e88, rapidly. The'aecond group, vb1ch 

con.1.tl of po1yoxymethy1ene, collagen, poly.ulphone, po1ycarbonat., 

and poly(2,6-d1œetbyl pbenyhn8 oxide), the a peak po.1tion romain. 

unchang.d although tho pea" b.ilht 1ncrea ••• vith 1ner.a.ing vater 
" 

content. Pinal1y, in tbe third group ol material. wh1ch include 

etbylene ionomer, poly-2-hy4roxypropyl metbacrylate, polymathyl 

matbacrylate, polymethacrylami4e and poly(2,6-4imetbyl-phanyl.ne ox14e), 

• complete nefl vat.r paak app .. r., vbich may or 1I&y ROt, IIOve vitb 

vater content, but the 1nten.1ey alway. 1ncre •••••• the wat.r contant 

1ner...... DHDMC talll clearly in tb. Unt ceta1olU8. lt ro.emb1e. 

"ttation." in thi .... pact, but 41ftan to athy1ene 1onoœar. Th. rea.on 

/ 

., 
/ , 
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NlDÜC 

·.~tiOlt·-1l 

~loD. 

p~-2-~èlr-oxy-
e~~1 .ethae~ylate 

Po~.e~)""l.~ide 

Po~et~lene 
\e~ep",hùate 

Po~xrae~hylene 

tollagen 

Pobs~lphone 

Po1.7e~bollate 

~ D ~ 'Jdieletetric 
~ 

. ) 

-.. 

'!If' tàNt~fÇ t"_Mb--..r .... "-~ 44L._ •• 4--c-w;gr f!!4jô:~",,1 ;:grueSt 

e 

~ 

Eftect of Wster on S relaxation of polyaers 

ta.n S a.pproxi1:!s.t.e position approxi~ate 

at CS change of at OJ change in 
position vatel' tan â per J liatel'(oK) 
{OC l ~ ) 

-2 

0.07 G.S 296 -~O 

O.Cl 0.02 230 -20 

o.oc6 0.002 260 -9 

0.02 0.0002 2~8 -10 

C.COS C.Ql 233 -7 
0.01 0.03 260 c 
0.01 0.003 260 0 

O.OO~ 0.01 220 0 

0.005 C.Ol 2C1 0 

N ~ netehanical v vo1\l1le J 

\"p 

Range Kethoà 

(, ) (Frec:;.. 
in Hz) 

1-27 D(103} 

0-3 N( .. 1) 

C-2 N{ .. 1) 

0-5(v} M(900) 

0-6(v) N(" 1) 

0-1 M{lOe) 

0-0.5 ~( .. 1) 

0-35 NC .. 1) 

0-1 D (10 3) 

0-0.3 D( 10 3) 

e 

Rer. 

'This \Oork 

This ,"ork 
, ' 
~.L 

16 
19 

23 

2C 

9 

2: 

21 

..... 
\() 
Q 

1 " 

1 
1 

• 
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T~~le ~ PollDers vhich possessed vater peak 

tan ~ change in position change in 

Po~~r-
at oJ tan ~ per at 0 ~ position 
vater ~ vater{OK) {CC l ~l 

Bth71~ae iOnODer 0.oc6 233 -0.2 

Po17-2-h7dr-oXJ~ropyl 
,t .. ~th .. cr-yl.:te 0.005 0.001 2~8 -0.1 

Poll".et~l 
.,~Ul .. er-ylate . 0.008 • 169 . • 
Po~ethae~ylaaide 0.008 0.001 153 0 

po~(2,6-~i.ethyl-
phell1"lene oxide} 0.01 • 116 • 

..T 

J) t di~l~etric N ~ Ilechanical v voluee J 
.' 

;. ,t oae ll .. ter content \tas deterained 
1 N 

t t\tO~ter content ~8.S deternined •• 
"!.!r 

:. 

--

Nethod 
Range (Freq. 
{~ l in Hz) 

1-2** D(lC 3 , 

, .. 
0-10{\'")~(lC ) 

0-1 K ( '" 1) 

5-!oO(v) N( '" l' 

N(5 7 ) 

Ref .. 

- ~ 
J..~ 

16 

• <:; 
~~ 

• 0 
~~ 

'::1 
-~ 

-

1-' 
\D 
1-' 
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5. CONCLUS ION 

The profound effect of ion. on the œechanical behavior of 

ion-containiog polymer. ~. been recogni.ed for a long time. Tho 

cl.are.t ~xamplc i5 the gla •• tran.ition. The ionic force., expre •• e4 

a. q/a, predominate. ovar the other force •• uch a. Van der Wa.l .nd 

hydroJen bondins interaction.. Thi. i. demonstrate4 clearly by the 

behavior of the Sla •• traneition temperature of the •• material •. 

~he typa of ion play. • crucial rola in 4eterminina tha Ila •• 

tran.ition phenomene in ionic polymer., both pla.ticized and unpla.tieized, 

resardl ••• of the environmant in vh1ch the ion i. placed. 

With increa.1ns pla.t1eizer content, tb. a relaxation po.it1on 

.hite. to towar temparature aod the peak heilht incr...... Th1. phenomena 

i. commonly oncountere4 in mo.t polar polymar., and 1. a.crib.d to 

th. IOlvation of th. polar It0up" i ••• a polymer-.olvant complax i. 

fo~. Thi. bypoth •• i. i •• upporte4 by th. fact that th. p •• u40 

rubb.ry mo4ulu. d.er ..... vith! ~ncK ... ina pla.t1c1z.r cont.nt, vbich, 

1n turn, d.cr..... tha polraar volume fract1oA. 

lt 1. int.r •• tinl to DDt. that vatar ba •• n .ff.ct on th ... 

poly.1e~trolyt.. Vh1ch 1. quit. d1ff.rlD~ froa o~r p1a.t1c~z.r. 

u.ad in thi.' .tu4y. 
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.0 PART TWO, FIGURE l 

TSll1p· ~eil5ht Chaule 
( C) DMDAAC ANPe 

24 '1.0 0.0 

57 0.0 
é' 

0.0 

74 0.0 

91 0.0 

108 0.0 0.0 
1 

118 ';'1.2 

125 -1.2 

134 -2.Q 
~ 111 i- -6 .. 6 

( 

186 -1'.0 0.0 
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e PAH'r TWO t ~'IOtJIHi 3 

ANPS DMDAAC 

Wl\tar Qontftnt TI (OC) W .. tor oontont T R (~C) 
1 lrt!) ( "t ! ) 

0,0 170 * 0.0 t 0.0 68 * 
4 . l 1. 0.8 138 * 3.4 :t 0:1 51 * 
8.6 t. o.~ il .. 7.8 t l.\3 <. 

- 42 • 
11.6 t 4.14 i7 10.3 t 2.1 36 :t 4 

15.4 t 1.7 58 .. 11.0 t 1.0 33 * 
21.9 t 2.7 40 21.0 t 2.0 ;8 * 
31.0 t 4.0 -13 25,0 t 2.0 24 
~6.0 t 1.0 -70 .. 

1 1 
AMBTAC ~-

0 Water contint T, (oC) 
(ytl) 

0.0 112 * 
6.0 51 * 
8.6 43 ... 

