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Abstract 

The effects of plasticisation on the phase behaviour in random and ABA triblock 

styrene-N-alkyl-4-vinylpyridinium iodide ionomers were studied using small angle X-ray 

scattering and dynamic mechanical techniques. It was found that the internal plasticisation 

of a random ionomer by quaternisation with n-iodoalkanes does not result in phase 

separation. The glass transitIon temperatures of su ch materials can be predJcted on the 

basis of the vinylpyridlfle content and the iodoalkane chain length. PlastIcisation of the 

random ionorners \Vith nonpolar additives, either internally, via alkylation of the phenyl 

ring with l-decene, or extemally, by the addition of diethylbenzene. results in the phase 

separation of the material into a multiplet-containing phase and clusters. In the internally 

plasticised ionomers, the multiplet phase predominated at low levels of alkylatIOn, and the 

cluster phase predominated when more than 20 mole % of the styrene had been alkylated. 

The cluster phase was always dominant in the externally plasticised ionorners. ABA 

triblocks of styrene (B) and vmylpyridme (A) are phase separated even 10 the nonionic 

state. QuatermsatlOn of the end blocks yielded lOnomers whose domains exhibited 

different morphologies dependmg on the mldblock, end block and quaternising chain 

lengths, even though they had the same sample history. It was found lhat the styrene 

rnatrix Tg in the quaternised rnaterials was depressed relatlve to a comparable styrene 

homopolymer, this reduction was attributed to inefficient packing of the styrene chains 

around the vinylpyndinium domains. Plasticisation of the ABA lOnomers with 

diethylbenzene reduced the glass transition temperature of the styrene matrix, but did not 

affect the iomc phase. Plasticisation of the ionic regions with glycerol resulted in the 

depression of the vinylpyridinium Tg, but did not appear to affect Ùle nonpolar matrix. 



Résumé 

Les effets de la plasllflcallOn sur le comportement de phase d'lOnomères statistIques et 

triséquencés (ABA) du styrène et d'Iodure de N-alkyl-vmyl-4-pyndmlUm ont été ~tudjés à l'rude de la 

dlffracuon de rayons-X aux peULS angles et des propnétés méchanJques dynaIlllques Il a été démontré 

que la plasl1flcatlon Interne d'un IOnomèrc stallStIquc par qua,~~~:~quon avec des Iodures de n-alcane 

n'entrame aucune séparauon de phase La température d,~ traJlSIuon vitreuse I.!'_ ces ionomères peut être 

prédite d'après le contenu en vmylpyrldme ct la longueur de la chaîne de l'Iodure d'alcane_ D'autre part, 

la plasuficatlOn d 'lOnom~res SLausuques avec des addlufs non-polaires a été réalisée de façon Interne, par 

l'alkylauon du groupement phényle avec du I-décènc, et externe, par l'addlllOn de dléthylbenzene Ce 

type de plastlflcauon conduit à une séparatIOn en deux types de phases; l'une contenant une faible 

concentrauon ct 'IOns, la phase des muluplets, et l'autre une forte concentraUon d'IOns, la phase des amas 

(dusters) Pour les lonomères à plasuflcatlOn Interne, la phase des multiplets prédommalt lorsque la 

proporuon de groupements phényles alkylés est faIble, alors que la phase des amas prédominaIt à des 

nIveaux d'alkylauon supéneures à 20 o/c. La phase de~ amas éLalltouJours dommante pour les IOnomères à 

plasufic3uon externe Les copolymères Lnséquencés de type ARA composés du polystyrène (B) et de la 

poly(vmyl-4-pyndlnel (A) présentent des phases séparées même à l'état non-Ionique. La quatemlsauon 

des séquences terminales produit des lonomères dont les domaines pré~enten\ des morphologies 

dlffércntn, blcn que tou, les &.:hanuUons ruent été préparés selon les même condJuons Ces morphologIes 

dépendent de la longueur des séquences centrale et termma1es amsl que de la longueur de la chaîne uultsée 

pour la quatemlS3uon 11 fut observé que la température de tramluon vitreuse de la maLnce styrèmque de 

l'IOnomère qualermsé éLaH mférleure en comparaIson avec du polystyrène pure, cet abaIssement fut 

8lLnbué à l'empilement Inefficace des chaînes de polystyrène autour des domames polyvmylpyrHimlUms 

La plasuficatJOn de:- IOnomères de type ABA avec du dIéthylbenzene dImlOua la température de tranSltlon 

vitreuse de la matnce styrèlllque sans affecter celUI de la phase IOmque La plastificauon des domames 

iomq ue savel du gl ycéroJ abruss(' "érature de lIansluon vitreuse de la polyvinylpyndJmum sans 

affecter la malnce non-polarre 



1 

f 

Foreword 

In accordance with guideline 7 of the "Guidelines Concerning Thesis 

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

following text is cited: 

"The candidate has the option, subject to the approval of the Department, of 
including as part of the thesis the text, or duphcated published text, of an 
original paper, or papers. In this case the the sis must still conform to all 
other requirements explained in Guidelines Conceming Thesis Preparation. 
Additional material (procedural and design data as weIl as descriptions of 
equipment) must be provided in sufficient detail (e.g. in appendices) to 
allow a clear and precise judgemem ta be made of thr. importance and 
origin ality of the research reponed. The thesis should he more than a mere 
collection of man uscripts published or to he published. It must include a 
general abstracl, a full introduClion and Iiterature review and a final 
overall conclusion. Connecting texts which provide logical bridges 
between different manuscripts are usually desirable in the interests of 
cohesion. 

It is acceptable for theses to include as chapters authentic copies of papers 
already published, provided these are duplicated clearly on regulation thesis 
stationery and bound as an integral part of the thesis. Photographs or other 
matenals which do not duplicate weIl must be included in their original 
form ln such instances, connecting texts are mandalOry and 
supplementary exp/anarory material is a/most a/ways necessary. 

The incluslOn of rnanuscripts co-authored by th~ candidate and others is 
acceptable but the canrudate is required to make the explicit statement on 
who contnbuted 10 such work and to what extent, and supervisors must 
auest 10 the accuracy of the jaims, e.g. before the Oral Committee. Since 
the task of the examiners is made more rufficult in these cases, it is in the 
candidate 's interest ta make the responsibilities of the authors perfectly 
clear. Candidates following this option must inforrn the Departrnent before 
il submi ts the thesis for review." 

This dissenallon is written in the forrn of seven papers. two of which constitute 

the introduction of the thesis. The remaining five papers each comprise one chapter, 

with general conclusions contained ID the eighth chapter. 

Following nonnal procedure, aU the papers have been or will he submitted shortly 

for publication in scientific jOunlalS, with the research dlrector, Dr. Adi Eisenberg, as 



1 co·author. Nevertheless, aIl of the work has been done by the author of tbis thesis, 

excepting the nonnal supervision and advice given by a research d.irector. The paper 

that is Chapter 3 of this thesls was published wlth Dr. S. Gauthier as a second co-

author, recogmzing the adVlce and direction that she contributed. Chapters 4 and 5 

have been submmed with Dr C E Wl1ham~ as the second co-author, beeause of her 

help and advice regarding the smal! angle X-ray scattering experiments and 

interpretauon of the result~ 

The papers have been submmed as follows: 

Chapter 1: Multieomponent Polymer Systems, eds. 1. Miles and S. Rostami 

(accepted). 

Chapter 2 Contemporar.Y Topies in Polymer Science, 6, ed. W. Culbertson 

(accepted) 

Chapter 3: Polymer Engineering and Science, 26, 1451 (1986). 

Chapter 4. not yet submmed. 

Chapter 5: Journal of Pol ymer SCIence, Polymer Ehysics Edition. 

Chapter 6: Journal of Pol ymer Science. Polymer Letters Edition. 

Chapter 7' not yet submmed. 
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Preface 

The aim of the work described in this thesis was the exploration of the effects of 

plasticisation on styrene~vinylpyridinium ionomers. A number of previous studies 

have investigated the effects of plasticisation in anionic ionomers; however, until 

now. no systematic investigation of the plasticisation of cationic materials has been 

reponed This particular study became of interest when it was shown that upon 

plasticisation, these ionorners may become phase separated. 

Styrene-vinylpyridinium ionomers having both random and ABA triblock 

architectures were investigated using dynamic meehanical and smaH angle X-ray 

scattering techniques. Different farnilies of plasticisers were used. Sorne were 

"internaI", and eould be incorporated into the pol ymer chain, while others were 

"external", and were free to plasticise certain areas of the ionomers. 

As outlined in the Foreword, the introduction to this the sis is made up of two 

papers, both of which have been submitted for publication. The first ehapter of the 

introduction is a general review of the phase behavior encountered in ionomeric 

materials, thus sorne sections, for example those on halatoteleehelic polymers and on 

blends of ionomers, deal wnh topies not directly covered in the dissenation. The 

second chapter of the introduction consists of a review deseribing the methods, such 

as plasticisation, which ean be used to modify the phase behavior of ionomers. 

Because of the range of materials used in this work, the experimental part of the 

thesis is dlvided iogically inlO two parts. One section deals with the effects of 

plasticisation on random styrene-vmylpyridinium lOnomers, and the other is 

concemed with a parallel studyon the triblock materials. 

Chapters 3 and 4 explore the plasticisation of random styrene vinylpyridinium 

ionomers. The frrst of these two chapters describes the internal plasticisation of the 

ionic units in the copolymers via quaternisation with n-ioàoalkanes, and the effect of 
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this plasticisation on the dynamic mechanical properties of the materials. In Chapter 

4, the plasticisation of random styrene N-methyl-vinylpyridinium iodide ionomers 

via internaI and external methods is described, together with the effects of such 

plasticisation on the dynamic mechanical properties. Chapter 4 is rounded out by a 

study on the etfects of a11 three types of plasticisation on the morphologies of such 

materials. 

Chapters 5, 6 and 7 are a11 papers which deal with the effects of internaI and 

external plasticisation on the morphology and dynamic mechanical behavior of 

styrene (B)-co-4-vinylpyridinium (A) ABA triblock ionomers. Chapter 5 is 

concerned with a morphological study of ABA styrene-N-alkyl-vinylpyridinium 

iodides. The unexpected depression of the styrene matrix glass transiuon temperature 

in such matenal'i is the subject of Chapter 6. Finally, Chapter 7 describes the 

dynamic mechanical behavior of the plastIcized styrene vinylpyridinium blocks in 

general. 

This thesi~ concludes in Chapter 8 with a general discussion and suggestions for 

future work. 

Appendix A 1S a reprint of Chapter 3. Appendix B is a preprint of an article 

which has been accepted for publication in Journal of Pol ymer Science, Polymer 

Letters Ednion It i5 not included In the thesis proper, because although the ionomers 

described in the report were syntheslsed by the candidate, the experimental 

measurements were made e]sewhere. Appendix C is a short study related to the work 

done for thl~ the SIS but was not included in the main text, because the thesis is 

subnutted in paper format 

Finally, Appendlx D contains the supportmg data. This includes the data for the 

torsion pend u] um, the DMT A and the SAXS studies. 
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Chapter 1 

Phase Behavlour ln lonomers 

1.1 Introduction 

Ionomers are synthetic polymers containing small amounts of an ionic 

comonomer1. Due to the inclusion of this material and the resultant phase separation, 

ionomers genemlly exhibit behaviour not observed in nonionic systems. Many aspects 

of ionomers, ranging from their syntheses to their physical properties in the bulk and in 

solution are currently under investigation. It is, however, their unique phase behaviour 

in the solid state which generates much of the interest, both academically and because 

of their indus trial potential. Consequently, considera ble effort has been devoted to the 

elucidation of the reasons for phase separation in the se materials. The results of these 

studies are well-documented and appear in numerous books2,3, symposia4,5,6,7,8 and 

review articles 9, 1 0, 11.12, 13. 

Now, over twenty years since ionomers were first found ta have practical 

application, man)' uses are being explored for these materials. Ionomers are important 

in the packaging film industry 1. They are also being used as semipermeable 

membranes 14, in the oil drilling indusrry15, in triboelectrification processes 16,17 and 

for medicinal purposes 18, 10 narne just a few areas of CUITent researeh Other fields in 

which ionomers are being employed may be found in two recent review articles 15, 19. 

Phase separation is eommon in polymerie materials, partieularly when two 

different polymers are present in the fonn ofblends or block eopolymers. In ionomers, 

phase separation OCCUI ~ on several different scales and sorne of these phase separated 

aggregates are umque. 

At the srnallest seale of aggregation, only the ionic portions are involved. 

Typically, jn media of low dielectric constant, ions are known to associate into ion 

pairs, which are likely to further aggregate mto ionic quartets, sextets and even 

1 
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octets20. In random ionomers, these entities are called muItiplets21 . The ion-ion 

interaction is typically of the order of 400 kJJmol. The interaction between two ion 

pairs is ca 100 kJ/moI22; in further aggregation, the forces are reduced to considerably 

less than 100 kJ/mo121 , but are still powerful. Larger aggregates are aIso believed to 

be present in many ionomers; the se are called clusters21 . Clusters contain, in addition 

to the ion pairs, a significant proportion of the chain material from the backbone of the 

polymer. 

The existence of multiplets and clusters is a direct consequence of the presence of 

the ionic groups. In comparison with the size of the pol ymer molecule, the se groups 

are very small. The size of the aggregate is aIso smaIl with respect to that of the rest of 

the chain; multiplets have been estimated to be about 5-10 A in diameter23, while 

clusters are thought 10 be of the order of 20-50 A in diameter lO•12. Multiplets are 

believed to behave as crosslinks in ionomers, which raise the glass transition 

temperalure of the matenals 12. Clusters exhlbit more complex ~,,:!haviour and 

experimental evidence suggests that they possess a Tg of their own9,1O. 

As a rule, the presence of crystalline domains in ionomers is reduced or even 

elimmated by companson to simllar nonionic polymers24,25. This behaviour is 

quahtatively no dlfferent from the effects on crystallinity of copolymerisajon with 

nonionic species. Consequently, crystallinity in ionomers will not be illscussed funher 

in this chapter. 

In the case of block ionomers, one or more of the blocks is ionic. As in other, 

nonionic, block copolymers, the morphologies of the phase separated regions depend 

heavily on the relative amounts of the two components, while the sizes depend on the 

absolute molecular welght of the segments. However, because of the strong driving 

forces for phase separatIon, even very shon ionic segments can phase separate. Using 

2 
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small angle X-ray scattering26, the sizes of the domains have been estimated. For 

samples containing ionic block lengths of 10 - 50 units, sizes of the ionic regions range 

from ca. 50 A to 300 A. 

Ionie interactions represent a partieularly useful method of controlling phase 

separation in blends. Several different types of ion omer blends can be distinguished. 

The simplest is a blend of an ionomer with nonionic material of the same backbone. 

The behaviour governing these materials is qualitatively no different from the 

interaction of copolymers with homopolymers, in that above a minimum concentration 

of ions, phase separation IS to be expected. Another type of behaviour is encountered 

when ionic interactions are used to enhance miscibility. Starting with an immiscible 

pol ymer pair, the compatibility can be enhanced if the cation i~ attached to one chain 

and the anion to the other. Depending on the nature of the pol ymer backbone and the 

ion concentration, the materials can range from highly phase separated to completely 

homogeneous, even at relatively low ion contents27,28. 

Thus, phase separanon in ionomers can be considerably more complex th an in 

nomonie systems and thls complexity leads to materials which may contam one or 

more of the above-mentioned phase separated aggregates 

Many factors are involved in the vanous types of phase separation phenomena 

described above. These factors can be conveniently separated in terms of the 

architectural and molecular charactensucs of each ionomer. By the latter is meant the 

nature of the chemical mOleties present 50 that when the composition of the ionomers 

is changed, for instance when styrene-co-styrene sodIum sulfonate is used instead of 

styrene-co-sodium methacrylate, a molecular factor is altered. A change in the 

architectural factors of the lonomer Implies that the ions have a different organisation 

with respect to the cham, as 15 to be found when random and block ionomers of 

styrene-co-sodium methacrylate are compared. 

3 
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The effects of various types of molecular factors that can influence the phase 

behaviour observed in ionomers will now be discussed briefly. 

The concentration of the ionic groups is one of the molecular parameters which 

affects the aggregation process. Consequently, a change in the number ofionic groups 

present in the nonionic matrix has a drarnatic impact on the physical properties of the 

material as a whole29. 

Another factor which affects the driving force for aggregation is the dielectric 

constant of the matrix. In many synthetic polymers, such as polyethylene or 

polystyrene, the dlelectric constant of the material is very low. Omer polymers, for 

example poly(ethyl acrylate), have much higher dielectric constants, and thus interact 

more strongly with the ion pairs. Thus the fonner materials show behaviour associated 

with large scale aggregation (clusters) at lower ion concentrations than the latter23,30. 

The type of ionic groups present in the lOnomer also influences the phase 

separation observed. In general, the larger the ion pair, the poorer the phase 

separatIon. This is due to weakened ionic interactions, as is evident when one 

compares random ionomers. For example, the dynamic mechanical behaviour of 

styrene-co-~-methyl-4-vinylpyridinium iodide, regardless of ion concentration, 

resembles that of a single phase material 31 . By contrast, styrene-co-sodium 

methacrylate, above a certain threshold ion concentration, exhibits behaviour 

associated with clustered materials2 '3. 

The final factor to be considered here is the magnitude of kT relative to the glass 

transition temperature of the matrix and the strength of the ionic interactions. It is 

known that, as a general trend, those ionomer matrices with lower glass transition 

temperatures are more likely to exhibit evidence of clustering than mose with higher 

T g's. The reduction is the glass transition temperature may be achieved through the 
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use of a different monomer32, or it may be the result of plasticisation of the matrix by 

a nonpolar diluent33,34. 

The placement of the ion attached to the pol ymer backbone has a pronounced 

effect on the type of aggregation observed in the material. The ions can he ammged in 

a number of different configurations. In the case of ionomers, most studies have been 

devoted to those polymers in which the ions are distributed randomly along the 

backbone; the are the subject of most of the examples listed 

above30,31,32,33,34,35,36,37,38. However, there are other architectures possible for 

ionomers and a brief description of the se follows. 

Modifications have been made to sorne ionomers, for example styrene39 and 

perfluorinated polyethylene40 matrices, so that the ions are removed from the 

backbones by short, flexible chains. Thus, clusters are more readily formed, but they 

are expected 10 have differem morphologies. Furthermore, the longer the si de chain, 

the more difficult it is for the ions to immobilise the polymer backbone39,41. 

Ionomers have been made in which the ions are not distributed randomly along the 

chain. One example is the family of ionenes. Here, the ionic groups are distributed 

very uniformly along the backbone, leading to interesting morphologies42,43. 

Alternatively, the ions may be placed all together on the chain, resulting in ionomers 

with blocky structures. The ionic blocks can vary widely, from single ions on the 

chain tips, as found in linear telechelics44,45,46,47 and their branched counterparts, 

stars48 , to segments many thousands of units 10ng49,50. These block ionomers can be 

of two or three segments, AB and ABA blacks respectively, or in many sections along 

the chain, as in segmented polyurethanes51 . 

In this chapter, the phase beha viour observed in ionomers is discussed for the 

different kinds of phase separation that are seen. The fust section deals with ionomers 

which show no evidence of aggregation other than that which can be explained by the 
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fonnation of multiplets; for the sake of convenience, these are called "homogeneous" 

ionomers. This is followed by a section on the larger aggregates known as clusters and 

the random ionomers which exhibit behaviour which is consistent with their presence. 

The final sections deal with the other kinds of aggregation that are observed in 

polymers, specifically those encountered in blocks and blends. 

1.2 "Homogeneous" Ionomers 

In order to be considered truly homogeneous, materials must not exhibit any 

differences in their local composition between one area and another; thus molecular 

solutions are homogeneous because there is no discemible domain formation. Few, if 

any, ionomers could be expected to be homogeneous in this sense, because the driving 

force for the formation of multiplets is large21 . However, multiplets are so small as to 

be undetectable by the majority of morphological techniques. Their existence can be 

inferred from an increase in the glass transition temperature, an increase in the modulus 

characteristic of crosslinking and an increase in the melt viscosity; most multiplets are 

too small, except un der special conditions, to be observed by small angle X-ray 

scattering or electron microscopy techniques. For the purposes of this discussion, 

homogeneous ionomers will be considered as those which, because of the absence of 

phenomena associated with larger aggregates, are believed to contain only multiplets. 

Within the above framework, a number ofionomers are homogeneous, forexample 

styrene-co-N-methyl-4-vinylpyridinium iodide copolymers 31 . The sîriking 

resemblance of the shape of the modulus - temperature curve for one such ionomer and 

polystyrene is seen in Fig. 1.1. The SAXS profile of the copolymer is shown in Fig. 1.2. 

The lack of a peak in the profile is indicative of the absence of scattering domains in 

the material. Several other ionomer systems have also been found to be homogeneous, 

notably ethyl acrylate-co-N-methyl-4-vinylpyridinium iodide52 and styrene-co-4-
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1 
sodium hydroxymethyl styren~53. In all these systems, the ionic groups are rather 

large or the y are removed from the benzene ring by a short spacer. Both of these 

factors tend ta make clustering less imponant31 ,39. 

Elastomers are yet another class of random ionomers which are homogeneous. at 

least al low ion concentrations. They were the fust ionomeric materials ta be studied 

extensively, because of interest in the improvements ta the solvent resistance in the 

then-cuITent elastomers 54. While the field of ionomers grew rapidly to include 

materials of elevated Tg and mode! ionomers. interest in the materials with lower glass 

transition temperatures flagged. However. when it was shown that the aggregation of 

sulfonate groups was stronger than for carboxylates55, new academic interest 

developed in elastomeric ionomers56. 

Within the laoSt decade, there has been a proliferation ofnew elastomeric ionomers, 

in panicular with EPDM or pentenamer backbones36•37. Segmented polyurethane 

backbones are also currently the subject of mueh interest51 •57 . Results from these 

new studies have been mixed. Not surprisingly, in sorne of the se materials, the phase 

behaviour observed was that which was expected for clustered ionomers. as is 

described in the following section. However, in a nurnber of instances, the materials 

appeared not ta have altered their physica! properties significantly and resembled 

homogeneous materials, or the acid preeursor, as is seen in Fig. 1.3. Two factors may 

contribute to this apparent homogeneity. The concentration of the ionic groups in ionic 

elastomers is generally low. Furthermore, the size of the ionic group is often large. 

Another group of homogeneous ionomers are the halatotelechelic polymers. 

Halatotelechelic polymers are considered to conta in only multiplets. The case': of the 

telechelics is somewhat more complicated, however, in that a range of multiplet sizes 

have been postulated for different materials. Telechelic polymers inc1ude branched. or 
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"star", architectures48 ,58,59, in addition to linear, single or double-tipped, 

species46,47 ,60,61,62. 

A number of studies have examined the phase separation in telechelic ionomers. It 

has been shown that the backbone composition, molecular weight of the polymer 

(which affects the ion concentration as weIl as the chain length) and the counter ion aIl 

have significant effects on the complexity of the behaviour observed59,61 ,63. 

Results of small angle X-ray scattering experiments on the linear telechelics have 

clearly shown the presence of aggregates in materials of low molecular weight (Mn)46 

and results from extended X-ray absorption fine structure, EXAFS, experiments 

indicate the domains possess a regular structure64. The most recent conclusions from 

SAXS are that these linear samples con tain large multiplets with a radius of 6 - 9 À 65. 

Thus, }inear telechelics represent a borderline case of homogeneous ionomers. 

Because of the terminal ion placement, large numbers of ion pairs can aggregate, thus 

increasing the size of the phase separated domains. However, the chain material is not 

incorporated imo the aggregates, so that these materials romain only multiplets. 

Stars, on th -; other hand, form only very small aggregates. Only the samples of the 

very lowest molecular weight show any evidence of even a shoulder in the SAXS 

profile, and the indications here are that the muluplets consist only of two ion pairs59. 

The proposed structure of stars is shown in Fig. 1.4. 

1.3 Clustered Ionomers 

The majority of ionorners show behaviour in many different experiments that is 

mu ch more complex than that found in the so-called "homogeneous" ionomer systems. 

It has been argued that these differences are due to new phase separation mechanisms 

and that these ionomers are clustered, the clusters being much larger than the 

multiplets21 . Thus, while a consensus has not yet emerged regarding the exact nature 
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Fig. 1.4: Mode} of aggregation in star telechelics; after rer. 58. 
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of the clusters, there is a significant body of data from which the effects of clustering 

on ionomer systems can be assessed. 

Perhaps the most compelling evidence for the phase separation into c1ustered 

regions has been found through dynamic mechanical studies, notably 10ss tangent 

maxima. Nonionic polymers and homogeneous ionomers display very similar 

modulus - temperature profiles. This indicates that the sizes of the inhomogeneities in 

such materials are smaller than those which give rise to mechanical responses 

consistent with a separate phase. 

Ionomers which are clustered commonly display two glass transition temperatures 

in dynamic mechanical experiments. These are due to the matrix and the cluster Tg 's. 

The relative sizes of the two peaks have been seen to change with variations in the ion 

content as showr. in Fig. 1.5. In general. with increasing ion content, the matrix Tg is 

shifted to higher temperatures, typically of the order of 3 oC/mole percent of ionic 

groups23,31 ,66,67,68. 

The second glass transition temperature is found at much higher temperatures and 

its dependance on molecular parameters is much more complex. Two factors which 

influence thls Tg are the IOn concentrallon and the type of ions involved. With an 

increase in the concentration of the ions the second glass transition temperature 

maximum grows rapidly at the expense of the lower one and also moves to higher 

temperatures29 Iniually, identification of the second peak as a glass transition 

temperature was not universally accepted. However, the high activation energy of this 

peak and the accompanying drop in the storage modulus are most readily explained by 

such an interpretation Other dynarnic methods which have been used to explore the 

phase behaviour in lOnomers have included dielectnc studies 69,70,71 ,72,73. The 

results from these studies support the conclusions drawn from the mechanical 
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experiments. 

Statie techniques have also been used to confirm the presence of clusters in 

ionomers. Unlike the dynamic mechanical experiments discussed above, these probe 

only the morphology of the materials. 

One experimental method which has proved particularly fruitfuI is small angle X

ray scattering, or SAXS. SAXS and its counterpart, SANS (small angle neutron 

scattering), rely on differences, either in the electron density or the neutron scattering 

cross-section, between the various regions. Results from SAXS and SANS indicate 

that, in generaI, the majority of ionomers show a peak associated with the presence of 

phase separated domains74,75,76,77. A typical SAXS profile from a clustered 

ionomer is shown in Fig. 1.6. The position of the peak can be related ta the size of the 

domains and it has been seen to vary with the ion content of the materiaI and its sample 

history78. In general, however, most madels suggest that the typical dimensions 

associated with the scattering centres in random ionomers are about 30 Â in diameter. 

A wide range of spectroscopie techniques have alsa been employed in the 

exploration of phase separation in ianomers, The field of solid state NMR 

spectroscapy is beginning to be explored for ionomers 79,80, al though the focus of 

most such interest ta date has been with ionomeric blends81 ,82,83,84,85, Infrared and 

Raman spectroscopy have aiso been utilised in the examination of phase separation in 

ionomers86,87,88,89,90, Unfortunately, however, interpretations of the results from 

the systems studied have ueen subject to controversy and these two techniques have 

not yieided unequivocal evidence for clusters in ionomers. M6ssbauer spectroscapy 

has been applied ta solid ionomers as weU91 ,92. The results here indicate that there 

exists more than one phase in the ion-containing samples. 
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Fluorescence spectroscopy experiments have yielded results of considerable 

interest and rnuch infonnation is available through these techniques. For example, the 

quenching of the fluorescence from a probe attached to the ionic rnoieties in an 

ion omer has led 10 the conclusion that ionic aggregates are present in such systems93. 

Other experirnents have exploited the fact that the polarity of the local environment of 

sorne probes affects their emission spectra. Thus, these probes have been localised in 

either the maoix or the ionic domains, and then utilised in studies which confinn the 

existence of chain material in the ionic regions and studies which have examined the 

effects ofwater on the ionomer rnorphology94,95. 

The above experiments have dealt with the characterisation of clusters. A number 

of very recent studies have gone beyond this exploration and have focussed on the 

manipulation of clusters through modification of the polymer backbone alone or via 

the addition of diluents of different polarities. 

Plasticisation is a common industrial technique for the modification of many 

polymers. Plasticisers are used extensively 10 change the glass transition temperatures 

of polymers for both their moulding stages and for permanent end uses96. In the case 

of ionomers, because of the difference between the dielecoic constants in the clustered 

regions and the matrix, diluents with different polarities affect the propenies of the 

material very differen tl y . 

A numbeT of studies have been perfonned to explore the effects of plasticisation 

with diluents of high polarity, such as wateT and glyceroI33,97. It has been shown that 

the addition of small amounts of such plasticisers readily obliterates the dynamic 

mechanical features associated with the clustered aggregates without affecting the glass 

transition temperature of the matrix significantly. It seems, therefore, that these 
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1 diluents are incorporated aImost exclusively into the clusters. 

Other experiments were devoted to the plasticisation of ionomers through the 

addition of plasticisers of polarity comparable to that of the matrix, such as 

diethylbenzene or styrene oligomers in styrene-based systems33.34.98,99 anddimethyl 

malonate in ethy! acrylate systems32. In these cases, it was shown that small amounts 

of the diluent can actually enhance the phase separation ascribed to clustering. At high 

levels of loadmg, however, the features assoclated with clustering are no longer 

observed. 

One of the disadvantages in the use of plasticisers is their volaùlity. For long term 

use, 10ss of the diluent cannot be 1Olerated. Thus, a number of studies have been 

concerned with the permanent incorporation of plasticiser into the ionomer. One 

method of achieving this plasticisation is via alkylation of the matrix rnonomer34. The 

results of these studles indicate that the overall effect of such nonpolar plasticisers is 

independant of whether they are affixed to the polymer chaim or not However, much 

higher alkylation levels are requlTed to obtam the sarne degree of plasticisation via 

alkylation than by the addItion of diluent. 

Plasticl~en) rnay also be incorporated lOto the ionic domains through the 

neutralIsation of the comonomer wllh appropriate dlluents Dynamlc mechanical 

studies of different systems show that the rigidity and size of the attached plasticiser 

influences the glas.s transition temperatures of the materials 1 00,1 01,1 02. This implies 

that, unhke the ca~e of external plasucisers., sorne of the diluent reside~ in the matrix. 

However, attached and free plasticisers show similar effem on the phase behavlOur of 

otherwlse clustered IOnomen and appear 10 dlSrupt such aggregation. 

One series of studie!. has Ylelded unexpected result~ on the effects of adding small 

molecules to pol ymer!>. Ionomers containing mtro group~ were prepared through the 

plasticisation of styrene-co-sodium methacry!ate with nitrobenzene and, independantly, 
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by the nitration of the benzene rings103. Nitro groups are highly polar, yet the 

dynamic mechanical results that were obtained indicated that the ionomer was 

behaving as though a nonpolar plasticiser had been added to the material. This 

behaviour was explained ID terms of me three dimensional solubility parameters. Most 

materials with a high polarity have a large component of the solubility parameter due 

to hydrogen bonding, 8 h; however, nitrobenzene is an exception. Those plasticisers 

with a high 8 h do disrupt the clusters. 

Phase separation in ionomers has also been the subject of theoretical interest. The 

existence oftwo different kinds of aggregate morphologies in ionomers, i.e. multiplets 

and clusters, was first proposed in 197021 . It was suggested, on the basis of 

thermodynamic considerations, mat clusters, which comaÎ1J both ionic and nonionic 

material in close proximity, should be stable. 

Since then, a number of theories have been published dealing with the formation of 

aggregates sueh as c1usters. These have been the subject of a recent review 13. The 

majority of theories incorporate the presence of elusters in ionomers, however, not 

every subsequent publication has found it necessary to invoke clustering as a process in 

order to explain the experimental results. 

1.4 Block Ionomers 

Phase separation in block ionomers is weIl established 1 04, 105, 106,107. The 

segregation of the different components of the blocks results from the immiscibility of 

different polymers, whieh is due to entropie factors. 

The same phenomena are observed in the phase behaviour encountered in block 

ionomers. However, the driving force for phase separation is even greater in ionic 

materials, since ionic and nonionic blocks should be particularly incompatible. 

The phase separated regions in blocks are quite different from those previously 
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t deseribed for random ionomers and resemble more those in regular black. copolymers. 

The domains are much larger than multiplets or clusters and con tain mostly or solely 

the ionic component. Because of their ionic nature and the presumed absence of 

nonionic chain matenal, they have been termed "supermultiplets"26. As in the case of 

block copolymers in general, there is likely to be an interfacial area between the ionic 

aggregates and the surrounding matrix, although in the ease of the ionomers, this 

would be expected ta be smaller than far the nonionic systems. 

Several studie~ have been devoted ta ABA black ionomers, where the A blacks 

represent the ionic portIOn of the molecule26,49,50. Sinee ionomers have been defined 

as possessmg a low ion coment, the majority of these studies have been concemed with 

short end block systems. 

A number of review have been pubhshed dealing with phase separation in block 

copalymers in general a~ weB as with the specifie meehanical properties of these 

matenab. Onl) very few studie~ have been concerned wlth the dynamic mechanical 

propertle~ of black 10nomers47, 108. It would be expected that. as IS observed for the 

nonionic material~, block ion amers wauld show phase separation in the fonn of t NO 

separate gla~s tran~ltJom Regrettably, in the I)y!.tem studled, styrene-co-N-methyl-4-

vinylpyridmlUm lOdlde, dequatemi~ation of the pyndImum moieues occurred before 

the expected hlgh Tg of the iomc end blocks could be observed 50. Further 

experimems, using polymers quatermsed with higher iodoalkane~ or with plasticised 

iome domams, are currently undenvay 109. 

ConfirmatlOn of the phase separatlon ln block IOnomer~ has been obtained dlrectly 

through SAXS ~tudle~. Becau~e rmall angle X-ray scanering requires electron denslty 

difference~, mo~t commonly through the presence of atam~ or ions of high atomlc 

number, lonomer~ have an advantage over nomomc sy~lems in that the heavier counter 

iom are dlrectl}' dl~cermble through SAXS 
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Results from studies using SAXS and SANS techniques on the same block 

ionomers mentioned above, as weIl as on polymers with anionic end blocks108, show 

th3t these materials are clearly phase separated over the range studied, i.e. 200 - 1000 

styrene midblock units and 1 0- 50 N-methyl-4-vinylpyridinium iodide units in each end 

block26. Based on the data, il was concluded lhat the ionic domains are spherical. 