10.0 36 * 
11.0 36 .. 

20.0 2~ * 
28.0 20 .. 

35.0 2~ .. 

50.0 ,0> 20 .. 

.. - Ottermin.4 b~ DSo 

.. 
2 
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lOQ HZ l kth, lQ kil! 

I8ç~' 1 

tAn~ ('SC!' tAn~ I8Q~' t&n& 
xlOO xlOO xlOQ 

-27·3 3·93 -24.5 ~L69 -22.9 ~.O 
-26.0 4.28 118.0 3.97 -16.j Q.6 ' 
-21. 7 5.95 -13.2 5.5 -10.2 3.6 

\ 

-19.5 6.9 -j.8 7.66 -5.4 4.59 
-15.4 9."( -3.3 10.~ 0.6 6.09 
-14.2 10.66 2.9 14.4 6.4 8.0 
-11.7 12:"(6 ,10.8 20.7 14.3 11.6 
-9.0 15.4 11. 8 21.6 18·7 13.8 
-6.3 18.3 16.1 24.9 2l...6 15.6 
-4.4 20.3 20.5 27.0 24.7 17.5 
-1. 8 23.2 23.5 28.0 30.5 20.4 
-0.5 ~ 24.2 29.2 29.0 34.' g.4 
1.8 26.2 33.0 29.3 37.' .7 
4.0 27.8 36., 29.6 40.8 24.9 
4.9 28.3 39.8 30.0 46.5 26.2 
"(,2 29.4 45.5 31.2 51."( ~."( 
9.4 30.1 50.j 32. j 58.4 27.1 

0 
13.1 30.9 56.4 34.1 64.0 27.6 
15.4 31.' 62.4 35.0 "(0.0 28.' 
17.5 32.2 6"(.9 34.8 76.9 30.5 

'" 
19.6 32.8 75.6 . 32.3 86.5 33.9 
22.4 33.8 82.4 ' 29.3 91. 5 34.9 
25.8 35·0 84.6 28.6 94.9 35.4 
31.7 36.4 90.3 25.7 95..9 35.6 
35.' 37 .. 47 93.2 26.3 102.0 34.1 
38.5 37·2 99.0 26.7 105.1 33.4 
42.3 36.1 104.0 27.0 106.6 33.' 

'11' 

- ...". -- 43.3 35.1 10T.7 33.7 J 

44.5 34.1 113.0 31.8 
48.2 33.1 114.3 32.3 
49.5 !1.4 11T.0 33.0 
53.l. 30.9 120.0 33.8 
55.0 29.3 122.5 34.7 
60.9 29.9 12T.T 3'f.6 
66., 32.2 
74.2 3T.3 
80., 45.3 
89.3 65.8 

100.6 96.9 

J , 

( 
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PART TWO, FIOUN~ 6 

100 Jt~ )'·kHI 10 kH. 

Tsmp. tan~ (8~~' tan6 (8çï' tan~ 

( C) xlOQ xlOO xl00 

-~6.4 8.58 -43.8 4.8 -4;!.6 3.04 
..140.8 9.34 -39.3 5.2 -38.2 3.a8 
-36.2 10.T -21.8 9,2 -20.T '.31 
-30.0 13.T -10.0 15.6 -8.T 8.26 

. -25.5 16.T -6.6 19.8 -5.5 9.4 
-23. Q . 18.1 -2.4 24.9 -1.2 11.2 
-19.' 23.' 1.1 29.3 2'.2 12.9 
-16.5 28.1 4.1 33.8 '.2 14.8 
-14.0 32.3 8.0 39.3 9.3 lT.T 
-11. 0 3i.4 11.' 43.3 12.3 20.3 
-8.0 42.8 15.4 / 46.2 16.4 ~4.1 
-4.5 46.8 20.'1 4T.4 21.0 29.1 
-3.4 4T.T 23.9 46.8 25.0 33.2 
0.0 49.5 2i.2 46.0 28.5 36.8 
3.0 50.0 33.2 43.3 34.0 40.9 
6.,5 49.4 . 38.T 40.4 39.8 42.4 
T.O 49.0 44.3 3T.6 45.5 41.8 

e 10.4 48.8 50!" 0 . 33.9 51.6 40.2 
13.9 4i.2 - 5T~ 3 28.6 58.4 38.3 
14.6 46.4 62 •. 5 25.1 64.0 36.9 
lT.9 45.9 69.0 21.5 TO.O 34.9 
19.4 44.1 T5.8 lT.9 T8.3 32.2 ê 

22.2 43.6 82.0 16.T 80.0 31.6 

~ 
22,9 42.2 84.6 14.T 86.0 28.3 
2.6 .1 42.9 86.8 28.1 
30.·T 40.2 

( 31.9 3T.9 
3T.6 33.8 
42.8 31.4 
48.3 28.8 
'5.6 26.0'" 60.9 23.4 
67.5 22.2 . 

~ 
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PA~'r 'l'WO, ·}l'IOUHlli 7 

100 ne 1 kUS 10 kHI 

I8ë~' tt\n~ (8C~' , t .. n~ (Sc!' tana 
xlQO xlQQ 1100 

-77.6 1.8 -62.8 '.97 -60.7 . Q. 76 
-65.0 6.1 -56 :8 7.0' -55.' 4.51 
-58.9 10.4 -52.5 10., -50.8 6.75 
-,4.0 16.1 -48.0 - 14.8 ~46.7 9.58 
-49.4 2:>'.0 -43.7 18,.1 -42.7 12.84 
-45.1 27.8 -40.5 22.9 -39.4 15.67 
-41.3 35.Q -37.5 26.3 -36.5 l8.4 
-38.5 ~ 42.6 -33.5 32.3 -3fh 7 ·ra.67 
-3-5,.6 47.2 -30.8 37.13 -30.0 23.8 
-34.' 47.4 -21.0 45.23 -26 •. 0 21.3 
-31.6 44.5 -24.3 '41.55 -23.4 30.1 

~ 
-28.3 37.6 -21.7 41.28 -20:8 33.4 
-21.6 35.7 -18.9 44.3 -18.2 31. 5 
-25.0 31.0- -15.3 37.9 -14.5 42.7 
-22.5 26.8 .-12.5 32.8 -11.8 45.9 
-20.0 23.3 -8.8 26.9 -1.8 48.2 
-11.0 20.2 -4.6 20.9'5 . -3.8 41.0 
-16.1 18.2 1.4 15.3 3.3 39.4 

Ct -13.3 17.0 7.5 1~~99 9.0 32.8. 
-9.7 15.1 lJ...7 13,.64 14.8 28.0 
-5.5 14.8 23.8 11.85 19.1 '24.46 

0.4 15.3 25.4 10.73 21.3 23.1 
5.4 19.7 32.4 7.42 27.' 18.2 

33.8 
. 

5.6 30.5 16.2 
38.0 12.2 
41.0 10.6 

.. 

-. 