Funhennore, the number of chains emanating from each supermulriplet is much higher 

than expected from nonionic systems. 

Ionomers of AB architecture have aIso been prepared and are now under study. It 

is expected that these materials would likewise be phase separated. In dynamic 

mechanical experiments, AB ionomers are expected ta c~hib:t viscous flow at high 

temperatures, and not the crosslinked behaviour seen in the triblock ionomers. To 

date, most of the interest in these materials has focussed not on their mechanical 

properties, but rather on their behavlOur in solution 110,111. Thus, the AB block 

ionomers Wlll not be discussed funht=r. 

1.5 Blends with Ionomers 

Polymer-polymer mixtures, or blends, are commonly incompatible. However, if 

anions are attached to one of the polymers and cations ta the other, obviously the 

miscibility between the two chains is enhanced. It was shown recently27 that in a 

system consisting of sulfonated polystyrene and ethyl acrylate-co-4-vinylpyridine 

copolymers, one phase behavlOUT was observed at a functional group concentration as 

low as 4 mole percent In the absence of functional groups, the two polymers were 

immiscible, whlle at concentrations between 0 and 4 mole percent, an increasing 

degree of miscibility was observed. The miscibility enhancement was due to ionie 

interactions resultmg from proton transfer from the sulfonic acid to the pyridine 

groups. Thus, by this technique, the phase behaviour of a very wide range of blends 
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can be controlled aU the way from complete phase separation to complete miscibility 

as is shown in Fig. 1.6. 

Even highly dissimilar materials can be rendered miscible by this method. For 

example, it was shown recently that sulfonated poly(tetrafluoroethylene), Nafion®, 

and eth yI acrylate-co-4-vinylpyridine exhibit considerable miscibility enhancement, 

in that they show many characteristics of one phase systems28. 

Ion-dipole interactions are aIso useful in enhancing polymer-polymer miscibility. 

Thus, while styrene is not miscible with poly(ethylene oxide) or poly(propylene oxide), 

a ~tyiene ionomer containing 5 - 10 mole percent lithium methacrylate shows 

considerable miscibili ty with these polar homopolymers 112. The cloud point 

behaviour in these systems is typical of blends subject to specifie interactions. 

It is worth notIng that blends of ionomers with commercially imponant crystalline 

polymers have been dlscussed extensivel)' in the patent literature 113. For example, 

Surlyn ® ionomers have been used in mixtures with polycarbonates and nylons to yield 

materials with considerably modified propenies. In these systems, the ionomer is the 

minor compone nt and the effect is primanly to modIfy the crystalline behaviour of the 

major cornponents. 

1.6 Conclusions 

Ionorners of different archi tec.tures exhi bi t many different kinds of phase 

behaviour, on thelr own 0; a~ blends The ions can aggregate to give small multiplets 

and larger clusters, or in the case of block ionomers. very large supennultiplets. In 

sorne case~ a gradation of behaviour can be ob~erved. For example. in the case of 

styrene-co-N-methyl-4-vwylpyridJnlUm lOdlde, we have a system containing only 

multiplet~. The addition of a nonpolar plasuci!ler allows the material to cluster, so that 

evidence of both types of aggregation is seen On the other hand, styrene-co-sodiurn 

methacrylate 1~ highly clustered. However, the addItion of a polar interacting 
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plasticiser, such as glycerine, can eliminate the rheological effects due to c1usters. The 

sIchitecrures of many ionomers affect their phase behaviour. Thus, copolymers which 

do not show phase separation with random architectures do 50 when the ionic groups 

are organised into blocks. Because of the strong driving force for phase separation, 

even segments of 10 unlts phase separate. Finally, ionic interaction 5 provide a 

powerful method for the control of miscibility in pol ymer blends. Depending on the 

functionai group content, one can obtain a range of materials which, starting from 

heterogeneous homopolymer blends, may exhibit increasing degrees of rniscibility up 

to total compatibihty. 
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Chapter 2 

Control of lonomer Properties via Aggregate Modification 

2.1 Abstract 

The presence \if small ions attached 10 polymers of low dielectric constant results 

in the phase separation commonly observed in ionomers. This leads to the fonnarion 

of multiplets and clusters. However, when the ions are large, or both cations and 

anions are polymerie, aggregation may become impossible. Following a review of 

aggregation in ionomers, the factors, both geometric and electrostatic, which affect ion 

aggregation in the random materials and, thus, the properties of the materials, are 

discussed. Likewise, the effect of various parameters on phase separation in block 

ionomers is a1so presented. 

Plasticisation is of special interest in this context, since il can influence the phase 

behaviour. It is possible to modify the level of aggregation in a material selectively in 

both directions. Thus, in plasticised systems, the ionic phase can be severely disrupted 

by diluents of high dielectric constant. By contrast, ln homogeneous systems verging 

on phase separation, the latter can be induced by the addItion of a p1asticiser of low 

dielectric constant. This makes il possible to modify at will the physical properties of 

the lOnomers. 

2.2 Introduction 

The incorporation of smaH amounts of ions into synthe tic polymers can have major 

effects on the properties of the resulting systems. Such materiaIs have been termed 

"ionomers" l, and have been produced and studied for over twenty years2,3. An 

illustrative example of these effects can be found in a comparison of the mechanical 

behaviour of polystyrene and poly(styrene-co-sodium methacrylate) at elevated 

temperatures4,5. Even when the comonomer constitutes only sorne ten mole percent 

of the pol ymer, the effect of the ions is very apparent. Thus, at 140 oC, polystyrene is a 
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syrup, while the ionomer has a modulus of nearly 109 N/m2 and remains a glassy solid. 

In pan, this is due to an increase in the glass transition temperature, which has been 

raised sorne 30 oc with respect 10 the Tg of pure polystyrene. However, when one 

compares the temperatures for the two materials at which they exhibit a modulus of 

10 7 N/m2, a much greater difference is seen. This level is attained in polystyrene at 

about 120 oC, but in the IOn omer only around 200 oc. Thus, the shape of the modulus -

temperature curve is profoundly affected by the inclusion of ionic groups as shown ln 

Fig. 2.1. 

This is just one of many examples of the influence which ions exen on the physical 

propenies of polymers. Other areas where thlS is manifested are, as mentioned before, 

the glass transition temperatures, as weIl as the melt viscosities of the materials6 and 

the diffusion of small molecules through them 7. Evidently, the incorporation of even 

minor amounts of ions can have major consequences, as has recently been reviewed in 

detail8. 

It is not surprising that these effects make ionomers of increasing interest and, 

ulumately, utility ln industrial applications. The origInal commercial lOnomers, such 

as Surlyn®, were exciung because of their enhanced toughness and clarity, making 

them very u~eful for packaging. Smce then, ionomers have found~ niches In indu~try 

for use a~ ion-selective membranes9, as in Nafion® or Remion®, and a~ addmves to 

drilling fluids 1 0, sulfonated polystyrene being an example, to mention just two 

applicatIOns. lonomers are also employed for more speciahsed uses, such a~ f100r 

waxes and golf ball~. The potentlal for new appllcatlon~ l~ equally dIverse, with 

studies ranglng from medlclnal, for the ab!lorptlon of bile aClds ll , to 

oiboelecoificauon 12, for utIlisation ln photocopying machines. Many other uses can 

be found ln two recenlly publlshed revlew articles IO ,13. 
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t This paper is divided into two sections. The frrst contains a very brief review of 

the materials which have been explored to date together with a discussion of how 

features of ionomer structure and morphology affect the observed behaviour. The 

second pan describes how major modifications in this phase behaviour can he brought 

about through relatively minor changes to the pol ymer. 

2.3 A Brief Review of Ionomers 

Ionomers are typically synthetic polymers which contain relatively low amounts, 

generally less than 15 mole percent, of ionic groups which are attached to the chains. 

The neutralIsation of carboxylic acid containing elastomers by Brown in 19572 

represents possibly the earliest such material reponed. The word "ionomer" was not 

coined until the mid 196O's, however, when it was used by DuPont 1, to describe their 

novel product, Surlyn ®. Since then, the field has grown substantially. The majority of 

ionomers consist of a main monomer, such as ethy1ene, butadiene or styrene, with a 

comonomer of sorne neutralised aeid or ionised base such as sodium acrylate or N

methyl-4-vmylpyridinium iodide. Many other systems have been reponed, however, 

such as sulfonated perfluoroethylene, known as Nafion®, a variety of ion-containing 

polypentenamers 14, and the ionenes 15, to mention just a few examples. 

Many dlfferent parameters detemune the actuaI physical propenies of an lOnomer. 

A large number of these resuIt from the composltlon of the sarnple and are discussed 

next. Others are due ta its sample hlstory and follow later 

It can be understood from the preceding paragraphs that very dlfferent lOnomers 

can be obtamed by changing the monomer under study, for example usmg isoprene 

instead of styrene, or changing the IOnIe groups, e g by replacing a sulfonate group 

with a carboxylate one Ali these chernIstry related changes and their effects on 

morphology wIll be discussed in a subsequent sectIon ln thlS section the focu!l will be 

on the changes which can be achleved by keepmg the Ionie group and the backbone the 
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same while varying the other parameters. 

In this context, the concentration of the ionic groups is an obvious variable, as is 

the molecular weight. One of the less immediately obvious parameters 1S the 

architecture of the ionomer. Thus. in addition to the original ionon.ers, in which the 

ionic groups were randomly placed on the chain, polymers with ionic end groups have 

been prepared, with the number of end units varying from one, as in the telechelics 16, 

to many thousands, as exemplified by the block ionomers 17. The ions have been put 

on the ends of chains of varying architecture, the extreme being star-shaped 

telechelics 18, and combs of varying spacer length attached to the main backbont: 19. 

These geometric structures are depicted in Fig. 2.2. 

Sample history also greatIy influences the physical properties displayed by the 

sample. For example, the concentration of the solution from which an ionomer was 

freeze-dried has been shown to alter the mechanical properties of the same ionomer20. 

the presence of water or other diluents can exert a profound inf1uence on the 

materiaI 21 ,22,23. The material can be affected by the temperature at which it was 

annealed, etc. 

Despi te aIl their differences in structure and composition, ionomers share certain 

physical traits which set them apan from their nonionic precursors. The underlying 

reasons for aB these changes are logically the presence in ionomer of ionic groups and 

their association. 

2.4 A Review of Aggregation 

If they are soluble at all, in media of low dielectric constant, ionic systems of low 

molecular weight are known 10 exist in an associated form, such as ion pairs; 

aggregation of these pairs leads to higher ordering, such as quartets, sextets and octets. 

This same behaviour occurs in ionomers, so that the ions are organised into sites of 
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Fig. 2.2: Possible ion omer architectures. Top to bottom: Tandom, ionene, ABA 
black, AB black, single- and double-tipped telechelics, star telechelic, comb and 
inverted comb. 
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varying sizes with proportionately higher local ion concentration than that present on 

the average in the material. This is shown schemaùcally in Fig. 2.3. 

It was proposed24 from theoretical considerations that two types of aggregate 

should exist in ionomers. These have been called mulùplets and clusters. Since the 

appearance of this the ory , other treatments of ion aggregaùon in ionomers have been 

published, further refining the concepts overall and, in sorne cases, applying them to 

panicular ionorners. For a review of the se theories and an accompanying criùque, the 

reader is referred ta a recent publication25. However, it is widely accepted that the 

types of aggregates fUSI described nearly twenty years ago do, indeed, exist. 

The frrst, multiplets, are aggregates of a few ion pairs. They are relatively small in 

size and do not contain any nonionic material, thus they are centres of very high 

polarity. Multiplets are beheved ta be partly responsible for the increases observed in 

the glass transition temperatures with resJ..~ct to the nonionic precursor. 

Much larger aggregates can also be found in ionomers. These clusters, in addition 

ta the ionie species, also contain a significant proportion of chain rnaterial. They are 

more polar than the rnatrix and may also represent regions of higher overall glass 

transition than their surroundings. In many ionomers, two glass transition temperatures 

are observed in dynamic mechanieal studies. Under sorne cireumstanees, clusters 

disrupt the tlme-ternperature superposition observed in therrnorheologically simple 

homopolymers and ionomers containing muluplets alone4. Evidence for c1ustering is 

also found in SAXS studies, frorn which the sizes of the phase separated regions have 

been estimated to be in the vicinity of 20 - !OO A 26,27,28. Raman studies suggest that at 

very low ion concentrations, the aggregates formed seem to be exclusively multiplets, 

whIle at higher concentratIons, evidence for clusters is also observed29. For a given 

ionomer famil)', the actual threshold at which cluster dominated rheological behaviour 

is observed appears dependent on the experimental technique used. However, when 
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FIg. 2.3' Different ionic aggregates wnhln a random lOnomer matnx Small circlc!> 
contaimng few IOn pairs and little chain material represent multiplets. The larger 
circ1e containing many ion pairs and a sub!.tantial amount of cham material represent~ 
a c1u"ter. 
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the same method is used on samples of different composition, it is clear that the 

concentration at which clustering is frrst manifested depends on a number of factors, 

both geomeoic and electrostatic. 

The actual structures of multiplets and c1usters have not been resolved. Indeed 

their existence, while largely acknowledged. has not been unquestioned. A review of 

the proposed structures in phase separated ionomers was published sorne years ago30. 

Since a cluster is not simply an overgrown multiplet, but possesses different 

characteristics, caused by the inclusion of chain material, it is apparent, that other, 

weaker forces are involved in its formation. In devising a scheme for cluster 

formation, most models have relied heavily on X-ray scattering data, because it yields 

information on the size or spacings of the scattering centres. 

An early model for clusters suggested that they contained the original "core" of a 

very large multiplet and its surrounding hydrocarbon chain to which wef/! attracted 

other, smaller muluplets, growmg to a maximum diameter of 10 - 20 A31. 

Alternatively, it has been suggested that clusters are much larger structures, with a 

diameter of sorne 100 A, in WhlCh were to be found multiplets spaced sorne 20 Â 

apan32. 

A third model was suggested by Marx et al. in 197333. Based on their analyses of 

X-ray scattering data, they concluded that there was no evidence for clustering and 

they could explain all their results through the existence of multiplets alone. 

The arguments in favour of moderate sized clusters have grown. More recenùy, 

Dreyfus has proposed a model for aggregation to multiplets and clusters using 

electrostatlc princlples34. 

Recently, a new aggregate has been described. This is the so-called 

supennultiplet35 . Like the original multiplet, it contains only ionic material. The 
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1 ionomers which form the se supennultiplets have a different architecture than the 

previously mentioned materials. In these cases, the ionic groups are located in blacks 

on the chain, in panicular on the ends of the pol ymer chains. Thus, the supermulùplets 

are envisaged to conta in exclusively a number of these very polar chain ends, quite 

analogo:Js to the phase separation observed in nonionic block copolymer!l. SAXS 

studies mvolving ABA triblock copolymers such as styrene CB) and N-alkyl-4-

vinylpyridinium iodide (A) have been perfonned recently. All the conclusions need 

not be presented here, except that il appears that the sires of the supennultipltts are up 

to ten ÙITIes larger than those of the clusters and are very sensitive to block length and 

sample history35,36,37. 

Since, clearly aggregation is an important part of ionomer morphology, many 

studles have been undertaken to determine whether specifie materials are clustered and 

if so what fraction of the lOnic groups are incorporated These can be divided into two 

basic approaches, dynamlc and staDe, although sorne teehmques overlap. 

StatIc me-thods depend on dispantles between the clusters and the matrix slIch as 

electron density dlfferences, as ln SAXS35,38, EXAFS39 oreleetron microscopy40, or 

differences ln neutron scanenng cros~-sectlon, as utihsed ln SANS41 . A vanety of 

more common spectroscoplC technIques have also been employed. These mclude 

NMR42 , lflfrared43 ,44, Raman29, fluorescence 45 , electron spin resonance46 and 

M6ssbaue~1 ~peetroscopH:>!I. 

As mentlOned above, dynarnlc mechameal studles reveaI two Tg's In clustered 

system~ Thl~ ~uggests that cluster~ have mInImum dlmemions of 50 - 100 A, otherwlse 

they would not have thelr own glas~ trrumtlOn temperature. Dlelectric methods glve 

the same type of mfonnauon 47 

The result of so many studles has made lt possIble 10 outline the pararneters WhlCh 

have been observed to play a role ijl the phase behaviour ln ionomers without reference 
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to the imprecise and disputed nature of the phase separated regions themselves. 

2.5 Factors Intluencing Phase Separation in Ionomers 

The following section will briefly discuss sorne of the molecular parameters which 

affect the phase separation observed in many rannom ionomer systems. The term 

molecular parameters is used to describe those factors which are changed in the 

substitution of one rnonomer for another, thus altering the actual monomer under 

consideration. 

The size of the ion pair has been seen to affect the phase separation behaviour of 

ionomers. Two general cases can be envisioned. In the first, the ion pair itself is large. 

Then the attraction between the ions is reduced due to charge delocahsation resulting 

from resonance effects or decreased charge density, as is the case with many of the 

ionomers containing N-methyI-4-vinylpyridiniurn lOclide units48. Alternatively, the 

formation of the ion pair can be accompanied by the incorporation of a very large 

amount of nonionic material. This situation is to be found when two ionomers are 

blended49. In bath of these cases, such systems do not exhlbit the sort of behaviour 

which has indicated phase separation in other ionomers. 

Studies involvmg materials ln which the dielectric constant of the matrix is 

relatively high have shawn that these ionomers are less likely to exhibit phase 

separated behaviour, presurnably as a result of the improved solvatillg power of the 

matrix for the ion paIrs50 Consequently, higher concentrations of IOns are necessary 

for the appearance of changes ln behaviour associated with clustering. 

There also seems to be a correlation wlth the strcngth of the electrostatic 

interactions between the multiplets and the glass transition temperature of the matrix. 

This has been studled in sorne systems of methyl rnethacrylate, ethyl acrylate and but yI 

acrylate, with N-methyl-4-vinylpyridinium iodide constituting the ionic moiety51. 
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When the glass transition temperature of the ionomer has been sufficiently reduced. a 

second peak in the loss tangent is observed, indicating thal phase separation into 

clustered regions has become sigmficant. 

Wilh the vanely of IOn omer sy~tems studied. the Ir dIfferent behavlOur can be 

explaineri as the result of a number of dIfferent molecular factor~ The architecture of 

the materials, de~cribed earher. similarly affects the ease of pha!le separation. 

2.6 Modification of Clusters 

It has also proven pO~~lble 10 modlfy the aggregation In a particular matenal 

through the applicatIOn of certain techniques, such a~ pla~t1clsation and po~t

polymerisation reaCllons Thesè methods dIffer from those in the previous secuon by 

degree. for now the Ion omer IS consldered 10 be only mcxhfied by these changes and 

not substanually altered. 

Becau~e of the drarnatH: change~ In the propenie~ of IOnomer~ whlch are clu~tered 

as opposed to thme WhlCh are not, It i~ c1early of great mtere)t tu be able to indure or 

prevent thl~ type of aggregaoon at will TIle mcxiIficatlon of the ~tate of aggregatlon of 

lOnomer~ ha~ been explored ln comlderable detaJl It l~ DOW apparent lhallt IS pm~lblc 

to enhance or dl)rupt the pha~e behavlour characten~IlC of clu~tered IOnome~ wlthout 

too much dlfficulty ln a wlde range of ~y~tem~ 

In ~ome ca~e~,1t mlght be de~lrable 10 Increa~e the amount of clu~tered matenal In 

an lOnûmer, for exampk, a~ a meam to Improve the modulu!' or strength of a matenal 

Different approache~ may be u~ed, wllh the method of chOice depcndlng on the 

reqUlrement~ of the ~Itua!lon 

A ~mall change ln the compo\JtlOn of the IOnomer can be achleved wllh the 

sub~t1tuu()n of a ~maller counter Ion for the ongmal By mcrea~mg the charge demlty 

of the lonK mOlctle\, Il would be pO\~lble to promotc c1u\tenng ln the matenal, a!> In 

the ca)c of neutrall)atlOn of !'tyrene-co-methacryhc. aCld wlth hthlum Imtead of 
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rubidium52. Evidently, the neutralisation of such an ion omer with a counter ion of 

higher valence would also lead to greater aggregation. although in these instances. 

there is the addition al complication of crosslinking through the necessity of charge 

neutrality. 

Reducing the glass transition temperature plays an important role in increasing the 

amount of clustering in a given material. Recently, a number of studies dealing with 

the plasticisation of different ionomers using a variety of methods have been 

undertaken. InternaI plasticisation has been achieved through the addition of nonpo]ar 

alkyl chains to styrene backbones 53 ,54. Small molecule diluents, such as 

diethylbenzene and dimethyl malonate, with a polarity and structure similar to the 

matrix, have been added to the ionomer samples as external plasticisers 21 ,53,54. 

Styrene oligomers have also been used as diluents in the plasticisation of styrene-based 

ionomers55 . It has been shown that when small amounts of the matrix-compatible 

plasticisers are added to u1e materiaI, either internally or externally, clustering may be 

greatlyenhanced. Evidence of thlS is shown in Fig. 2.4. 

At other times, the disruption of clusters in a material rnay be advantageous. While 

one approach might be to try the reverse of the strategies outlined above, there are 

sorne other, more subtle methods. 

A very small amount of a polar plasticiser, such as glycerine or water, has been 

shown to effectively obliterate the clusters in materials, as judged from theu dynamic 

mechanical behaviour22. The choice of plastlciser in this situation is critical, as recent 

sturues have shown, where a diluent of high dielectric constant, nitrobenzene, was used 

in the plasticisation of styrene-co-sodium methacrylate56. In this case, the effect of the 

addition of this plasticlser was comparable to USlng a nonpolar diluent such as 

diethylbenzene. II would seem that in addition to being polar, such a plasticiser must 
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also be capable of strong interactions such as hydrogen bonding. 

A large amount of nonpolar plasticiser will achieve the same result. Above a 

cenain level of plasticisation. the enhancement of clusters is replaced by essentially a 

complete disruption of the aggregates53,54. Effectively, the chains become too bulky 

for aggregates to form effIciently. Here again, the inclusion of nitro groups in the 

pol ymer produces very different results. In the nitration of styrene-co-sodium 

methacrylate. the matrix Tg mcreased with increasing levels of nitration, similar to the 

increase seen with increasing ion content. however, the glass transition temperature of 

the clusters dld not change56. 

2.7 Supermultiplets 

Block ionomers have not been studied as extensively as their random counterparts. 

This is largely due to the greater difficulty posed in their polymerisation and handling. 

but interesl is growmg in the phase behavlOur of this group of materials. 

In general, most black copolymers, ionic or not, are known to be predominantly 

phase separated Typically, the size, morphology and nature of the continuous phase 

depend on the relatIve proportions of the comonomers and the sample history57. 

It was, therefore, expected that block lonomers would also exhibit phase 

separation, even in the cases of those mono mer pairs which do not cluster as random 

ionomers Because of the very smalllengths of the IOnie end blocks involved and their 

anticipated much hlgher glass transition temperature, results from dynamic mechanical 

studies involvmg ABA styrene-co-N -methyl-4-vinylpyridinium iodide resembled those 

obtained for the styrene homopolymer 17 . SAXS measurements on closely related 

materials show very strong phase separation of the end blocks from the styrene 

matrix35. 

A related finding of these studles has been that because phase separation takes 

place even for very short end blocks, the number of chains issuing from the 
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supennultiplets is much greater than for nonionic systems. It would appear that the 

ionic interactions are responsible for the strong driving force leading to this phase 

separation. 

2.8 Conclusions 

Many ionomer systems have been studied to date, in order to gain insight 

concerning the nature of the phase separation which is. in sorne ways. the most 

perplexing and most critieal aspect of their morphology. It is, in general. agreed that 

the aggregation which is observed in random ionomers yields two sizes of phase 

separated regions, multiplets and clusters. The phase behaviouT of block ionomers is 

more akin to their nonionic counterparts. Without arguing over the precise nature of 

the aggregates in random lOnomers, the results of many studles have shown that 

manipulation of clustered areas can be achieved through relatively simple techniques. 

This makes Il pOSSIble to tailor an ionomer for specifie applicaùons. 
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l Chapter 3 

Glass Transition Relations in lonomeric "Comb" Polymers 

3.1 Abstract 

The glass transition temperatures (Tg) and dynamic mechanical properties of 

random copolymers of styrene-co-4-vinylpyridine quaternised with iodoalkanes are 

presented for vinylpyridine contents up ta ten percent and pendant alkyl chains up to 

ten carbons in length. Two linear relationships, between ion content and glass 

transition ternperature and between pendant alkyl I..hain length and the Tg' are 

observed. An equation is presented that can be used to predict the Tg for such 

copolymers based on their ion contents and alkyl chain lengths. 

3.2 Introduction 

The properties of rnany industrially important polymers have been commonly 

modified by the use of plasucisers. A wide range of the se rnaterials are used with the 

intention of either making the polymer more easily processable or altering the 

properBes of the polymer ta make it more suitable for ilS end use. In euher case, 

difficultles are occaslOnally encountered because the plasticiser separates from the 

polymer over a penod of lime. This can be due to the voiatility of the low molecular 

weight material, or the poor thennodynamlc miscibility between the plasticiser and the 

polymer or possibly other mechanisms. Vanous remedies have been sought to 

overcome these dlfficulties, includlOg the use of polymerie plusticisers or the chemical 

attachmenl of the plaStlClSer to the polymer As might be expected, both ofthe~e have 

their specific advantages and disadvantages. 

A significant problem with trymg w blend two polymers 1~ thal, in general, 

polyrners are immiscible. due to a neghgible entropy of mixing. In ~he case of an 

unfavourable enthalpy of mixing, immiscibIllty may tlso be a prc:blem for some 
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polymer-plasticiser systems. Typically, specifie interactions are necessary ta 

overcome this problem, for example Cou lambic interactions. Several types of 

interactions can be envi~:tged involving charged species, namely ion pair - ion pair, ion 

- ion and ion - dipole. There have been many stuilles 1 ,2,3,4,5,6,7 exploring the use of 

Coulombic interactions as miscibility enhancers in attempts to mix polymers with other 

polymers or with plasticisers of both law and high molecular welght. 

The attachment of low molecular welght groups can be achieved ln three different 

ways using Coulombic Interactions. For example, a polymer cantaimng pendant 

sulfonic acid groups can be mlxed with an alkyl anune6,7 AlternatIvely, 1t would be 

possible ta mix poiymenc ammes wlth alkyl sulfonic acids 8, although a major 

difficulty is presented by the latter, WhlCh lS a soap. The third way, which is the 

subject of this paper, involves the mlxing of a polymeric cham contalning amine or 

pyridine groups with alkyl halldes, followed by a reaction of the two. This method 

yields a primary bond between the polymer and the pja~ticiser, accompanied by the 

formation of an ion pair. 

A major advantage of this last method, whlch it shan with the fint, IS that the 

reaction and the workup are very sImple. The creation of a true chemlcal bond is 

accompanied by further advantages, not shared Wlth the fust method, namely that ion 

hopping should not occur and that there IS a greatly reduced likelihood of the 

plastIciser "bleeding out" of the pol ymer matnx under the influence of polar sol vents 

or salt solutions. A further advantage common ta both the first and the last methods is 

that many of the pla~ticislI1g reagents are avallable commerclally, thus a \VIde range of 

structures can be envlsaged and created. The polymer IS more a "comb" pOlymer9,10 

than a graft copolymer, slI1ce .dl the slde chams are of equallength. The process has a 

further advantage ln that in most graft copolymerisations, a certain amount of the 

material to be grafted IS present as unattached homopolymer 11 , WhlCh is not the case 
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for this comb pol ymer, 

Before such a plasticisation techmque can become a generally useful method. il is 

advisable ta be able ta correlatt' a wide range of physical propertIes with the structure 

of the polymer-plasoclser system 10 be produced Perhaps the mast important single 

parame ter in plastlcised palymer system~ l~ the Tg' As a result, a great deal of 

wark 12.13,14,15,16,17,18,19 has gone Into the predIctlOm af Tg' 

Il has been recognIsed for a number of years that for polymers of low Ion content, 

the Tg generall) lncrea~e~ l1nearl) v.nh an mcrea~e ln the concentration of lOns 17, It is 

also wldely known that the presence of alkyl chains depresses the glass transition 

temperature 20 ,21,22,23 ln the matenal~ descnbed here, both af these competing 

effects are expected to be pre~ent 

SpecIflcally, thls study is centred around an exploratIOn of the Tg of a 

styrene-co-4-\'m~ Ipyndme polymer te whlch alkyl halldes of vanous chain lengths are 

attached, thus producJng lOnomer "comb~" The technIques Involve dlfferenual 

scanning calonmetT) and the romon pendulurr As a result of the latter technique. the 

dynamlc mechamcal propeme~ (ca 1 Hz) are abo explored 

3.3 Experimental 

Random c.opül~ mer of ~tyrene-co-4-vm~ Ip) ndme comamlng 1 9,49, 69 and 9 7 

mole percent 4-vln) lp:ndlnt were ~ynthe~l)ed In the bulk U~lng fret radlCal lnmatlon 

as descnbed b) Gauthle~4 Followmg l~olatJOn and freeze-drymg, the 4-vmylpyndwe 

content of the matenah wa~ a~~e~~ed b) t\l. 0 methods In one, the matenah were 

nrrated In chlorobenzene \l.lth a solutIon of HCIO~ and acetlc aCld, usmg methyJ violet 

as mdlcator In the other, thm fïlm~ were made b) c()rnpres~lOn mouldmg, sludled by 

infrared, and the ratIo of the peab al elther J 870 lm- l or 102<) cm- l for styrene and 

1414 cm -1 for 4-\'Inylpyndme wa~ rnea~ured agaJn~t a prev!Ou~l)' prepared calibraùon 
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Straight chain iodoalkanes, i.e. l-iodobutane, l-iodohexane, l-iodooctane and 1-

iododecane, were used to quaternise the styrene-4-vinylpyndine copolymers. These 

reagents were dlstilled, enher under nitrogen or panial vacuum, tD purify them 

The quaternisauon reactions of the styrene-vinylpyridine copolymers were 

perfonned in the folloWIng manner a known quanuty of the copolymer was dlssolved 

in dry tetrahydrofuran ta make a solutIon of 5 percent pol ymer by weight. A twenty

five fold molar exces~ of the lOdoalkane was added to the flask, either by syringe or, in 

the case of the ~o!Jd lOdooctadecane, by weight. Heatmg was begun, and the mixture 

refluxed under mtrogen for 24 hOUTS Invanably, after heating started, the solution 

turned golden yello\!. The Intenslty of the colour depended on the amount and the 

molecular welght of the lOdoalkane, darker solutIons were obtained as the molecular 

welght of the lodoalkane lncreased 

Once the reaCl10n wa~ stopped, a1l of the pol ymer samples were precipitated In a 

ten-fold exce~~, b) volume, ofrapldly stlITed nuxed hexane lsomers. Each sample was 

filtered by SUCDon and washed wlth more hexanes ta remove any excess iodoalkane. 

The yello\\ quatermsed lOnomer~ were then dned In vacuum at 60 oC ta remove the 

solve nt 

The extent of quateml~auon In each of the st)Tene-based samples was checked in 

FTIR b~ the dJ~Jppè.irance of the peak at 1414 cm -1 Sample~ of each ionomer were 

taken, and a Tg obt:ilned for each b) DSC ar a heanng rate of 20 °C/mln 

Another ~ene) of ~Jmple~ wa::, then moulded for use ln the IOrSlOn pendulum. 

These moulded ~ample~ v. ere funher trealed as follow~ Each sample was placed in a 

drying pJ~tol and ~ubJecled to vacuum for 24 hour~ Then, for two more days, If was 

healed ta 78 oC under vacuum, to dnve off as much water as posslble Fmally, the 

sample wa~ healed 10 ca 130 oC under mtrogen for three days to anneal 11 After thlS, 
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the sarnple was run in the torsion pendulum and a Tg was obtained from the tan delta 

maximum. 

After the torsion pendulum run, a small piece of the sampJe was broken off and 

moulded to produce a film. This film was studied by FfIR to de termine whether any 

significant Joss of quaternising agent had occurred, a complication that had been 

observed with prevlOus studics using iodomethane24. 

Although iodooctadecane was med as a rcagent in an attempt to quaternise the 

styrene-4-vinyJpyndlOe cùpoJymers, the reaCHon was unsuccessful. For the higher 

concentrations of vmylpyridine In particuJar, some degradation must have occurred due 

ta the drastic change in the mfrared spectra Thus further ~tudles on this set of samples 

were abandoned. 

3.4 Results 

3.4.1 Infrared Studies 

The infrared spectra of the samples lacked the peak at 1414 cm -1 which is due to 

the unquatermsed pyridwe ring. Thl~ mdicated that wnhin the accuracy of the 

measuremcnt, all the ~amples were fully quaternI~ed The infrared ~pectra of the 

samples taken after the t0r~ion pendulum run ~howed a neglIglble dequatermsatlon. 

The wom ~ample ~ti11 exhibltcd 98 % quatermsatIon after the torsIOn pendulum run, 

accordlng to the rano of the peaks at 1414 cm- 1 and 1029 cm-l, 

3.4.2 DSC Studies 

The DSe data obtalned from these studies on the ~tyrene-4-vinylpyridine 

copolymers, 5hown ln Table 3.1 for each pyndine concentration In the fir!.t row of the 

vinylpyridJne concentration entry, clearly IndICate the pattern of diffenng IOn contents 

and alkyl chain lengths on the Tg' The values for the glass transition were confinned 

by torsion pendulum and were used for the calculations that follow lI1 the dIscussion 

54 



1 

Table 3.1: 

Styrene-N-Alkyl-4-Vinylpyridinium lodide loncmers: 

Glass Transition Temperatures (OC) 

~101e 
Percent Alkylating Agent 
Ions lodobutane Iodohexane Iodooctane Iododecane 

1.9 g~:~:. 111.6 109.4 103.9 
1103 109 4 1084 

-0 7 1.3 0.0 -4.5 

K 49 118 -+ 116.8 111.2 107.6 
'! 118 8 116.6 113.8 111.4 
~ 

-OA 0.2 -2 6 -3.8 

69 124.5 1198 112.0 111,4 
1~3.8 1203 116.8 113.4 
0.7 -0.5 -4.8 -2.0 

97 131 3 1260 1197 1 . ., .., 1. _ 

1308 1259 121 0 116.2 
O.S 01 -1.3 -4 0 

~ G:ass :ra~5::::~ te~perat~res fro~ TP da~a. 