~" ' 1 t l' St \, , . - , 
1 , • 

0 I-' AH '1' 'l'WO, P'IOU1U1 8, 
R02. 

~QQ III 1 kHI ~Q kHI! L. ,,-

I8C~' tan6 Tsmp. tana T8ë~' tana 

\ 
l~gQ ~ sn 1129 x1.00 , 

-153.2 0.4T -12~.0 0.52 -151.6 0.36 
-142.3 0.55 -104.0 1.14 -l.RQ .. 4 '0.51 
-136,0 0.59 ~ -96.0 R.14 -10l.3 0.92. 
-1126,0 0.70 -90,~ 3.9 -94.3 1.50 
-118,0 1. 04 -84.0 T .~T -87.3 IL..,6 
--ro~. :3 1.66 -l8.9 12.9 -82.2 4.44 
-98.0 3.43 -74.4 20.'0 -77,., 7.0 
-92,0 6.76 -68,; 31. ~ -71.8 8.8 
-85.4 13.47 -64., 38., -67.2 18.6 
-81.0 20.9 -60.7 40.3 -63.0 ~5.4 
-80. o· 23.0 -5l.0 34.9 -59.6 31.' 
,-76.3 31.0 - -54.0 26.4 -56.0 3T.l 
-75.6 32.7 -51.0 17.3 -53.0 40.1 
-70.0 40.3 -47.0' 8.9 -50.1 40-.4 
-66.0 33,9 -43.0 4., -49.i 39.9---
-6~.5 32.3 -38.8 2.23 -46.0 35.7 
-61.8 18.96 -35.2 1.38 -45,2 34.2 

e -58.2 ~.3 " -32.2 1.02 -42.0 ' 26.8 
-55.0 ' .4 -28.9 0.l6 -3T.T 17.0 
-51.9 2.3 -21.7 0.6 -34.3 11.0 
-48,2 1.16 -16.1 0.8 -31.2 7.2 
-44.1 0.7 -u~.8 0.96 -27.7 . 4.5 
-40 .. 2 0.64 -7·2 1.05 -24.5 3.0 
-36.3 0.8 -5.6 1.00 -20.2 . 1.97 
-33.1 1.12 -18.5 1.72 

,. 

1. -30.2 1.42 -15.3 1.33 
-26.4 1.67 -11., 1.36 
-22 .. 6 1.75 -4. 0,.53 .. 
-17.3 2.58 
-13.8 2.37 --- -10.' 4.67 
-10.0 4.06' ( 

-2.9 4.38 
~ 

1 
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PANT TWO. rtouR~ 9 203t 

Dieloctrio nata ---------- .--- 1 

Wator Contant B relaxation Y rllaxation 
, 

( yt 1 ) 100H. 1kH. lOkliJ ,OOH. lkHI 101511' 
1:2 t 1.2 36 64 g~ ~ ~l t.0 

2.2 t 0.'7 27 ~i Tl t. 20 ~O 

13.4 t. 0.3 16 -34 -23 -T 
~ 

27.3 t 0.7 -8 -p 

-62. -71 , -52 

·!!!~h!n!~!~ 2!~! 

Wator Content 
( vt 1 ) y rolaxation 'req,uoncy 

• ... 

\ 10 t 2 -54 1.8 .ftl 
, , 

( 
25 t 2 -85 2.6 RI '\ 

/ 

/\ 
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~04. e PART TWO, FIOU1U: 11 

10 lftl vat-or Po, ,,~! "l'.tt'tf 

Tamp .' 0' 0 ta.n'6 I8ç~' 0' tan6 , 
! Q l ~ alBlsm f

'} K~2° ' ~ ~llll 0 m 2l IHtQ 
-146 ~.83xlO1O 0.56 ooal.45 " 10 1.42 -~.57xlO 
-138 ~.81 0.71 -130 ~.49 ~.O 
-1~5 P..T3 1.05 -1~0 2.37 2.T~ 
-112 Q.60 2.15 -114 3.62 
-100 ~.50 3.00 -109 2.21 4.07 
-91 2.38 3.5~ -104 5.29 

,~ -83 2.24 4.30 -99 1.98 5.85 
-80 2.17 '4.60\ -94 1.84 6.82 
-75 2.09 4.80 -92 6.81 
-71 5.36 -90 1.71 6.95 
-70 1.97 5. :37 -8'8 7.25 
-66 1 "93 5.67 -86 1.66 7.29 
-63 1.90 5.96 -84 7.41 .' -60 1. TT 5.98 -82 - T. 25 
-57 1.T6 6.15 -80 1.46 7.05 
-54 1.69 6.08 . -78 6.96 

1 \\ -53. 1.65 6.06 -76 1.39 6.91 t. ~; 1 

0 -48 1.5T 6.05 -75 6:60 
-46 1. 57 5.87 -73 6.63 
-41 1·50 5.51 -69 1.29 6.33 
-38 1.45 '-.32 -68 6.19 
-36 1.42 5.02 -65 1.18 5,94 
-34 1.42 4,97 -63 5.95 
-32 1.37 4.55 -61 1.13 '.74 
-30 1.34 4.17 :~ 5.56 

;F -27 1.30 3.93 " , 5.21 
-24 1.29 3.75 -55 1.06 5.28 l "t i 
-21' 1.25 3.55 -52 -5.17 " 

-19 1.23 3.35 . -50' 9.89xl09 4.97 ' •• .I ... ,I~\}! 
-16 1.20 3.23 -46 9.54 ' 4.77 . 
-12 1.16 3.02 -43 \ 9-.39 4.52 
-10 1.14 3.03 -40 '1 __ 25 4.36 
-8 1.12 " 2.93 -36 8.88 - 4.22 
-6 1.10 2.89 -33 8.~, 3.76 \ -~ 1,..05 2.90 -29 8.10 3.36 

1.01 9 3.10 -2' 8.02 3.30 
3.51 1 -22 7.64 

, 

3.00 9.62xlO 
'" 7 8.91 4.32 1 -19 7.53 3.02 

10 8.33 4.88 
~~ 

-16 7.24 3.00 
12 8.10 5.39 -13 - 6.87 3.43 .. 
14 7.22 5.95 -la 6.73 3~ 73 
16 6.38 7.17 -6 '6.63 4.04 

e 18 ,.65 7.93 -3 6.22 4.69 
20 4.81 8.39 ' a 5.65 5.S0 

• 

',' 
i \' 0 
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e 205. 
PART TWO, JI~IOURE 11 ( Cont • ) 

2$ ~t" (Cont.) 

Tgmp, 0' t o.n6 
t Ql Uyn/çml xlOQ 

3 5.81xlO9 6.43 
6 5.0B 7.60 

10 4.49 9,80 
12 4.10 • 12.6 
14 3.16 ~7,6 16 :L 37 3.' 18 1.65 29,0 
20 1.02 6 33,7 
22 5.13x10 36.1 
24 4.P.7 37.1 
26 3.80 37.0 
30 36. } 

" 35 32, 
40 21. 3 
50 15.l 

0 58 10.8 

\ 

) 

( 
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PA~T TWO" FIOUIUi 12. 