".,. ;-- ..... - ...... c" ~ .. ,...-.... _0. .... ____ -...1 .... :err:pera:l,;res f rorr. ~sc àata. 
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section. 

3.4.3 Torsion Pendulum 

Examples of tan cS and log modulus results are given in Figs. 3.1 and 3.2. The 

curves are all very simllar, therefore not a11 are shown. The immediate observation 

from the se results was that no clusters were present In any of the sarnples, SInce there 

was no tan deltJ peJl for T > Tg This 15 consistent wnh prevlOus work24. Below the 

glass tranS1l1on, the storage modulus was typlcally of the order of 109 N/m2. The 

InItial modulu~ of the sarnple generall) decrea~ed as the chain length of the 

quatermsmg agent lncreased, as In FIg 3.2 The effect of the Ion content on the mitial 

modulus show~ a SlIDILlI trend, although not as clearly. Above Tg' the modulus of the 

matenal decreased abruptly to a levellower than that observed in other ionomers. 

Thus Jt was often dlfficult to gel mu ch data ab ove Tg before the expenmental error 

became too large 

The result~ from the torslOn pendulum proved to be very sensiuve to the thennal 

hlStory of the sarnple ThiS necessltated the elaborate annealmg procedure described in 

the experimental sectIOn 

3.5 Discussion 

It I~ clear from the data obtamed from both the DSC and the torsion pendulum that 

lengthemng the pendant alkyl cham lowered the glass transition temperature of the 

lonomer ~Ol surpnsmgly, Ù1e effect IS more pronounced al higher ion contents. It has 

been shown el se \.\. here 24 that ln the case of styrene-4-vmylpyndll1e copolymers 

quaternI~ed wJth IOdomethane the Tg Increa~es Ilnearly wIth Increasmg 10n content. 

ThiS, agaln, pro\ed 10 be true for the same polymer quatermsed with 1Odobutanr 

lodohexane, IOdooctane and lododecane a~ ~een In Fig 3 3 In ad.dluon, for constant 

10n contents, the relatlomhlp between mcreasmg cham length and decreasmg Tg is 
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linear, as shown in Fig. 3.4. Fig. 3.5 shows the relationship between the change in Tg 

as a function of the vinylpyridine content, from the sIopes in Fig. 3.3, and the alkyI 

chain length. It was found that the data could be fitted to an equation of the general 

fonn: 

Tg = Tg 0 + c(k 1 - k2n) 

where Tg is the glass transition tempe rature of the mate rial and T gO is the glass 

transition temperature of the noniomc staning material, in this case, polystyrene. The 

other variable S ln the eq uation are c, the concentration of the ionk groups in mole 

percent; k l' a constant from the intercept of the plot in Fig. 3.5; k2, another constant 

for the system, obtained from the slope in Fig. 3.5; and n, the nurnber of carbons in the 

iodoalkane chain. 

The slopes of the lines for the different iodoalkanes shown in Fig. 3.3 were plotted 

on a graph agalOst the nurnber of carbons in the attached chains. A similar slope that 

had been constructed for the iodomethane samples 24 was also used in the Iinear 

regression calculation. 

The Tg of the nonionic polystyrene was detenmned by DSC to be 106.5 oc. The 

value of the constant k1 was detenruned to be 3.5 ± 0.2 degrees per mole percent ions. 

Represented by the slope In Fig. 3.5, k2 was calcuJ',ted ta have the value -0.25 ± 0.02 

degrees per mole percent IOns per carbon atom attached. Thus, the general equation 

now takes the fonn. 

Tg = 106.5 + c(3.5-0 25n) 

The values that were obtained by the use of thls equation are shawn in Table 3.1 in 

the second row. In row three of this table are the differences between the calculated 

and experimental values for Tg' A statl~tlcal analysls shows that the average 

dlfference between these two temperatures is 1.7 oC using absolute values of the 
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difference between these two tempe~atures is 1.7 oC using absolute values of the differences. 

As mentioned in the introduction, it has been of interest to find a means of 

mathemaucally predicting the Tg' Since many factors influence the glass transition 

temperature, a general purpose equation describing it will have many variables related 

to each other in complex ways. It was evidec from the results obtained in this study 

that, over the range of ion contents encountered In the polystyrene matrix, the 

relationship between Tg and ion content, as weB as Tg and attached ~ide chain length, 

was linear. Yet, since this relation could not be considered general on the basis of 

preliminary results with other c;ystems, the publications dealing with the prediction of 

Tg by other equations were consulted ta see if they were applicable 10 the materials in 

question here. 

These other equations could not be used for the styrene-4-vinylpyridinium

iodoalkane system given the experimental data available. In particular, the absence of 

the Tg of poly(vmylpyridimum iodoalkane) was re.:}uired in these other equations. It 

was cor..sidered, however, that to de termine these T g'S were too difficult at the present 

time in view of the antIcipated dequatermsation ta warrant funher study. 

3.6 Conclusions 

The glass transitIon temperatures and dynamic mechanical properties of random 

styrene-4-vinylpyridine ionomers quaternised with iodoalkanes have been presented. 

The behaviour of these "comb" ionomers is intluenced, as expected, by the ion content 

and the length of the pendant alkyl chains. Within the limits of the experimental data, 

for example 0 to 10 mole percent vinylpyridine ~U1d 1 to 10 carbon atoms attached ta 

the pyridine ring, 1t has been possible ta construct an equation that correlates the Tg for 

such a copolymer with these variables. 
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1 3.7 Appendix 

A linear regression (programme courtesy of Mario Gauthier) was performed on 

each of the curves in Figs. 3.3 through 3.5. The slope and intercept for each curve are 

presented below, together with their standard deviation, as weil as each correlation 

coefficient. 

Figure 3.3 

Iodobutane 
slope: 2.68 ± 0.05 oC per mole percent vinylpyridine 
intercept: 105.5 ± 0.4 oC 
correlation coefficient: 1.00 

lodohexane 
slope: 1.82 ± 0.07 oC per mole percent vinylpyridine 
intercept. 107.9 ± 0.4 oC 
correlation coefficient: 1.00 

Iodooctane 
slope: 1.3 ± 0.3 oC per mole percent vinylpyridine 
intercept: 106 ± 2 oC 
correlatIOn coefficient: 1.00 

lododecane 
slope 1.1 ± 0.2 oC per mole percent vinylpyridine 
intercept: 102 ± 1 oC 
correlatIon coefficient:0.96 

Figure 3.4 

1.9 % YmylpyriJine 
slope: -1.1 ± 0.4 oC per number of attac hed carbon atoms 
intercept: 117 ± 3 oC 
correlation coefficIent: -O. 84 

4.9 % Ymylpyridine 
slope: -1.9 ± 0 2 oC per number of atiached carbon atoms 
intercept· 127 ± 1 oC 
corre lallOn coeffICIent: -0 9~ 

6.9 % Ymylpyndme 
slope: -24 ± 0.3 oC per number of attached carbon atoms 
intercepr l33 ± 2 oC 
correlatIon coeffIcIent: -0.96 
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1 9.7 % Vinylpyridine 
slope: -3.2 ± O. l oC Der number of attached carbon atoms 
intercept: 144.6 ± 0.9 oC 
correl:}tlOn coettlclent:- 1 .00 

Figure 3.5 

~lope: -0.25 ± 0.02 (OC per mole percent vinylpyridine) per attached carbon 
mtercept 3 5 ± 0.2 oC per mole percent vinylpyridine 
correlauon coefficient-O.98 
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Chapter 4 

Aggregate Modification via Plasticisation of lonomers 

• Dynamic MechanicaJ and Morphologieal Studies 

4.1 Abstract 

PlasncisatlOn of random sryrene-N-alkyl-4-vinylpyridinium icxiide ionomers was 

camed out U~Ing one of the followmg method~ quat< rnlsatlon of the vmylpyridme 

group~ wlth n-lOdoalkanes, alkylatIOn of the styrene wlth I-decene or external 

plastlClsatIO!1 \1. !th dJethylbenzene The matenah thus prepared were analy~ed u~ing 

dynamlc mechamcal and ~I '~dl angle X-ray scattering techmques. It was shown that 

plastlCl:.atIOn of the styrene matnx mduced clustenng in these matenals, while the 

ionomer~ ln WhlCh the vinylpyndlne group~ were plaStIClSed retained the 

charactemuc:, of singlt: phase matenab The amount of matenal Incorporated Into 

the clu~ter~ \'. a~ :.een ta vary dependlDg on the mobilIty of the plasticlser, thus the 

fractIon of clustered matenal In the extemally plastiCised IOnomers was significantly 

grea!er than In the Internall)' plasuclsed matenals 

4.2 Introduction 

The IncorporatIOn of IOm lnto nonpolar matrIces commonly lead~ 10 phase 

separatIon of the matenah mto IOn-poor and IOn-neh dommns and results 10 matenals 

wlth very dlfferent propertle~ from thelr nomome, single phase precursors Styrene

co-sodlUm methdcrylate IOnomer~ are good examples of tlm phenomenon. Even at 

very low IOn concentratlOm, the) show behaviour slgl11fieantly dlffcrent from that of 

the parent aCld c('polyrner~ In th:u the lOnomer.., exhlblt, for example, higher moduli 

al elevated temperature~ and greatly Increased melt VI~COSlt1e~ 1 ,2,3,4,5. All of the~e 

change~ In the matenab have been ascribed to the pre~ence of phase separated ionic 

and nomome domams. 
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1 
In the case of random ionomers, this phase separation into ionic aggregates is 

believed ta result in entines known as multiplets and clusters. The existence of the se 

two types of aggregate~ wa~ first suggested ln 19706 , however, there is still 

consIderable con trovers)' over the exact nature and structure of bath multIplets and 

clusters 7. As a consequence of ThiS controversy, as weil as the dramatIc change5. in 

propenles re~L1ltlng from IOn HlcorporatlOn, there 1~ a growmg body of expenmental 

data from WhlCh the effecb of this pha~e separatIon on the propenies cf IOnomers can 

be assessed 

lt 1S thought that multlplets are aggregates composed of a few ion pairs With 

radll of the order of 5 - 10 A, they are too small ta behave as a phase dl~tmct From the 

matn>. Rather, they aet a~ thermolabIle cro~~hnb wnhm il, thus serv1l1g to raIse the 

glass tranSlIlOn lemperature of the matn .... 1 ,2,3 In most random lOnomer~, multIplets 

probably cannot be detected b) \!lJall angle scattenng technlque~ They are, 

however, detectJble in the halatotelechellc~ 8,9,10, Il. 

Clu~ter~, b) contra~t, are beheved to eXl~t as a separate phase. Ciusters contaIn 

many IOn palT:' as we)) a~ a sIgnlflcant proportIOn of chaIn matenal and are 

comparatIve))' large ComeLjuently, clmters eXhlbIt theu own glas~ transition 

temper«.ture and thclr effect on the Tg of the surroundll1g matnx may be expected ta 

be qune complex 1 ,2,12 

Both dynarl1lc mechamcal (DM) technlque~ and small angle X-ray sCélttering 

(SAXS)13,14 have been u<>ed extemlvely le.' ob~erve aggregatwn 10 lOnomCI:' In the 

first, the mechamcal behavlOur of the matenah as a fUllctlon of temperature IS under 

study SAXS, on the othe! hanâ, probe,> thf' lJlorphology of phase separated domall1~. 

These two techI11que~ explore dlfferent aspects of malenah, dynamic mechanical 

'~xperimenls are frequency dependent and probe the molecular motIons in the vanous 
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phases. while SAXS is a static technique and probes electron density differences. 

Thus, these two techmques are eomplementary, but are not necessarily sensitive to 

the same features of the aggregates. 

In dynarmc mechanical expenments, elustered IOnomers are charactensed by the 

presence of a rubbery inflectlon or plateau seen in the curve of storage modulus 

versus temperature Furthermore, it is possible to de termine the glass transition 

ternperature~ of both phases from the peaks seen In plots of the 10ss tangent against 

ternperature 

The SAXS profIle from an ionomer depicts the mtenslty of the radlatlOn, I, as a 

function of 4, WhlCh is re1ated to the inverse of the average Bragg dIstance, and 

contams two feature~ WhlCh are of mterest At very srnall q, lOnomers generally 

exhibit an mtensity uprum, the meamng of WhlCh IS at present unclear 15. At shghùy 

larger value~ of q, the proflle~ of clustered lOnomers show a peak 111 the intenslty 

Thl~ peak IS due to the presence of domaln'l whlch mternct with the radIatlOn. It is 

not clear ln ail ca~e.., whether these peab reflee! shape or structure factors Il. 

However, the~e peaks have been used In both capacities to detenrune ùle seale of the 

aggregares8,13 

On the basl~ of the man)' studle~ wèllch have been rureeted at an understandmg of 

the pha~e separatIon encauntered m lOnorner~, ;t I~ cleaI that there are a number of 

factor~ wtllch mOuence lome aggregutlon 16 OnJ)' thase fOUI WhlCh are Ielevant 10 

the pre~ent swdy wlll be mtroduced here, two penainmg to the lO:1ie group~ and the 

other IWO relattd ta characten~tlc~ of the mam-.. 

VnquestlOnably, the IOnIe mOletJe~ plt'\ent ln IOnomer~ detenmne man)' of the 

proper!le~ of the matenal It J:' wJJely recogmsed that the concentration of iom 

markedly influence~ the aggregatlOo 10 lOnomen, wnh hlgher ion concentrations 

enhaneing clustenng, as seen in man)' mechameal studles 1,2.3. The type of IOn 
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involved in the aggregation also appears to greatly affect clustering. Small ions, 

havmg a much hlgher charge densJty, enhance clustenng 12, while large ion pairs 

may even lead to a complete dlsruplion of the clw,ter~ 17,18. 

The nature of the matnx lnfluence~ the pha~e separatIon encountered In ionomers 

as weil. Polymers whlch are compo~ed of pola.r unm, are better able to solvate the 

ion pUlf~ As a re~ult, matnce~ WhlCh are polar are les~ hkely to show eVldence of 

clustered domaIn~ 19 Another aspect of the matm .. which mfluences clustenng 

behavlOur l~ the gla:-,,', tran~ltlon tcmperaturc E\pmmcntal evidence mdicates that 

ionomer~ wlth a lower Tg are more hkely to be clustered than simllar materials 

possessing a hlghé'r gla~~ transition temperature20 

Thu~, Slnce a reduction In the gla~s transltlon tcmperature can enhance clustering, 

there IS InCrea~IIlg ln terest In IOnome [~ wIth lowereù Tg' s. It is wlUely known that il 

is pos~lble ta deL'rea~e the g!~m tral1'>l!Ion temperature afa matenal through the 

introduction of pla,',l1Cl...,er~ There are two basIC methods of plastlclsation that are of 

interest Plastimer:;, rnay be added to the matenals as small moJecule diluents or they 

may be chemlcally attached to the poh mer chain VIa post-polymerisation reactlom 

The former I~ con~ldered un "e)dern:il" pla~tlcl)er and the latter IS denoted as 

"mterna]" There are cenain ad\antages a~soÇlateù Wlth each method In the ca~e of 

external plastlcbtllJon, a ver) :.mall amount of d1luent makes a large dlfference in the 

propertJes of the matenal FUIlhcrmore, a Wlde IüIlge of potenual pl<,)tiCl~ers is 

avallable and the InrrodUC!IOll of the plasticiser IS often rèlulIvcly :,Imple 111(' major 

dl~advantage to mlllg: ç>..temal plastlCl~atlOn I~ the mobih ty, especlally the volauhty, 

of the pla:.tIcl~er AttuchlTlt:' the pla~tlcl..,er to the polymel chaIn, a~ ln wlerndl 

plastlcisatlon, ObVIOU:>ly relîlove~ any problem wIth mobllny Whlle thIS rnethod of 

plasticlsation is not a~ effective as the use of external plasticisers in redljCmg the 
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glass transition temperature, it clearly permits a greater amount of control. However, 

this technique, too, has some dlsadvantages. Post-polymensation reactions are 

associated with a number of problems, ln partlcular the avallability of reagents, 

possible unwanted si de reactions, such as cham degradatlOn or crosshnking, and the 

randomne~~ of lnlIoducrion of the new group A thIrd merhod of plastlcisation, 

monorner modIficatIon prior to polymensatlOn, can have lt~ own dIsadvantages and 

wIll not be comldered hère 

The other a~pect of pla~l1Cl~ation of lOnomers dcpends on the nature of the 

plaSt1Cl~er Because lOnomer~ can bt: pha~e separateJ lnto polar and nonpolar 

reg'ons, dlluents of dlfferent dlelectric constants should tend to plastIcise particular 

areas, 1 c. the rnaoix or the clu',ters Sorne plCVlOUS studJes on the plasticisation of 

ionorner~ have been concèrned largely WlUl the effect~ of plastlcisation of the clusters 

. 1] "l') ')124 ')') 26 usmg hlEhly poLir d!luents~ ,~-,'--, ,'--' , where H ha~ been shown that thlS type 

of pJastJcI~atlOn elImInatc\ the feature~ as~ocIated wllh clmtered matenaIs. The 

mtroduction of plu~tiClsers wlth a polant)' SInll!ar tIJ that of ~hc manix depresses the 

glass rranWlOn temperature of thé'" matnx 27, and, at low IoadIng Jevel<;, even favours 

clu~tenng28 Recent ~tudles2<) have sho.~'n thal the InteractIon betw~en t~e 

pla~ncl~er and the polyrner are very cOl11plex; t~us. pla\l1CI~a[lOn of an lonorner with 

pJasticIser~ contulOlng mtro group~, matenals WhlCh are polru, but do !lot hydrogen 

bond, result~ 10 behi1Vlour characten~tlC of nonpolar pla~tlC1Ser~ 

Ionorner'l COml~t1ng of styrene-co-I\-methyl-4-vlIlylpvndmlUm IOdlde have becn 

previou~ly l!)vesngated 1 ~ They repre~ent one sene~ of a small group of lOnomers 

WhlCh do not exhlbu cVldence of clustenng lt I~ thought that thlS lack of phase 

separatIon I~ due to the large Slze of the Ion paIr~ and the hlgh Tg of the matnx The 

dynamic mechamcal behavlOur of sorne styrenc-co-N-alkyl-4-vinylpyridinium iodide 

ionomen, in WhlCh the alkyl group ranges In length from but yI (4) to decy! (10), have 
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been previously reported and indicate that these materials also do not behave as if 

they were clustered30. 