.2 ys! 10 ,,~! (C2nt,) , 

'l'SJllp· 0' ~ .. nlS Tsmp. O' t'&n~ 
~ ~l !~ilL)l2m2l ùQ.Q. ~ Q l ~~;!nl~m2~ X.22 
-~O 1.87x101O 

!.7~ 70 3.3~xlO 21.2 
-80 1. 81 4.34 80 2.57 18.7 
-70 '1.63 ' 4.02 90 2.01 17·0 
-64 4.25 95 1.97 16.8 
-60 4.61 
-54 , 

,.86 
-52 6.83 24 "t! --50 5.23 
-48 , 1. 59 6.52 'l'smp • a' tan6 ... 46 6.48 Cd;!n/cm2 } . ù.2.2. -44 6.08 ( ç) 

.. 42 7.16 -80 
1.89X101O 6,36 

-40 1.38 7.43 -74 7.23 
-38 6d~9 -70 1.68 8.04 
-36 7,69 -64 1.51 10 .. 3 
-34 7.11 ·5a 1.35 12.3 . 
-30 7.29 ·54 

, 
15.2 1.21 1. 15 g' 

-28 7.41 -50 9,71x10 16.2 

0 -24 
9 8.26 -46 18.6 

-20 '9.26xlO 7.67 -40 6.60 ' 23.2 
-17 • 9.74 -38 25.0 
-15 9.72 -35 4,95 27.7 
-13 8.30 -33 30.0 
-10 7.55 9.80 -30 3·t 32,7 
-8 8.90 .-28 33.0 

"l-5 9.8() -26 32.0 
-3 10.1 -24 2.70 34.4 

0 6.38 10.7 -22 33.0 
3 11., -20 i.21 34.9. 
5 12.5 -18 1.84 35.4 

10 4.64 14.5 .,16 1.65 36.4 
14 16.6 -13 1.34 39.2 
16 17.9 -10 1.10 ~ 3T.l 20 2.92 21.0 -8 9.3Txl 38.T 
22 2r.6 -~ T,Tl ,·39.' 
26 ' 2~i 27 24.2 ~4> T .15 39'.1 
2'8 1.~0 8 25.~ 

, _,3'''' 6,33 Q 38.9 ; 
.34 8.73x10 24.9 O. ',52 . 36,6 
36 23-.6 4 3.89 3T.3 
38 '.97 25.7 10 2.79 31.3 
40 '.29 24,0 J 15 2.1) 30.7 

~ 1.. 45 4.04 21,7 20 1.53 26.9r '\ 

50 3.64 22',4 22 1.33., T 125 • .. 

e 60 3.55 20.9 33 a.l'xiO 1' .. 0 

" 
" 

. 

- - --------~_. 
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0 ao'r' • 
.PART TWO. FlOURE 1~ (CONT. ) 

1 . r4 "t! (Cont,) 41 "t! (Cont.) 

'r!è!' 0' tan 6 Tamp • ' 0' tan ~ 
!d~nlom2l ~~go a..t !4lDlgm2 l ~ 

36 7,5Q~O" 15.2 -11 
' 8 

24 • ., 1.55xl0 
lto 1. ~4 ' 13.8 0 1.OT' 14.0 
'46 6.52 l~.6 10 8.S6xl0" 9.,4 
50 6.32 12.0 16 T.a 8.43 
56 6.07 11,1 24 6.84 .,.58 

,60 6 • .()Q 11.1 

41 wt! 

''l'gmp. 0' tan 6 

"" 1:tl ~d~Dlam2l x~OO 

-1110 ~. 35X1O'10 9.14 
-10O~23 12.0 
-94 03 ,16.5 
-90 8.89xl09 21.1 

0 -84 8.02 30.5 
-80 6.62 39.5 
-T6 4.59 40.5 
-T2 2.59 4.,.2 
-TO 2.10 52.1 
-68 2.02 48.4 
-66 1.38 56.7 ' , 

-64 1.06 65.7 
-62 1.02 8 66.0 
-60 7.73x10 66.9 
-58 ' 5.96 65.3 
-56 5.02 63.2 
-54 3.62 5.86 " ·52 2 .. 87 6.00 

,1.50 2.61 5.73 
-48 1.90 5.51 .1/ 
-46 1.48 5.26 , 
-44 1.33 5 .. ·.24 " 

-42 1 .. 1' 7 5.21 
-40 9.,39xl0 4 .. 83 
-36 ',.,0., 4 .. 81 
-34 5.84 4,"7,0 
-30 4. .. 51 4 .. 35 
~26 3.29 - 3 .. 86 

~. -20 a.13 , 3~6-e \ " F 

.... ' 
k~ . ",,;.~ . .. ' , , 

~...... 1 
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PART TWO. FIGVR~ 13 

~4 w~! 

'l'!lIlp. G' tan ~ 
( c) . ,dXIlLsm2

} ~ 

-45 . 7.9TxlO9 
-35 6.90 1/).49 
-25 5.62 " 10.2 
-15 4.49 11.2 
-9 12.8 
-5 3.22 13.8 

1 16.4 
~ 
~ 

5 2.22 lT.l 
7 18.1 

i~ 20.6 
1.3'5 22.7 

17 1.15 24.7 
19 1.06 8 25.1 
21 8.23xlO 27.' 
23 T.07 2T.7 
25 6.37 - 28.8 

0 
·21 , . 5.04 29.5 

33. 2.0S 28.4 
35 1.~6 27.4 
37 1. 3 i6.6 
38 1.46 26.0 
41 1.32 23.6 
45 1.1.3 7 21.9 "" 
55 9.'07xlO 1,9.1 
65 7.68 18.0 
75 7.57 1~.7 
85 J 7 .. 46 l .1 

~ 

(j 

.. 
'l'p-P. 
1:.2.1 
-110 

\ 

\ 

-98 
-91 
-80 
-73 
-TO 
-67 
-58 
-55 
-50 
-46 
-40 
-30 
-25 
-20 
-15 
-10 

-4 
0 
4 

10 
20 
24 
30 
35 
40 
45 
'0, 
55 
60 

" 70 

1 

208. 

23 wt! 

G' , ta" a 
, AIDLsm2

}. I~gg 

. 1. 25xl010 . . '.60 
1.25 5 .. 96 
1.25 '.09 
1.2,6 9 6.08 
9.01xlO 1.'9 
9.0T 7.4T 
8.6~ 8 .. 84 
T'. 33 9 .. 50 
t .. Ol 9 .. 2' 

.51 9.75 
'.93 " 10.5 
,~. 33 13.5 

' 3.67 13.' 
2 .. 89 15 .. ~ 
2.7 15.6 
2 .. 2 19.7 
1.70 26.5 
,\.23 8 31.3 

..;, 

9."67xlO 33.8 
6.27 35.7 
4.24 35.3 
1.95 29 .. 2 
1.57 25.7 
1.17 7 18.8 
g.70x10 16.2 
9.09 15.4 
8.26 14-;8 
8.9" 15.6 
8.2T 16.0 
8.26 15 .. 2 . 
T.' 14.8 
T.4 1' .. 3 . 

.. 

\ 
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PART TWO, 'IGURE 13 (CONT.) 