The aim of the present study is to show that plasticisation, even in small arnaunts, 

can change an lOnomer from an unc1ustered to a clustered system, accompanied by 

dramatlc changes ln mechamcal propertles, i.e. tan 0, and morphology, as seen in 

SAXS, of the material Furthermore, the dlfferences in the effects of plastlcisation 

via InternaI or external methods usmg two nonpolar plastlcisers are explored. In 

additlOn, the effects of mternal pla~tiCl~at10n usmg nomomc and lOnlC pendant groups 

are compared The re~ults of lillS work alsa show that the inducement of clustering 

WhlCh was :,een ln acrylate-ba:,ed vinylpyridimum ionomers20 can be extended to 

styrene-based system~ 

The ionomen, under study here are composed of styrene-co-N-methyl-4-

vinylpyridmium lOdlde. They have been plasticised either externally or internally 

with nonpolar d!luf'!J[~, In order to reduce the glas~ tranSltlOn temperature of the 

matnx and to deten1llne If c1ustenng is occurring with thlS reduction. Both dynamlc 

mechamcal and SAXS expenment~ were ernployed in these studies The SAXS data 

for the pre\lOusly studled styrene-co-N-alkyl-4-vinylpyridinium icxhde materials are 

abo reported, and confim.1 that these rnatenals do not appear ta be clustered 

4.3 Experimental 

4.3 1 POLYMERISATIO~ 

Random copolymer~ of styrene and 4-vinylpyndine and a styrene homopolymer 

were prepared 0) free radical copolymen~ation in the blllk as previously described18. 

The conditIOns of polymeri~atlOn are summarised here for convenience. Styrene 

(Aldnch, 98%) and 4-vlnylpyridme lAldnch, 97 %) were fractionally disolled at 

reduced pres~ure (19 mm Hg and 47 oC , 16 mm Hg and 65 oC, respectively), then 
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1 stored for a few hours at low temperature until needed. The initiator, benzoyl 

peroxide, was used as received. The quantiues of monomers requL'ed, for pol ymer 

compositions ranglng between 0 and 12 mole % vinylpyndine, and the desired 

composltIonai homogenelty, 30 %, were calculated. The monomers were mixed, 

sufficient imtiator was added for a Mn of 100,000 and the solution transferred to an 

ampoule After degassing, the ampoule was sealed and refrigerated Subsequent!y, 

the polymerisauon was carned out at 60 oC for approximately Il hours, resulnng in 

a converSIOn of ca 30 'lé: The polymer solUtlon wa~ then diluted with toluene to 5 

weight Cjé, precIlJltated ln ct lO-fold volume eÀce~:, of methanol, filtered and washed 

WIth more methanol It was dneri ID vacuum at ca 60 oC to constant welght. The 

vmylpyndine content of the copolymer~ was determmed both by titration of the 

samples 10 chlorobenzene solution wlth perchlonc acid in acetic acid and from an 

ana1y~l~ of the mfrared spectra, mmg a previously prepared calibratIon curve 18. 

The sequence of reactlOm employed following the polymerisatIon depended on 

the method of plasuclsauon useù Materials for the internaI plasnCÎsation study were 

fmt alkylated and then quatermsed. The samples for the external plasticisation study 

were quaternised and then plasucised The polymers that were plasticised using long 

n-lOdalkanes \Vere quaternised with the~e reagent~ a~ ha~ been descnbed earlier30. 

4.32 INTERl\AL PLASTICISATIOr-.; 

The styrenc-co-4-vinylpyndlOe copolymers were plasticlsed to varymg extents 

through the alkylatIOn of different proportlons of the phenyl rings through a Friedel

Craft~ reactlon, sllllllar ta one reported previously2~ Before the polymers were 

alkylated wlth J -decene (Aldnch, 96%), the reagent was purifird by distillation under 

reduced pre~~un: (12 mm Hg and 61 (le') and rhen stored at reouœd temperature. 

To a 3 7t ~olutlon of the polymer 111 carbon dl~uJfic!e wa~ aclded fi two-fold molar 

exce~~ of I-decene ThIS was heated to refluxlng and then an equimolar amount of 
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1 catalyst, anhydrous aluminum trichloride (Anachemia, reageot grade), was added as a 

20 % slurry in I-nitropropane. The extent of alkylation depended on the reaction 

time; for lower levels of alkylation a few hours of reflux were sufficient, but the 

reaction was carried out for 24 hours for maximum alkylation. The alkylated 

polymer was recovered after precipitation into a ten-foid volume excess of methanol. 

It was important ta purify the polymer in order ta forestall any complications 

from cross-linkmg due to rernaining traces of the catalyst. A 1 % solutior of the 

polymer in chloroben7eoe was prepared and 0,01 and 0.05 % of isopropaool and 

distilled water, re~pectively, were added This mixture was refluxeà for another 24 

hours and then washed WIth disnlled WEller. The pol ymer was precipitated into a 20-

fold excess of methanol, fIltered and dried under vacuum at 60 oc for a few days. A 

series of similar matenals was prepared via the partial alkylation of the styrene 

homopolymer with I-deccne. The method employed was identical to that described 

above for the ~tyrene-vinylpyridine copolymers. 

The extent of alkylatIOn 3l was detcrmined from 1 H NMR spectra obtained on a 

Varian XL-200. The ratios of the aromatic and aliphatic peaks were determined in 

relation to the amount of styrene and vinylpyridine known to be present. The 

pyridine group is essentially unreactive tG Friedel-Crafts alkylation under the 

conditions used32, thus al! of the alkylation was believed to have taken place on the 

phenyl rings. 

The alkylated samples \Vele quaternised with iodomc:hane (Aldrich, 99%). This 

reagent was distilled under nltrogcn at 41-43 oC shortly before use. The 

quaternisation was perfofl11.::d in tctrahydrofuran (TI-IF) which had bcen previously 

dried over potasslUm-benzophenone complex unt!l the purple colour persisted, and 

then distilled, 
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1 The samples to be quaternised were dissolved in sufficient dry THF under 

nitrogen to make a 5 % solution. A five-fold rnolar excess of iodomethane was 

added and the resulting light yellow solution was refluxed for 90 minutes. The 

polymers wc:re recovered by precipitation iiiiO 20-fold excess volume of hexanes , 

then they were filtered and dned in vacuum at 60 oC to remove residual solvent. 

4.3.3 EXTERNAL PLASTICISATION 

The ionomer samples for the extcrnal plasticisation studies were flrst quatemised 

with iodomt~thane as described above. Subsequently, the y were redissolved in 

benzene/methanol (90/10 v/v) and freeze-dried. The polymers were kept ln ncuurn 

at 60 oC until needed. Apart from quaternisation, the styrene homopolymer was 

treated in the same fashion. 

Diethylbenzene ( Aldrich, 97 %, a mixture of Q-, m- and Q- isomers) was used as 

the diluent ln these studies. Ir was pUIified before the plasticisation experiments by 

distIllation under reduced pressure (10 mm Hg and 55 OC). Dry ampoules were each 

filled with approximately 2 mL and sealed. 

For each plasticisation experiment, a sample of the freeze-dried polymer, 

weI ghing fl'orn 0,9 to 1,2 g, was u sed. The con te nts of two ampoules of 

diethyIbenzene were added 10 the sample In an aluminum weighing pan hned with 

TeflonR. To get a umform distribution of the dIluent In the sarnple, the following 

procedure was used The sample was placed in a desIccator under vacuum for one 

hour, then moved to a dryIng pIstoi and heated to ca 100 oC under ninogen for 

another hour. The drylllg pIstoI wa~ cooled to about 56 0e (bOlhng acetone) and 

placed again under vacuum The sample\ were removed after dlfferent lengths of 

time ta yleld dlfferent pla~t1ClSer contents. For example, a samplc evacuated for 

about 5 hour~ contamed approxlmately 10 % dlethylbenzene by weight. 

The actual amount of plasticlser contained wHhin the sarnples wa!l determined 
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only for those sampI es used for the dynamic mechanical experiments. The polymer 

was weighed first after moulding. then after the experiment. and then placed in a 

drying pistoi at approximately 100 oC under vacuum until i: reached constant weight. 

From the initial samples. a calibration curvc was prrpared. and twin samples for the 

small angle X-ray scattering studies were prepared following it. One of these 

sarnples was used in the SAXS study and the other was dried to constart weight, so 

as to get a better approximation of the plasticiser conter. f in the sample. 

4.3.4 DYNAMIC MECHANICAL EXPERIMENTS 

The sarnples for the dynamic mC'chanical experiments were compression moulded 

into rectangular slabs at eievated temperatures and 2 GPa pressure. The average 

dimensions of the mouided slabs were 12 x 35 x 2 mm. In the external plasticisation 

studies, as described above, the samples were weighed before the experiment. The 

samples were run ln adynamie mechanical thermal analyser (DMT A, Polymer 

Laboratories) in dual cantilever bending mode at a heating rate of 0,5 oC mm-1 in a 

nitrogen atmosphere. Data were obtained concurrently for five frequencies ranging 

from 0,3 to 30 Hz. 

The dynarnic mechanical experiments were stopped at temperatures not greater 

than 170 oC. This was used as the maximum for two reasons. There are problems 

with dequaternisation of the N-methyl-vinylpyridinium iodide ion pairs on prolonged 

exposures to tempe ratures above about 160 oC. Furthermore, in the case of the 

external pidsticisation studles, the bOlling point of dJethylbenzene lS 180-2 oC 

Funher analysis of the data was made possi bIe after the run using a curve-fitting 

and peak-fmding routme '-'.'ntten for this laboI'éltory by S Williams. In the cases 

where thls program was not SUl table, the gla<,~ transition tcmprratures were estimated 

by VI suaI inspectIon of the peak maxima. 
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4.3.5 SMALL ANGLE X-RA Y SCA TTERlNG EXPERIMENTS 

The samples for the SAXS experiments were also compression moulded, under 

temperatures and pressures similar to those used in the moulding of the DM samples. 

The samples obtained through this moulding were disks of a typical diameter 12 mm 

and thickness 2 mm. Because the se samples were moulded several weeks before the 

experiments were run, they were protected from the atmosphere in the interim. The 

samples that were plasticised internally, either with a nonpolar group, as in the 

alkylated materials, or with a polar one, i.e. those samples quaternised with the n

iodoalkanes, were kept under vacuum. The samples that were plasticised with 

diethylbenzene were sealed in individu al ampoules. 

The small angle X-ray scattering experimt'nts were run on the D-22 line at LURE. 

This line is charactensed by moderate flux and high resolution. The energy of the 

beam was 8500 eV. The samples were posiùoned in air either 818 or 830 mm from 

the detector, depending on the sample holder used, and spectra were collected for 

1200 s. The analysi s of the data was pcrfonned using software written by O. Lyon. 

The spectra were corrt:cted for sample thickness, where possible, and the blank 

absorbance. Not aIl the samples could be corrected for the thickness. For example, 

in the case of the highly alkylated samples, only the material of highest ion content 

was sufficiently below its Tg to be measured. The externally plasticised samples 

were sealed in ampoules before it was recognised that the thickness measurement was 

important, and the thickness could not be determined afterwards. 

4.4 ResuIts 

The levels of plasticisation of the different materials were detennined by different 

techniques. 1 H NMR spectroscopy was used to detennine the extent of alkylation in 

the samples plasticised with }-decene, while the amount of diethylbenzene in the 

externally plasticised materials was determined by weight loss; the polymers that 

77 



·' 

c 

• 

were quaternised by n-iodoalkanes were judged to be fully quatemised when the 

infrared peak at 1414 em -1 disappeared eompletely. The ionomers prepared for this 

study, aJong with their relative plasùcisation levels, are shown in Table 4.1. 

The dynarnic mechanical behaviour of the materiaJs depended on the type and the 

amount of plasticisation employed, in addition ta the expected dependence on ion 

content. For the sake of clarity, the earlier results 30 for the samples quatemised with 

n-iodoalkanes are first briefly recapitulated. This is followed by a description of the 

results observed for the alkylated and externaJly plasticised samples. 

Quaternisation of random styrene-co-4-vinylpyridine copolymers with n

iodoalkanes can be considered a type of internaI plasticisation of the polar groups by 

the attac~ed alkyl chains. The styrene-co-N-alkyl-4-vinylpyridinium iodide ionomers 

ail resemble a styrene homopolymer of comparable molecular weight in their 

rnechanical behaviour. The principal differ~nce is an increase in the glass transition 

temperature with increasing ion content. However, as the length of the attached alkyl 

chain increases, the effeet of increasing plasticiser content offsets that of ion content. 

The single Tg varies linearly with ion concentration and alkyl chain length over the 

vinylpyridine content and iodoalkane range studied. For such styrene

vinylpyridinium ionomers, it was shown that it was possible to relate the glass 

transition temperature to the alkyl chain length and vinylpyridine content using a 

simple equation. The absence of a second peak in the loss tangent versus temperature 

curves indicates lhat these materials are not clustered. 

By contrast, the internaI plasticisation of the nonpolar matrix in styrene-co-N

methyl-4-vinylpyridinium iodide ionomers, via alkylation of the phenyl groups, 

significantly alters the mechanical properties. When alkylated to a moderate degree, 

a shoulder is clearly evident on the high temperature side of the peak in the tan B vs . 
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Table 4.1: 

Relative Plastlclsatlon Levels of Samples 

A. Internally Plasticised Samples 

Starting Material Du ration of Alkylation Extent of Alkylation 
Reaction (min) (mol % styrene) 

Polystyrene 60 10 
275 30 
480 50 

Sty-0.0265VP(4-) 1515 90 
Sty-0.0508VP(4-) 1455 80 
Sty-0.0622VP(4-) 70 10 

135 20 
335 30 

Sty-0.0791 VP( 4-) 1410 80 
Sty-0.106VP(4-) 1870 70 

B. Externally Plasticised Samples 

Starting Material Length of Time Diethylbenzene 

Evacuated (min) Content (mol % st y) 
Polystyrene 0 

300 7.9 
Sty-0.OI93VP(4-) 190 10.1 
Sty-0.0622VP(4-) 0 

705 5.3 
315 7.0 
260 9.4 
125 15.2 

Sty·0.121 VP(4-) 190 3.8 
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temperature plots. The shoulder is attributed to the glass transition of a second, 

clustered phase, as has been done for other clustered systems. As the level of 

alkylation increases to above 30 mole %, the shape of this curve changes markedly 

and both peaks are of comparable magnitude. This is shown in Figure 4.1. ln the 

samples with much higher levels of alkylation, it is uncleaI whether there is a second 

peak in the 10ss tangent because of the large scatter in the data. The storage modulus 

(G ') curves do not have a second inflection point in any of these samples, however, 

the materials which are clustered have much broader transitions. 

As expected, the alkylation of the styrene homopolymer to varying extents with 

I-decene resulted in materials with reduced glass transition temperatures. Onlyone 

glass transition temperature was observed for aIl plasticiser contents, although the 

materials were opaque. In contras t, aIl of the plasticised ionomers were clear. The 

opacity may be due to the immiscibility of the alkane in styrene or possibly side 

chain crystallisation. However, sinee phase separation in nonionic systems was not 

the principal aim of this study, this observation was not followed up. 

The plasticisation of the styrene-co-N-methyl-4-vinylpyridinium iodide ionomer 

with diethylbenzene may result aIso in a material with properties very different from 

those of the unplasticlsed precursor ionomer. In addition to the dependence of the 

phenomena on the amount of plasticiser involved, the ion content proved to be 

important, thus the ionomers containing very low (ca. 2 mole %) and very high (ca. 

12 mole %) vinylpyridme contents did not exhibit any behaviour associated with 

phase separation upon plasticisation. In general, for ionomers of moderate 

vinylpyridine content and at the low levels of plasticisation studied, the reduction in 

the glass transition temperature is much more pronounced for these samples than for 

the internally plasticised ones. A higher temperature peak, attributed again to 

clusters, is also clearly observed in the loss tangent - temperature curves of the 6 
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Fig. 4.1: Loss tangent as a function of temperature for internally plasticised 
styrene-N-methyl-4-vinylpyridinium iodide (6 mole % ions) ionomers. Numbers 
refer ta mole % alkylation. 
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mole % ionomer, as shown in Figure 4.2. It is unlikely that this second peak is due to 

uneven plasticisation, which would result in areas of unplasticised ionomer, because 

the positions of both peaks depend on the amount of diethylbenzene present. Rather, 

the presence of two glass transitions suggests that clustering has occurred also in 

these ionomers, although here the higher Tg, that of the clusters, is predominant even 

at very low plasticiser contents. 

The equivalent plasticisation of the styrene homopolymer with diethylbenzene 

aIso depressed the Tg of the material. As in the internal plasticisation of polystyrene, 

no second tan Ô peak is observed. However, unlike the alkylated homopolymer, the 

samples in these plasticisation experiments were transparent. 

The results from the dynamic mechanical experiments on these ionomers are 

summarised in Table 4.2. The glass transition temperatures, the peak halfwidths and 

the activation energies calculated for the different materials are listed. A comparison 

of the 10ss tangent data for the different methods of plasticisation is shawn in Figure 

4.3. 

The other series of experiments perfonned on these ionomers used small angle X

ray scattering. The results from the SAXS studies indicate that significant changes in 

the morphology of the ionomers accompany the reduction of the glass transition 

temperature. The results of the SAXS studies, Le. the peak positions and intensities 

for the above mentioned samples, are aIso listed in Table 4.2. 

The SAXS profiles of the ionomers quaternised with n-iodoalkanes did not have a 

peak in intensity over the observed q range and, thus, there was no evidence of 

aggregation in these samples. This is consistent with the dynamic mechanical results 

on these materials30. The investigation of the SAXS diffraction of the highly 

alkylated styrene-co-N-methyl-4-vinylpyridinium iodide ionomers yielded rather 
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Fig. 4.2: Loss tangent at 1 Hz as a function of temperature for extemally plasticised 
styrene-N-methyl-4.villylpyridinium iodide (6 mole % ions) ionomers. Numbers 
refer to mole percent of plasticisation. 
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Table 4.2: Results From Dynamic Mechanical and SAXS Experiments 

A. Intemally Plasticised Samples 

Sample Mole % Tg(low) Tg(high) Eact(low) Eact(high) qmax Intensity 

plasticiser @ 1 Hz (OC) @ 1 Hz (OC) (kJ.mol-1) (kJ·mor l ) (A-I) (normalised) 

Polys~~a,b 9.9 9R.5 470 
32.8 5l.X 500 .. a,b 47.9 34 240 

Sty-O.0265VP(4-)-MeIa.c 91.7 15.5 190 

Sty-0.0622VP(4-)-MeI 11.4 104.4 128.5 400 280 0.181 .. 
19.7 98.3 124.7 400 250 0.172 32.3 53.1 112.4 390 310 0.153 

Sty-0.0791 VP(4-)-MeI3 83.6 20 200 0.165 3e-3 
Sty-O.l06VP(4-)-Mela 73.3 41 230 0.182 2.3e-3 

--------------------

a No second peak in DM experiments. 

b SAXS not run on sample. 

c No peak in SAXS. 
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Table 4.2 continued 

B. Extemally Plasticised Sampi es 

Sample Mole % Tg(low) Tg(high) EactOow) Eact(high) qmax Intensity 

plasticiser @ 1 Hz (OC) @ 1 Hz (OC) (kJ·mol- 1) (kl·mol- 1 ) (Â -1) (nonnalised) 

PolYS~~a,b 0 115.6 490 
7.9 46.3 310 

Sty-0.0193VP(4-)-MeIa,b 10.1 37.5 350 

Sty-O.0622VP(~)-MeIa,C 0 140.5 580 
2.5 0.129 5e-4 "d 5 0.133 3.75e-4 "b 5.3 63.7 105.6 340 480 .. b 7.0 51.1 96 280 260 

"b 9.4 44.6 98.6 300 280 .0<1 10 0.134 6e-4 .. b 15.2 20.9 88.2 400 220 "d 20 0.130 4e-4 

Sty-0.121 VP( 4-)-MeIa,b 3.8 114.4 390 

ct SAXS sample onlYi DM experiments not rune 
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different results. While there is no conclusive evidence of phase separation in the 

mechanical studies because of the low modulus above the Tg of the highly plasticised 

systems, the intemally plasticised materials of higher ion contents have very distinct 

peaks in their SAXS profiles, demonstrating that they are phase separdted. The 

externally plasticised samples aIl had peaks in their SAXS profiles. With the 

exception of the 10 '1é sarnple, in which the peak was a shoulder on the upturn, all the 

peaks were weil re solved, although weaker in intensity th an those found in the 

internally plasticised matenals. The upturn at small angles, however, was present in 

aIl samples, regardless of their method of plasticisation. An example of the small 

angle X-ray scattering profIle observed for each plasticisation scheme is shown in 

FIgure 4.4. 

4.5 Discussion 

Previous studies have demonstrated that c1ustering in ionomers can be 

dramatically influenced by the choice of plasticiser. Thus, it is possible to "fine

tune" the properties of ionomers through selective plasticisation. For example, one 

way 10 reduce or obliterate the mechamcal fealures associated with clustering is to 

reduce the strength of the iome interactions within the cluster21 -26, for exarnple by 

the addition of highly interacting plasticisers to the polar domains of the ionomers. 

The clusters may retain their identity, however they no longer exen an effect on the 

rheological properties of the material. It has also been shown that the addition of a 

very large arnount of nonpolar plasticisers ultimately destroys much of the 

mechanical behaviour associated wi th clustering28 . The opposite effeet, the 

enhancement of aggregation, has been achieved through the addition of moderate 

amounts of nonpolar plasticisers20,28. Finally, there are sorne plasticisers which do 

not have very much effeet on the phase separation in ionomers. In this study, the 
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plasticisers either induced two phase behaviour,Le. clustering. into one-phase 

materials, or were ineffective, in which case the material retained the characteristics 

of a single phase system. The single phase materials, which for the purposes of this 

study are the least interesting, will be discussed first, and the final section of the 

discussion will deal with the two phase, or clustered. ionomers. 

4.5.1 SINGLE PHASE IONOMERS 

The quatemisation of styrene-vinylpyridine copolymers with n-iodoalkanes is an 

example of plasticisation which has no effect on the phase separation in these 

materials. Plasticisation via this technique enlarges the ionic group. This results in a 

mild depression of the Tg, but there is no evidence of phase separation either in 

dynamic mechanical or SAXS studies. 

The 2 mole % styrene-N-methyl-4-vinylpyridinium iodide systems are another 

example of one phase materials in which no evidence for clustering has been found, 

even when the ionorners have been alkylated with I-decene or plasticised with 

diethylbenzene. The behaviour of these rnaterials is thus unlike that seen for ca. 

2 mole % styrene-sodium methacrylate ionomers. in which behaviour characteristic 

of two phase systems has been observed using dynamk mechanical techniques 12 and 

Raman spectroscopy32. 

4.5.2 TWO PHASE IONOMERS 

The addition of moderate amounts of a nonpolar plasticiser has been seen to 

enhance or even induce clustering in several systems20,28. The phenomenon of 

inducing clustering through plasticisation has been observed in materials of already 

rather low Tg, such as ethyl acrylate, and in the present study this observation is 

extended to styrene-based vinylpyridinium ionomt.rs. A nurnber of factors suggest 

that in the styrene-based systems c1ustering should be easier to achieve than in the 
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acrylate systems. One such factor is the much lower dielectric constant of the styrene 

systems. Another is the unfavourable solubility parameter, X (chi), between 

styrene and vinylpyridinium33. Thus the styrene-vinylpyridinium ionomers are 

materials that, in the unplasticised state, appear to be prevented from clustering only 

because of the high matrix glass transition temperature. The present experimental 

results indicate that styrene-vinylpyridinium ionomers would tend to cluster easily if 

the Tg were lower. The addition of a only 5 % of diethylbenzene lowers the glass 

transition temperature of the matrix sufficiently to cause a large amount of the 

materiai (0 cluster, and yet this Tg (63.7 OC) is still much higher th an that of an 

unplasticised ethyl acrylate-vinylpyridinium ion omer of a similar ion content (ca. 

5 OC). 

Although both externally and internally plasticised styrene-N-methyl-4-

vinylpyridinium iodide ionomers are phase separated, there are a number of 

differences in both the dynamic mechanical behaviour and the SAXS profiles 

between materials plasticised using the two methods of plasticîsation. For 

convemence, the ways in which the internally and externally plasticised ionomers 

respond differently 10 the dynamic mechanical and small angle X-ray scattering 

experiments are summarised in Table 4.3. 

An important difference between the two plasticisers lies in their strUctures, and 

which influences how they interact with the matrix. Clearly, I-decene is much less 

miscible with polystyrene than is diethylbenzene. However, given that the alkyl 

group is attached to the styrene, and thus cannot move out, it is believed that for the 

two phase systems in this study, the differences in the results obtained are due to Ulç 

change in mobility of the plasticiser, rather than the structure of the additive. 

It is known that the mobility of a plasticiser determines its effectiveness in 

reducing the Tg' Clearly, an external plasticiser, being unattached in any way to the 
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Table 4.3: 

A Comparlson of the Phase Behavlour Resultlng from Internai 
and External Plastlclsatlon . 

Predominant 
Tg 

Shift in 
Tg 

SAXSpeak 
position 

SAXSpeak 
maximum 1 

InternaI 

lower T 2. predominates at 
low plasticisation; 
upper T of comparable 
importa§ce at plasticisation 
levels > 30 %; 

Both T 's move linearly 
to lOw& temperatures as the 
plasticisation levels increase; 

qmax @ ca. 0.18 A-l 

4 x 10-3 
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External 

upper T J! always 
predommant; 

Initially, both T 's drastically 
lowered as pla~ciser is introduced; 
rate of depression slows, but always 
greater than intemally plasticised; 

qmax @ ca. 0.13 A-l 

I.S x 10-3 
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polymer chain, introduces more free volume than can a comparable amount of 

attached plasticiser. Thus, materials which have been plasticised with a small 

molecule diluent have glass transiùon temperatures which are generally much lower 

than materials plasticised with comparable amounts of internaI plasticisers. This 

difference in the efficiency of plasticisaùon is aJso seen in the results of this study; if 

approximately 10 mole o/c plasùciser has been incorporated internally, the Tg of the 

matrix is reduced by about 35 oC, whereas the same amount of external plasticiser 

depresses the matrix glass transition temperature by ca. 100 oc. It is also worth 

noting that when two phases are present in one of these ionomers, the difference 

between the two Tg 's is also dependent on the type of plasticisation used. To 

continue with the prevlVus example, the difference in the glass transition 

temperatures of the two phases is about 20 oC for the 10 mole % alkylated sample, 

but is already ca. 40 oC for the externally plasticised materials. These variations in 

behaviour may be seen in Figure 4.5*. 

Another difference between the dynarnic mechanicaJ data for the internally and 

external1y plasticised samples is seen in the relative heights of the loss tangent peaks 

for the separate phases. It has been suggested that the areas underneath such peaks 

reflect the relative amounts of material present in each phase 12,34,35. Thus, il 

*For t~e ionomers quaternised by n-iodoalkanes, the values 
were obtained in the following steps. First, the 
vinylpyridine content was recalculated in terms of the 
styrene content alone, and the appropriate ion content 
chosen. The vinylpyridine content also determined the 
maximum plasticisation possible, based on 100% 
quaternisation with iododecane. The other points are the 
glass tr~nsition temperatures of the same vinylpyridine 
cont2nt material, but with their alkyl chain length 
norrralised to ten carbons. 
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Fig. 4.5: The glass transition temperature of plasticised styrene-co-N-alkyl-4-
vinylpyridinium iodide ionomers as a function of plasticiser type and content. 
Extemally plasticised materials,O, alkylated matrix,:6.. and ionomers quaternised 
with n-iodoalkanes,D Coloured symbols represent upper tan S peaks. 

93 



( 

( 

appears that for the internally plasticised samples, initially relatively littIe material is 

incorporated into the clustered regions at low plasticiser contents. Only when the 

alkylation level is mu ch higher, Le. ca. 30 %, does the amount of material in the 

cluster phase approach that in the multiplet-containing phase. In contrast, in the 

cases of the externally plasticised ionomers, the glass transition peak at higher 

temperatures is always substantially larger. This suggests that the phase responsible 

for this transition predominates in these materials. 

The SAXS data show that other differences, in the positions and intensities of the 

peaks, exist between the internally and externally plasticised materials. Most 

notably, the highly alkylated materials hllve peaks at significantly larger q than the 

materials plasticised by small molecules. This implies that either the phase separated 

regions are much closer together in the internally plasticised ionomers, or that, in 

the se systems, these domains are smaller. The ambiguity in this interpretation 

reflects the CUITent uncertainty in understanding the small angle X-ray scattering 

profIles of random IOnomers, because of the difficulty in attributing such SAXS 

peaks to structure or shape factors. 

Almost as striking in the SAXS profiles is the difference in the intensities of the 

peaks observed in the alkylated samples compared with those of the externally 

plasticised ionomers. The i:1tensities of the internally plasticised materials are sorne 

fort Y times the latter. This may, in part, be due to the differences in plasticiser 

concentrations (70-80 mole % for the alkylated materials vs. < 20 mole % for the 

externally plasticised IOnomers), however, rhere is no similar increase in the 

maximum peak intensities in the series of externally plasticised materials with 

increasing dIethylbenzene content. Thus, it is suggested that the differences in the 

mobilitie!l of the plasticisers are responsible for the differences in peak intensities. 
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It is possible to explain aIl of the differences listed above and in Table 4.3 as a 

consequence of the relative plasticiser mobilities. It is expected that the alkylation of 

the phenyl groups in the styrene-vinylpyridine copolymers occurs randomly wong the 

chain, and, therefore, in the solid state, the internaI plasticiser should be distributed 

evenly throughout both phases. Because the glass transition temperatures are quite 

close in the internally plasticised systems, it appears that the only factor 

differentiating the clusters from the matrix is the presence in the former of a 

proportionately larger number of ions. If the peaks in small angle X-ray scattering 

can be attributed to the dimensions of the scattering bodies, then these peak positions 

of the alkylated ionomers indicate that the domains are small, and the intensities of 

these peaks suggest that the domains and the matrix have very different electron 

densities. The assumption of small domain sizes is also in agreement with the 

relative peak heights in the dynamic mechanical result~ These data are all consistent 

with a material which contains rather small and weB organised clusters. 

The si tuation ln the externally plasticised materials is quite different because in 

this case, the plasticiser is free 10 move away from the ion-rich areas. Because of the 

mobihty of the diethylbenzene, the matrix is expected to contain most of the 

plasticiser, and thus the clusters would be expected to have a Tg higher than that 

observed for the ion-rich regions in similar internally plasticised ionomers. In fact, 

the glass transition temperatures of the clustered phases of the externally plasticised 

ionomers are lower than those of the comparable internally plasticised materials. The 

addItlOnal reduction in the Tg can be attributed to a "soft-wall" effect which has been 

seen in other phase separated systems36. However, the differences between the glass 

transition temperatures of the cluster and multiplet-containing phases are still 

markedly larger in the extemally plasuclsed ionomers than in the aIkylated materials. 

These larger differences indicate that, as expected, the concentration of 
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diethylbenzene is not unifonn throughout the material as a result of the presence of 

ions. In externally plasticised ionomers, therefore, the cIusters should be different 

from the matrix on me basis of both average ion content and plasticiser content. The 

large size of the cluster peak in the loss tangent - temperature curves suggests that 

these domains are predominant in these materials. Assuming again that the small 

angle X-ray scattering profIles are indicative of the domdin size, then in the 

diemylbenzene containing samples the se clusters are larger than the domains found in 

the internally plasticised ionomers. The low relative intensity of the SAXS peak and 

the observed depression in the glass transition temperature of the c1usters relative to 

that of the internally plasticised materials imply that, in addition to being large, the se 

domains are rather poorly orgamsed. 

It is clear that the externally plasticised 6 mole % styrene-vinylpyridinium 

ion omer is a hlghly clustered material. Thus, the absence of evidence for two phase 

behaviour in the externally plasticised 12 mole % N-methyl-4-vinylpyridinium iodide 

ionomer deserves special comment. The single phase behaviour suggests the 

following two possiblmes. Either the material is truly unc1ustered, or it contains a 

single phase of high ion concentration, Le. all clustered. In this connection, it is 

wonh recalling that styrene-co-sodium methacrylate ionomers have been seen to 

become almost entirely clustered at ion contents of ca. 13 mole % with only a very 

small peak due to the Iow Tg phase 12; thus, it is conceivable that the same situation 

also exists for the plastlcised styrene-co-N-methyl-4-vinyIpyridinium iodide 

ionomers at high vinyIpyridinium contents. In addition, the 10ss tangent peak of the 

c1uster phase is clearly dOnUnant already in the 6 mole % sarnples. Thus, although no 

samples were run between 6 and 12 mole % vinylpyridine concentration, which 

would confirm this trend 10 a completely clustered system, on the basis of the results 
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in other systems, complete c1ustering seems most likely in the extemally plasticised 

12 mole % sample. 