4§ vt! 
"\ '- ,1 

T811\p· G' tanlS '1 

~ dlnlcm~ l 
, 

.L:tl !lgg 

-118 1.45xl01O T.4' 
-110 1.29 10.5 
-100 1 .. 04 9 14.6 
-94 8.0xlO 20 .. 'T .. 
-90 6.05 26.3' 
-84 . 4 .. T5 32.8 ' -
-82 4.07 33.0 '~ 
-~O 4.13 40.1, .1 

-Te 3.43 4~.4 
-75 2.61 45 .. 6 
-72 2 .. 09 52.0 
-70 1.66 47.8 
-68 1.51 54.3 
-66 1.12 8 

, 59.1 
-64 9. T4xlO < 54.8 
-62 8.05 60.2 

ft 
-60 6 .. 57 . 51.4 
-59 6.49 62.2 

'- -58 5.55 61.5 
-56 3.69 58.2 ," 
-54 3.46 58.1 
-53 3.02 56-.8 
-52 2~56 54.6 
-50 2.09 58.3 '\ -49 1.6 54.3 p 

-48 1.73 55.4 • , 
-46 1.~' 53.7 
-44 1.18 7 50.8 
-40 8.35x10 4T.1 
-35 5.14 41.9 1 
-30 3.46- 35.1 
-24 2.46 27.4 
-20 2.02 22.5 \ , 
-9 1.5-4 . 11.8 

0 1.27 7.98 
\ 10 1.12 6 6.21 \ 

19 8.9z10 \ \ , 
2~ T.55 5.43 

\ 

'e 

" 01 
1 

\ , 



'\ 



~--;-- -------- --~----~--------_.--

1 "' l ' -,! ' 'tJ • \ 1 1 \ ". _ ... ------------""'-..;..-._-.:... __ -'"' ....... _ ..... '~--------_ .. - ' .. , .... '-,' 

~AR'r FroulfE 
211. 

0 TWO. 1~ ( CONT • ) 

42 wt~ 

Il'smp. a t tan 6 
:2 xlOO .L.tl {diinl cm l 

-155 7.22xl09 1.14 
-130 6.56 3.45 
-110 5.74 7.+3 

, -100 5.15 10.18 
-95 4.42 11.75 
-92 4.20 13.6 
-88 3.63 15.7 

( -80 3.12 21.7 
-70 2.1~ 30.2 
-63 1.44 38.1 
-60 1.12 '8 41.0 
-55 7.~4xlO 46.5 
-52 5.2"'7 48.9 
-50 4.53 49.8-
-48 3.99 55.3 
-46 3.3 55.2 
-44 3.01 55.' .' 

-40 1.72 60.7 

& 
-39 1.64 58.0 
-36 1.19 T 60.8 
-34 9.4xlO -62.0 
-32 9.38 61 .. 4 
-30 5.97 60.3 
-27 4.28 58., 
-25 3.2 56.9 
-2:t 2.77 53,2 
-20 1.83 50.6 
-17 1.38 44.0 
-13 1.05 6 38.2 
-10 7.7xlO 36 .. 8 
-7 7.55 28 .. 8 
-4 6.73 25 .. 3 / 0 5.42 - 21 .. 9 -

5 5.38 15.~ 
8 5....05 \ , 13.7 

16 4 .. 5 10.9 
20 4 .. 0 10 .. 6 
24 3 .. 27 11 .. 0 

~ 

, .. 
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PART TWO. FlOURE 16 

For 25 vt~ Wt\ter. see Figure li 

23 vt~ FA , see Figure 12 

23 vt~ EO see Figure 13 

24 vt~ OL , Bec Figure 14 

" 
PART TWO. FlOURE 17 

For 41 vt~ FA , see Figure 12 

46 vt' EO • sec Figure 13 

42 vt' OL • aee Figure 14 

o 

o 

/ 
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PART T\W t FIGURE 18 

12 vtJ 22 vtJ 

TaMP . a' tan 6 Tsmp. G' tan ô 2. ~dlnlcm2l .L.tl !d:r:nlcm ) ~lQO ~ C} xl00 

-91.5 1. 7luc1010 2.95 -140 1.69x101O 0.89 
-71. 0 1. 63 3.27 -120 1.62 1. 52 
-58.0 1. 56 3.70 -100 1. 53 2.66 
-50.0 1. 44 4.02 -79 1. 40 3. 1q 

<' -41.0 1.3 4.42 "-70 1.23 3.95 
-35.0 1. 22 4.46 -68 4.23 
-30.0 1.16 4.79 -64 4.42 
-20.0 1.03 9 5.01 -60 1.12 4.94 
-10.0 8.78xl0 5.54 -58 4.84 
-6.0 5.75 -54 

9.79xl09 4.97 
0.0 5.74 -51 4.53 
2.5 5.83 -~O 5.02 
5.0 6.17 5.96 -41 5.04 
8.5 5.66 -46 4.78 

12.0 6.27 5.74 -44 , 4.71 
16.0 5.85 -42 5.21 
20.0 5.69 6.17 -40 8.79 5.31 

• 26.0 6.55 -36 6.38 
0 30.0- 5.54 6.63 -34 6.33 

34.0 6.67 -32 6.41 
36.0 7.~7 -30 6.61 / 6.38 
40.0 4.69 8.04 -28 .. 6.56 

t 45.0 8.56 -26 7.10 
49.0 9.01 -24 7.34 
51.0 9.09 -20 5.35 7.56 
53.0 8.28 -16 8.01 
55.0 9.02 -10 3.91 ~.83 
57.0 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 . 16 13.3 
72.0' """13.3 1Q 1. 61~ 

, 
1~.9 

." 74.0 14,5 15 1.33 8 18.'3 
11.0 3.55 13.0 20 '9. 5~xl0 22.16 
80.0 ~ 13.3 25 7.21 21.1 
83.0 13.3 21 6.", 2'8.1 
85.0 12.5 29 6.12 30.0 
81.0 12.4 31 6.03 31.1 . 

12.6 33 5.60 31.4 90.0 
93.0 12.~ 37 4.83 32.2 

• ç 40 4.-19 33.3 

0
4 42 3.93 32.4 ,- .. 

.,. 

.. , 
-~ 

1 

~, 

\ 
1 
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0 PART 

22 wt! Kont.) 31 wt% 

TSlIlp. . GI 2 ta.n ~ Tglllp. O' tan ~ 
.2 i:..Çl ~d~nlclll ~ xl00 ~ C ~ ~ d~n l cm l x100 

44 8 33.6 -80 6.07x10 9 6.81 3.67x10 
46 3.31 '\ 33.4 -70 5.47 8.85 
48 3.33 31. 6 -60 5.03 10.6 
50 3.05 31. 4 -54 11. 3 
56 2·90 28.4 -52 l~L 3 
60 2.85 26.8 -50 4.40 12.6 
66 2.58 24.6 -47 14.4 
70 2.50 23.3 -43 16.9 

-40 3,56 19.2 
-34 3.60 27·9 
-30 3.02 34.1 
-28 2.88 38.4 
-26 2.70 39.7 
-24 2.61 '- 46.7 
-22 2.31 47.8 
-20 2.23 55.5 
.. 16 2.22 60.9 
-12 1. 35 63.3 
-10 1.10 60.3 
-8 1.15 57.6 
-6 1.13 56.2 
-5 LOg 50.8 
-2 1.11 4g.7 

0 1.42 8 49.1 
1 9.14x109 52.6 
2 1.03xl08 3 7.33x10 
4 6.71 
5 7.44 
6 6.65 
7 6.13 

10 4.72 47.2 
15 2.55 
19 1.48 7 
20 9. 99xl~O 
21 6.62 
23 2.99 
25 1.93 

\ 
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216. 
PART TWO, FIGURE 19 

23 wtl FA 24 wtl EO 

Tsmp. 0\ tan 6 Tsmp. 0' tan 6 
! dlnl C!m

2 l 2 _ L.tl x100 { cl (dlnlcm l x100 

24 ' 7. 76xl09 12.5 8 1.23x1010 6.16 
30 5.94 13.7 12 6.42 
40 4.40 17.1 20 1.07 4.98 
43 4.05 18.9 26 

9.42x109 5.99 
45 3.75 19.8 30 5.53 
48 3.22 22.4 32 T.17 
50 2.98 23.9 36 8.44 
53 2.58 25.5 38 ,9 .. 21 
54 2.41 Q 27.3 40 7.78 9.39 
55 2.38 28.6 42 10.T 
58 1.91 30.2 44 11.6 
61 1.75 32.3 46 12.2' 
63 1.62 32.9 48 12 .. 9 
65 .1.50 34.7 50 6.03 • 13.3 
67 1.47 35.0 52 15 .. 1 
70 1.27 36.8 54 5.35 15.9 
73 1.24 39.1 58 4.85 18.3 
75 1.07 41.0 60 4.48 19 .. 3 
76 1.11 42.4 64 4 .. 01 20.2 

0 77 1.00 8 44.3 66 3.16 20 .. 7 
79 9.21xlO 45.6 70 2.97 25.7 
81 8.10 48.8 75 . 2.89 28.1 
84 7.60 52.8 80 2.43 33.0 
85 7.11 49.1 90 1.46 38.5 
86 7.10 53.5 95 1.15 8 43.3 
89 5.65 51.3 1,00 8.4xl0 46.9 
90 5.53 49.0 105 5.45 53.3 
93 4.54 4T.3 108 ~.53 5T.2 
95 4.04 46.8 11.2 (3.44 55.6 
98 3.44 46.5 11.4 2.T5 54.6 

100 3.1T 46.0 11.T 2.38 5~.8 
102 2.69 45.3 120 2.01 5 .3 
105 2.23 43.0 122 1..66 5.3.3 
108 2.01 44.4 125 1.32 53.8 
110 1.90 44.0 128 1.09 7 53.3 
112 1.T4 42.2 130 8.~3xl0 51.9 

132, ,.65 50.8 
134 T.5 

• For 25 wt' Water, 138 5.31 j 

aee Fisure 18 140 4.83 
~ 14'2 4~41 

145 3.58 
\ 148 2. T\. ., 150 2·52 e 

') 

'" 
c -
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PART TWO, FlOURE 20 

25 wt! Wat e r 

Tamp . G' tan ô 
2 

~ cl td;Inlom l !ill. 
-70 1.75x1010 5.79 
-65 6.05 
-61 1.61 7.39 
-55 1.43 7.37 
-50 1.26 7.21 
-47 8.56 
-44 9.36 
-42 10.1-7 
-40 1.09 11.77 
-35 1.14 9 11.68 

12.63 -30 9.02xl0 
-27 

1> 14.64 
-24 16.74 
-22 11.41 
-20 6.54 19.17 
-18 20.04 
-16 20".25 
-12 21.4 
-10 4.70 24.1 
-5 3.46 27.9 

0 2.32 32.7 
55 1.95 34.9 

10 1.42 42.0 
12 1.04 8 47.0 
15 8.01xl0 .54.1 
11 5.68 59.4 
19 4.24 62.9 
22 1.11 61 .. 1 

/' 

• 

., 

TSlnp. 
i:tl 
-'0 
-40 . 
-30 
-20 , 
-10 -

0 
,10 
18 
24 
28 
32 
36 
38 
40 
42 
44 
48. 

~ r,<.IO 

, , 

217. 

. 21 wt! rA. 
(P tan 6 

~ d;[n lc~m2} x~OO 

2.21xl010 7.11 
1.97 
1.59 
1.37' 
1 .. 06 9 
'8 .. 65xl0 
6.63 
3.72 
1.85 
1.28 .8 
7.66xl0 
4.25 
3.08 
2 .. 94 
2 .. 02 
1.21 7 
'5 .. 55xl0 

: 

J -

1 

" 

'j 
. (. , 
~ 't 1 

8.04 
9.55 

12.41, 
15.19 
22 .• 56 
28.8 
40.09 
52.4 
56.45 
59.4 
65.4 
66.7 
70.6 
62.6 

,64.2 

.'­, 

" < 

, . . 
1 • 

60.2 

............ 

~~ 

-' "-
< 

l---. 

'" 
( . ) " , 

. \ . . 
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PART TWO. FlOURE 20 (CONT. ) 

22 wt' 10 

Tsmp~ G' tan "~ 2 " .L.tl t~lnlcm l !!JlQ. 

-35 7.25 
-25 7.15 
-15 

2.2xl010 9.49 
-10 10.3 

-5 11.86 
0 1.62 12.78 
5 17.67 

10 1.11 9 20.28 
-. 15 7 • .s8xl0 25.49 

20 5.01 32.47 
24 3.10 32.62 
27 2.46 37.86 
30 2.07 41.84 
32 1.72 45.37 
35 1.24 48.56 
38 1.01 8 48.94 
40 8.60xl0 47.83 
41 8.0 48.83 
43 6.24 47.4 
45 ' 6.42 50.19. 
49 14.66 50.{)2 
51 4.25 54.59 
53 3.69\\ 56.39 
55 2.'f5 --S'8.15 
60 l.98 58.2 
64 1.51 62:-92 
67 1.38 62.17 
'f0 1.05 7 62.56 
72 8. \'Oxl0, 62.29 
75 7~66 ~ 61.95 
T7 6.70 60.93 
80 4.27 ~5'f. 02 
84 3.60 53.13 

- 1 

\ 
-.., 

:"" .. 

218. 

24 wt' PL f 

T811lp • G' , tan \5 
~tdlnlcm2l .L:::.Ql xlOO 

-60 1.62xlQ10 6.05 
-50 1.50 6.16 
-45 5.87 
-40 1.33 5.59 
-38 5.78 
-35 6.59 
-33 5.89 
-30 1.17 6.17 
-28 5.91 
-26 6.22 
-24 6.19 
-22 6.72 
-20 1.05. 6.67 
-18 7.1 
-16 6.96 
-14 7.22 
-12 

8.69xl09 
t, 

7.12 
-10 8.97 
~8 6.23 
-6 6.42 
-4. 6.57 

'. -2 
1.03xl010 

0 

6.64 
,0 6.74 
2 7.04 4 . 7.29 
6 7.15 

10 7.95 
20 10.06 
30 . - 14.54 
35 - ~7.63 
40 22.51 
42 26.99 
'f0 39.3 
73 36.3 
76 26.6 ~ 

- 78 ,,- 2 20.2 
80 ~. 53( 16.5 
84 3.68 13.5 
88 3.55 11.9 
90 3.43 _ 10.3 
93 ' 3.33 10 .. 3 

0 
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PART TWO, FlOURE 21 

4 3 wt ~ For 24 wt~, Boe Figure 20 

Tgmp. o 1 tan ô 2 -"1' 

( C) (dyn/cm ) ill..Q. 

-85 
8.32xl09 7.18 

-80 8.09 
... 75 9.90 
-70 . 6.38 11. 9 
-68 12.6 
--66 13.5 
-64 13.7 
-60 5.09 14.8 
-58 15.7 
~'55 15.5 
-53 16.0 • 4 -50 3.75 15.9· 
-48 16.2 
-45 15.6 
-42 15.8 
-40 2.40 16.8 
-38 16.3 
-35 17.4 
-32 18.8 
-30 1.56 20.7 
-26 1.15 8 24.9 
-21 7.26xl0 34.2 
-15 4.54 48.9 

.. -10 2.52 
-8 1.82 
-5 1.02 7 
-3 4.91xl0 

0 4.8 
2- 3.2 59.7 
4 2.01. 51.7 
5 1.75 6 47.1 
8 7.46x1.0 34.6 

10 7.76 28.5 
12 5.82 23.0 0 14 4.69 16.9 
16 3.38 14.6 
1.8 3.12 8.86 

,."~ 20 2.34 6.22 
l 22 2.38 4.87 

25 1.92 2.89 
t:9 

e 
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PART TWQ. FIGURE 22 

DMDAAC - 2~ wt! Water DMDAAC - 25 wt' Water 
i 

0 , ! 
_'rgmp. a' 2 . tan cS 'ramp • G' tan \5 .. .t:tl ~dlnlcm } x100 ~ ldlnlcm2} xl00 
-150 1.55 4.73 
-145 1.72 -46 4.58 
-140 1."98 -44. 4 .. 50 
-135 2.24 -42 

6 .. 91xl09 4 .. 61 
-133 

1.77x101O 2.25 -40 5 .. 29 
-130 2.41 -38 5 .. 1~ 
-128 2.4.8 -36 6 .. 19 
-126 2.48 - ' -34 5.78 
-123 2.93 -32 6.04 
-120, 3.03' -30 6 .. 81 

~ -118 2.77 
-

28
1 

5 .. 62 6.57 
-115 1.77 3.11 -26 6 .. 56 
-112 3.22 -24 - 7 .. 1 
-108 3.59 -22 7 .. 81 
-106 3.91 -20 4.82 9 .. 22 

, -103 4 .. 02 -18 10.5 
-100 1.55 4.7 -16 11.85 
-9~ 4.75 -14 ... 13.72 
-9 5.03 -1'2 15.44 
-95 4.49 -10 3.28 16.86 
-9.2 4.94 -6 2.58 ~1 .. 8 
-90 1.46 4.8l -2 1.75 25.5 
-88 5.4a· _ 0 1.51 28.1 
-86 5.71 2 1.15 8 30.7 
-84 6.04 4 9.19x10 32.7 

, -82 7.0'0 6 8 .. 02 34.6 
-80 ,1.29 6.21 8 5.25 34.7 
-78 6. 55~ 10 3.9 34 .. 0 
-76 1~24 6.95 14 2.11 28.3 
-74 7.7 18 1..25 7 20.6 
-72 7.0 24 5.67Jtl,0 11 .. 4 
-7,0. 1.18 7.2~ 
--68 . , 6.54 
-66 1.02 6.87 - For AMB~AC - 25Wt' Water, 
-6-" 6.~7 aee Figure 20 
-6? 

9.76xl09 5.73 
-60 6,.12 For AMPS - 22 yt~ Water, 
-58 5.6 aee Fiaure 18 
-56 5.39 
-54 4.81 
-52 4 .. 77 ~ 
-5,0 7 .. 98 4 .. 95 

e r ' , 

. ~, 
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PART TWO, FlOURE 23 ~ 

For DMDAAC - 24 wt' FA. a-ee Figure 12 
. 

AMBTAC 21 wt' FA, see Figure 20 .. 
AMPS - 2,3- lit' FA, aee Figure 19 

PART TWO, FIGURE 24 

For DMDAAC - 23 vt' 10, aee Figure ,l3 

AMBTAC 22 vt' 10, see Figur-e 20 

ANPS - 24 vt' la; aee FIgure 19 

PART TVO, FlOURE 25 

For DMDAAC - 42 vt' OL, aee Figure l4 

AMBTAC - 43 vt' 01., see Fleure 2l 
-

kMPS - 40 vt' OL,' aee BEXT PAOE 
fa p 

PBaA - 55 vt' OL, '1Iee N. lClus'_ Th'.!_ 

". 

( 

• \, 

, 1 

f 
1 

\ 
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PART TWO, FIGURE 25 (CONT. ) 

AMPS - ~O wtl GL 

TamPi G' 
J.:tl ~dlnt~m2l 
'-46 1. 66~1010 
-40 1.51' 
-30 1.21' 
-20 1.06 9 
-12 8. 61'x10 

0 6.4 1 

10 4.76 
23 2.34 ' 
30 1.SB 8 
36 9.79xlO 
40 .,6.72 
43 . 5.1'7 
4~ 4.~1 
50 2.~9 
52 1. rr 
56 1. If 
60 ' 1.09 7 1 

1 

6~ 9 .. 38xl0 
70 r 6.38 
80 5b23 
86 4.68 
90 4.28 

1 
1 

tan ~ 
!!.Q.Q. 

S.7 
6.7 
9.0 

10.8 
12.86 
12.6 
11.6 
24.2 
32.7 
44.0 
56.6 
68.4 
60.5 
65.0 

.. 
'61.8 

53.1 
~9.6 

-'41.6 
42.0 (1 

~ 

\ 
\ 

:-, / 

<J 
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OON'rRlBUTlONS m ORIGINAL INOWLEOOE 

1 

. 1 \ 
Tha iapo~tu.t ftftcliup ~f tba pna!1\t luveat1aatlon an aU_l'l.acl 

at tb. conclualon of aacb pal't of tbia th.aia. anel al'. bl'iafly liateel 

1 
~hia la tha fil'at.extenliva iuveat"atlon of ~h. ~l8bo.laatlc 

1 1 

p~op.l'tl.a u.cl aupuw:aleculal' atnctun of "Mafiaan .. It ia foUDcl that; 
, ' 

(a) t'he at.~1al ba.v.a ottly in .... l'.apacta lik. oth.1' '101\0_1' •• 

• uch' aa tbe .tb)'len. 01' ttyr.ft. analoa_a. t'ba iOlla 111 ''Na fion" ue 
J • 

elUlt~~ .el tha" cluat.l'iq ia aff.ct.cl by elqradatiœ .. 

(b) ft. Ila.a tranaltiou 'of -th. i01lic "liona u7 b. lOftI' th. that 

o~ the utdz at l~t b th. pnaence of ~t.l'.. 'thl •• ,,.an tG be ' 

" "-uniqu. to "Nafi01\'" a!nc. it b.a. not ~eu ellcountel'ecl in othU" iono_n .. , 
(c) The cliff.1on coeff1etat fo~ _t.'I', ancl the th.nal. ezp&Il.ion 

, , ~ 

coeff1cieut. ah WlCh htabft t'han tho.e f~1' auy othal' p~I'.. t'hi. 
,; 

\ 
87 b. clue tG an QIluauù fadWla .ff.ct .. 

#. 

(el) t'he Il ... uaultton a.p_aeun of the ~ecuol7te •• tudi_ 
1 

elepeacli '01l tlle ~ Ôf '1.01\, but ~t OB tH iOlltc a"ril"OQM1lt.. It i. 

'- ~Ùl fO\D'l .. th&t~ U in MQ7 otlal' i01l-cGllt&t1d:q' ~t.,.K.. t'he coula.b 
, • t 

fo~~ luply d.te~e tll. Il ... uauit1011 tap_atun. 

(e) Pluticiaatioll anat17 l11P'I'ov.. tha _cb&u1cal. ,npU"tiu of the.e 
. ,-.; 

polyelecttolyt_ in th. \.o11el .tate by akt ... thea .ach toupel'.. Wat.1' 

bas' & pla_tlet_tioll .ffect ou' then po1.yel.ect'l'017te. whtch diUen 
."? 

gre.t~y fl'Ga·otMI' pi_t1c1.e~.. Alao. the,los. of vatal' fI'01l th. poJ.y.r 
. \ 

i_ ... ler thu. tbat of o~hft ,la.t~cl~en. 
-. 
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~STI0NS FOR l'UR.T~ WOU 

The und.r.tand1na of th. 10n cluat~r1na 1n lon-conta1nlus poty.ar. 
- '~. 

1. th ... 1n aoa1 of the r .... rch d.llll\1 v1th th1. n~v cla •• of 

.. terial •• Any in~.til&tion vhlch can ~ntr1but •. to an unaab1&uou. .. \ 

unàr.tandina of th. foftation, .tructur. and .tabi1ity of iem cluat.r. 

i. th.refor. of Iftat l~ortanc •• 
p 

"Nafion" i. a novel .. t.rial vh1ch 1. beins u.ed incr".1D&lJ ln 
) ~ 

.any ~h..tcal proc..... r.l~tina to th. reduction of bath pollution 
" 

and en.~ co. ta. lecauae qf tbe incr ... tna iIIportance of th .. e two a.p.ct., 

l.e. pollutlon and'.eray coat, it 1. expected that the.,1\UIIb.r of u.e. 

of '~afion" will i~creu. ~apic11.y ln the n.t fev yar., and tbat lt. 
-

~pertie. vill neù to be eZhau.tlvely doc~ted. ~u particula~, n,v 

uae • .a.t b. mticlfat.d. .0 that properti.. whlch an of .ecouda1:1 
, -

'-
iIIportQce tlOW, but vhlcb _y b, of ~1IPOrtQc., iD. future ua ••• vm al.o 

be lmown. 

'rh. ccm.idanticm. above lacJtcate tut .... ry lar .. a1IDunt of 
vork has' y.t to be done on the.e _terials anel a cc.plete propo 

b.youel the KOp. of this th •• ls. Thua Ol'lJ the mst ÙIpO~taut as 

\rUl be c:on.ideHel. 
\ 

,<a> It 1. clear tbat' .tns. nl.aat10u: .tUc11e" on "Mafiou"-ll vith 

vater ~ntbt le.. tban O. S ~o/so..3R an requim. so that th. crltical, \ 

vât..er content at vhich t1 __ t.-p.nture aup.rpoaiticm bq1n. to fail 

(h) 
- . \ 

Al.o, further eletailecl worlt. i. r.qulrù for an UDa1Ib1&uoua 

\J 
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o identification of ~he glass transition phenomena. The a relaxation of 

"Nafion"-H observed ln the present study has been ascrlbed ta the glass 

transition of the matrlx. and ls observed to shlft to much higher 

temperatures upon complete neutralization. There Is undoubtedly a need 

ta investigate this relaxation as a function of ion concentration. 

(c) Stress relaxation studies on samples containlng various ion 

concentration are also deslrable, slnce the critlcal 10n concentration .. 
for ion clusterlng cao be determined from these studies. The dependence 

of stress relaxatio~ on i~concentration also requires further study. 

Sioce it i9 difficult to prepare partially neutrallsed samples of 
1 

"Nafion" which are ~omogenousl the Ion concentratlQn Is best varied by 

changing the equivalent velght. The 1IlOlecular veigbt dellendence of stress 

relaxation therefore needs to be established. Establishing the dependence 

o of the flov propertles on molecular weight is partlcularly important, 

since thls shou1d increase the understandlng of the dlsappearance-of the 

o second mechanism at temp~atures above 180 C, i.e. ln the flow region. 

(d) The x-ray diffraction method ls a powerful tool for investigating 

ion aggregation. The equivalent weight dependence of ion clustering 

could be examined by ~h1s technique, but the cryscallin1ty of the PTTE 

portion may interfere for extremely high equivalent weight samples. 

(e) It is found that 10n clusterb in ''Na fion" 1s 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 vas on1y performed below room 

temperature. it 15 reasonable to study the behavior tram room temperature 

up ta the glass transition temperatures. 
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(f) . It i8 seen from Fig. 10 of Part One that "Nafion"-H show 

berlike behavi~f on desradation. Stress relaxation studies on 

samples with varying. degreès of degradation could furnish considerable 

thermal stability of the matrix and the ion clusters. 

(g) Again, some dielectric relaxation studies of the degraded aamples 

should be done to help in understanding the unusual dielectrie reaults 

obtatned for the un-degraded samples. 

(h) The "Nafion" precuaor (a non-ionic material) 1s an 1aportant 

materiai for further study. The distinct effect of ioné ~y be revealed 

by cOlllParing the properties of "Na fion" (which eontains ions) to that of 

Its precusor. CertainIy. dynamie ~echanical. atress relaxation. dielectric.' 

and x-ray studies would be of value. 
1 

(1) In the prevlous study of plastieized poly(aodiua aerylate) it 

vas shown that the ions in this mater!al are clustered. An x-ray study 

of the supermolecular structures of the three polyelectrolytes, 

DKDAAC • .A.MPS and ·AMBTAC 19 essentiai for the understanding of the ion 

cluste,ring in these ionic polymers. 
"'-, 

(j) Some" prel1.mlnary'\ stress relaxation studies of plastlciaed DMDAAC 
'\ 

have been tried and these show no e~idence of any second mechanism in 

this materiai. Ne~ertheless. stress Fèlaxation studies of plastieized 

AMPS and 'AHBTAC rematn interestLng beeause these two polyeleetrolytes 

differ greatly in structure fram DMnAAC. 

(k) The dielectric relaxation ~ethod is a superior technique for 

studying brittle samplés. It Is easy to obtain the activation energy 

for molecular motion. It would be Intéresting to study the dlelectric 

behaviour of these polyelectrolytes diluted by plasticiaers other than 



o 
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vater. sinee this study has found that vater interacts vith the polymers 

in a different man~er than that of other p1astiei&ers in d~amical 

~chanieal studies. 

(1) The torsiona1 braid metbod has beau introduced as a dynamic 

mechanical technique for samples vhich are diffieult to prepare. By 

employing this technique. un-plasticized DMDAAC eould be studied; 

hovever. the difficulty of testing un-plasticized AMfS and AMBTAC still 

remains because of the brittleness of these materials. 

.,. 

, . 