4.6 Conclusions 

The plasticisation of styrene-N-methyI-4-vinyIpyridinium iodide ionomers by the 

incorporation of either an internaI (attached) or an external (mobile) nonpolar 

additive yields phase separated materials above 2 mole % ion content. At very high 

vinylpyridmium content, the entire material appears to be clustered. While the 

clustering observed in the styrene-vinylpyridinium ionomers is clearly a consequence 

of the reduction in the glass transition temperature of the material, the different 

methods of plasticisation result in different cluster sizes based on evidence from both 

dynamlc mechanical and small angle X-ray scattering. When these ionomers have 

been internally plasticised with l-decene, the material thus produced appears to 

contain small, weIl organised domains. In contrast, the introduction of 

diethylbenzene inta the se ionomers yields a mater:al in which the clusters are 

relatively large and poorly organised. 
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Chapter 5 

Small Angle X-Ray Scatterlng ln "Bottlebrush" lonomers 

5.1 Abstract 

The dependence of the small angle X-ray scattering profiles of styrene (A)-N

alkyl-4-vinylpyridinium iodide (B) ABA triblock ionomers was studied as a function 

of the different block and quaternising chain lengths. Two distinct types of profiles 

were observed: either a broad, single peak or a narrowed peak with higher order 

maxima. It was possible to relate the differeuces in the morphologies as detected by 

SAXS te the changes in midblock, ionic end block or iodoalkane lengths. For 

example, ionomers with long midblocks were unable to remange to the more highly 

ordered morphology, while the quaternisation of the vinylpyridine end blocks with 

long n-iodoalkanes encouraged such reorganisation. 

S.2 Introduction 

Phase separation occurs frequently in polymerie materials. Two classes of 

polymers which are of great interest, because of their phase behaviour, are block 

copolymers and ionomers. Most block copolymers are micro-phase separated 

because mixing two dissimilar pol ymer chains is frequently an unfavourable 

process 1,2. Ionomers, originally defined as random copolymers containing small 

amounts of an ionic comonomer3, often phase separate because of the strong driving 

force for the aggregation of ions in nonpolar media. 

Recently, the field of block ionomers has received increasing attention4. Block 

ionomers are hybrids of block copolymers and random ionomers. They are materials 

consisting of a long, nonionic pol ymer chain segment capped at either one end (AB) 

or at both ends (ABA) by a shon ionic block. The AB materials are of considerable 
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interest in solution, because of their micellar nature4. The ABA materials are most 

interesting in the solid state, where they behave as if they were cross-linked. 

The dynamic mechanical properties of the ABA block copolymers have been 

studied for a number of systems5,6,7. More recently, morphological studies have 

examined the phase separl1ted domains in the se materials8,9. 

The results ofrecent small angle X-ray scattering (SAXS) experiments on an 

ABA block ionomer, consisting of styrene (B) and N-methyl vinylpyridinium iodide 

(A), yielded the following conclusions8. Phase separation takes place in block 

ionomers even with very short end block lengths. There are more chains emanating 

from the ionic domains than are observed from aggregates of similar sire in nonionic 

block copolymers. Finally the sizes of the aggregates are considerably larger than the 

multiplets and clusters believed to be present in random ionomers. 

In this publication, we wish to report a preliminary exploration of the 

morphologies of a related series of block ionomers, in which the same parent 

polymers have been quaternised with iodoalkanes ranging in length from two to ten 

carbons. We have called these samples "bottlebrush" ionomers because of their 

architecture. A single chain can be envisaged as consisting of a long, thin styrene 

midblock, capped at each end by a short, fuzzy end block, composed of quaternised 

vinylpyridinium units as depicted in Fig. 5.1. 

The results from the small angle X-ray scattering indicate that, in the case of 

these block ionomers, even when the materials have the same sarnple history, major 

differences can be observed in the SAXS profiles of the various materials, reflecting 

differences in the morphologies. b this preliminary investigation, we have not 

attempted to give a detailed description of either morphology but, rather, to relate the 

presence of a given structure pattern to the rnolecular characteristics of the materials. 

These different scattering profiles are not observed in the ionomers quatemised with 
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Fig. 5.1: A "bottlebrush" ionomer. 
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iodomethane and having the same s&:nple treatment8. 

5.3 Experimental and Results 

Samples of ABA block copolymers (A = 4-vinylpyridinium, B = styrene) were 

prepared via sequential anionie polymerisation5 in three series of different styrene 

midblock lengths, containing 240, 590 and 1000 units. Different 4-vinylpyridine end 

blocks, of approximately 10, 20 and 50 units, were investigated. The styrene 

midblock length was determined by gel permeation chromatography. The 4-

vinylpyridine content was analysed using a calibration curve based on infrared 

peaks5. The polymers were quatemised in situ, as previously described5,8. in a 4/1 

(v/v) solution of absolute ethanol and the freshly distilled iodoalkane. In this study, 

the quaternising agents ranged from iodoethane to iododecane. In a typical 

quaternisation, a sample weighing approximately 1 g was immersed in 50 mL of this 

solution. 

After refluxing under nitrogen for one week, the samples were removed from the 

quaternising solution. They were then soaked briefly in fresh ethanol and dried 

overnight at room temperarure in vacuum. The ionomers were dried further at 60 Oc 

in vacuum for at least two days. Subsequently, samples were moulded at about 

130 Oc and 1000 GPa pressure, ylelding disks of typical dimensions 12 mm diBt"lleter 

and 0,8 mm thickness. 

The SAXS studies were perfonned using synchrotron radiation on the D-22 beam 

line at LURE. This line is characterised by moderate flux and high resolution. The 

line and the experimental conditions used have been described in detail elsewhere8, 

but are summarised briefly below for convenience. 

The samples were run under vacuum and the experimental conditions were 

chosen so that data were obtained in a q-range from 0,004 to 0,15 A-l 
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(q ::: 4I1J 'X sin e/2 with e the observation angle and X the wavelength, equal to 

1,46 Â). Typically, data were colleeted for 1200 s and standard corrections were 

applied to all scattering data. 

AlI samples showed an intense peak in theiT SAXS profile ascribed to the phase 

separation between the ionie N -alkyl-4-vinylpyridinium iodide blocks and the 

styrene. From these, the qmax and the half width for each ionomer sample were 

detennined. 

Two general prome types were observed; either, as in the previous study, a broad 

and asymmetric peak (Fig. 5.2) or a much narrower peak with smaller higher order 

peaks (Fig. 5.3). These profIles evidenùy result from different morphologies. 

The different block ionomers studied and the type of profile they displayed are 

listed in Table 5.1. It is clear from this table that these systems are on the edge of 

organising into either one of two morphologies, thus anomalies, such as are to be 

found in the 49-240-49-BuI sarnple, are not unexpected. These results differ from 

those previously obtained on the samples quaternised with iodomethane whieh 

showed the morphology associated with the broad peaks, a structure similar to that 

observed in the nonneutralised samples8. 

5.4 Discussion 

The profile peaks for these ionomers are aseribed to an interpartic1e correlation 

factor between pseudospherical domains and not to a spherical fonn factor. The 

sa me interpretation was used for the materials previously studied, because attribution 

of the peak to a fonn factor Ied to impossibly large radii8. 

5.4.1 RADIUS OF THE SCA ITERING CENTRES 

Addi tional insight concerning the phase separation in these materials may be 

obtained from an examination of the phase separated domains. Thus, the sizes of the 

aggregates were calculated from the values of qmax using space-filling arguments, as 
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Fig. 5.2: A typical broad small angle x-ray scattering profile. 
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Table 5.1 

Summary of the SAXS Profiles for the 

Different "Bottlebrush" lonomers 
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240 590 

broad Et: broad ~ 
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in the case of the styrene-N-methyl-4-vinylpyridinium iodide ABA ionomers8. It is 

assumed here that the domains are spherical for both patterns. This assumption 

appeared to be a valid means of treating the data in the case of the broad diffraction 

patterns, because in the previous study, the radii of the scattering centres increased 

with larger block lengths. However, while there is no reason to treat the data from 

the narrowed SAXS peaks in the same manner, for the sake of comparison, the sarne 

calculations were performed. 

In order 10 calculate the radius of the scattering centres, an approximation of the 

volume fraction of the material due to the quaternised vinylpyridinium units had ta be 

made. The phase separated domains in aIl of these systems were assumed ta be 

spherical, without reference to their SAXS profile shapes. This assumption was 

based on the relative amounts of the two blocks present. Furtherrlore, it was 

assumed that the two types of units act independantly and are completely phase 

separated. Thus, it was possible to use the densities of the homopolymers. The 

volume fraction of the quaternised vinylpyridinium units was calculated from the 

known unit volume of styrene8 and a unit volume estimated for the quaternised 

vinylpyridinium moieties. In the absence of literature values for these unit volumes, 

they were estimated from N -methyl-4-vinylpyridinium iodide (VP-MeI), 1.48 g/mL 8, 

as follows: N-ethyl-4-vinylpyridinium iodlde (VP-Etl), 1.43 g/mL, N-butyl-4-

vinylpyridinium iodide (VP-Bul), 1.40 g/mL, N-hexyl-4-vinylpyridinium iodide (VP

Hel), 1.37 glmL, and N-decyl-4-vinylpyridnium iodide (VP-DeD, 1.30 glmL. 

The radii of the scattering centres were calculated based on space-filling models 

with different symmetry, namely simple cubic (sc), body-centred cubic (bec) and 

face-centred cubic (fcc) lattices. The results of these calculations may be found in 

Table 5.2. 
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• .. Table 5.2 
Values of Qmax and Radii Calculated for Different 

Macrolattices • 

Polyrner Quat. Vol frae qmax d Rsc Rbee Rfec 
Agent VP (A-1) (A) (A.) (A.) (A) 

12-240-12 EtI 0,155 0,0308 200 70 80 70 

Bul 0,172 0,0303 210 70 80 80 

Del 0,224 0,0384 160 (60 ) (6O) (60 ) 

0,0744 

20-240-20 Etl 0,235 0, 0227 280 (110) (120 ) (120) 

0,0447 

Bul 0,258 0,0271 230 (90) (100 ) (100 ) 

0,0504 
.. _.~ Hel 0,280 0,0309 200 (80) (90) (90 ) 

0,0599 

49-240-49 EtI 0,429 0,0246 260 (120) (130 ) (130 ) 

Bul 0,459 0,0239 260 130 140 140 

Del 0,542 0,0384 160 (80 ) (90) (90) 

8-590-8 EtI 0,0475 0,0284 220 50 50 50 

BuI 0,0534 0,0271 230 50 60 60 

13-590-13 EtI 0,0750 0, 0214 290 80 90 80 

BuI 0,0840 0,0164 380 100 120 110 

Hel 0,0933 0,0252 240 70 80 80 

--------------------

* The values in parentheses are those ealculated for the .. '"'" rnaterials whose SAXS profile showed two peaks . 
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5.4.2 SAXS PROFll...ES AND ORDER IN TIIE MATERIAL 

The width of the SAXS peak and the presence of higher order peaks are known to 

be indications of greater uniformity of size and ofregularity in the ordering of the 

scattering domains in a sample. The difference in position of the diffraction peaks 

shows a change in the symmetry of the spatial arrangement of the ionic domains. 

Thus, i[ appears [hat sorne of the materials were more highly ordered than others with 

the sarne sample history. 

Results from small angle neutron scattering show that before these materials are 

quaternised, they are phase separated8. The nonionic polymers exhibit a single, 

broad peak in their profiles. Becaus~ they are in the solid state during quaternisation, 

the polymers are only swollen. Thus, rearrangement resulting from the aggregation 

of the ionic domains cannot take place easily and the morphology of the ionomer is 

expected to resemble that of the precursor. This is the case for the samples 

quaternised with iodomethane8. 

Several trends emerge from an examination of the profiles for the different 

systems in Table 5.1. The samples containing the larger midblocks aIl show a single, 

broad peak. Only the materials with a midblock of 240 styrene units show higher 

order peaks in the SAXS profile. Additionally, there also seems to be an effeet due 

to the size of the end blacks. For example, in the series of 240 midblock material 

quaternised with iodoethane, the SAXS profiles change progressively from the broad 

type to the narrow one as the length of the vmylpyridinium end blocks increase. As 

weIl, the samples quatermsed wlth longer chains tend to have small angle x-ray 

scattering profiles in whieh the narrower peaks are observed. Thus, there are 

probably three parameters which affect the phase separation in these materials. 

These are the length of the nonionic block, the Iength of the ionic block and the 
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length of the quaternising agent. Each of them has a different influence on the 

relative time sc ales involved in the kinetics of the reorganisation process. It should 

be noted that any change in morphology during this reorganisation in the solid state 

requires a chain end to be detaehed from the ionic domains and dragged through a 

very incompatible medium. 

The effeet of the length of the quaternising agent may be understood in terms of 

the vapour pressures of the iodoalkanes. The longer the iodoalkane is, the higher ilS 

boiling temperature. Therefore, in the removal of sol vents by evapora tion, the 

ethanol is removed much earlier. The ionic domains are thus swollen with the 

iodoalkane for longer periods of time, thus allowing the domains more time ta 

reorgan.se. 

However, not aIl the materials were able to rearrange, despite the additional 

swelling by the quaternising agents. For an explanation of this behaviour, the 

differences in the polymer samples must be eonsidered. 

The midbloek length governs the diffusion time of eaeh chain through the others 

(beeause the end blacks are small, their effeet is negligible). Thus, the samples with 

larger midbloeks are prevented from reordering their domains in the available lime. 

The effeets of the iome blocks on the reorganisatlon process are quite complex. 

However, the vinylpyridine segments are of low molecular weight, and it is likely 

that seeondary effeets are of greater Imponance than rheologieal constramts. Thus, 

beeause a longer block will attraet more of the iodoalkane, it should be plasticlsed for 

a longer time, allowing Il more time to rearrange. It is evident from the table that the 

kinetIc effect~ play an lmponant raIe in the pattern selection, but that the influence of 

the dlfferent parameters i5 very eomplex, 50 that thert' is no elear-cut predIction of 

what the5e systems wlll do . 

The variation in qmax for the different quatemlsing agents is evident in Table 5.2. 
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It is clear that at least two different types of behaviour are observed in these samples. 

The majority of the peaks exhibiting a broad SAXS peak show a decrease in qmax 

with increasing iodoalkane length. This indicates that the distance between the 

scattering centres is increasing with the quaternising agent, due to an increase in the 

ionic domain size. On the other hand, the qmax of the samples whose SAXS profiles 

showed the narrower peak and higher order peaks increases with the chain length, an 

indication that the morphology of these samples is quite different. 

The ratios of these narrower SAXS peaks ta their higher order peaks are 

presented in Table 5.3. It is interesting to note that the ratios all approach the value 

of two, which is typical of lamellar structures, rather than close-packed spheres. 

Recent studies 10 have explored the morphologies found in styrene-co-N-methyl-

4-vinylpyridinium iodide materials which have been cast from dimethylformarnide 

(DMF). This sample preparation has produced materials in which the SAXS peak is 

generally narrowed and accompanied by higher order peaks. The effects of solvent 

casting on the morphologies of the block ionomers described in this publication are 

cunently being sturued. 

5.5 Conclusions 

ln ABA block ionomers of styrene-co-N-alkyl-4-vinylpyridinium iodide, the 

morphologies observed by SAXS are dependent on several different parameters. 

When the materials have identical sample histories, the sires of aIl the components, 

i.e. the midblock, the end block and the quaternising agent, aIl influence the 

morphology. Thus, an increased styrene midblock length, shortened vinylpyridinium 

end block or quaternisation of the ionomer with a shon, volatile iodoalkane, leads ta 

materials which exhibit SAXS profiles with broad peaks. These materials are 

thought to contain deformed spherical domains on a cubic lanice. Conversely, it is 
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Table 5.3 

Ratio of Peak Positions 

Sample 

12-24 0-12-De l 
20-240-2 O-Et l 
20-240-20-BuI 
20-240-2 O-He l 

For reference 11 : 

qmax (2) /qrnax (1) 

1. 94 
1. 97 
1. 86 
1. 94 

simple cubic: 1.41 
face-centred cubic: 1.15 
body-centred cubic: 1.41 

hexagonally packed cylinders: 1.73 
lamellae: 2.00 
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possible to obtain materials whose SAXS profiles show peaks that are much narrower 

as weB as possessing higher order peaks, when the midbloek is short, and the end 

blocks and the quaternising agents are long. The morphology of these samples is not 

known. Apparently, these materials are on the verge ofreorganisation and it takes 

very litùe to influence them to produce either of the two morphologies observed in 

the SAXS sturues. It is possible that other parameters, for example the moulding and 

annealing temperatures, or the casting solvent, would have an effeet on the 

morphologies as weIl. These pararneters will be investigated in omer studies. 
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Chapter 6 

Anomalous Glass Transitions ln Styrene Block lonomers 

6.1 Abstract 

Dynamic mechanical studies have shown that the glass transition tempe rature of 

the styrene matrix in styrene (A)-N-alkyl-4-vinylpyridinium iodide (B) ABA triblock 

ionomers is depressed relati ve to the Tg of the pure styrene homopolymer. This 

unexpected reduction in the glass tTansition temperature in indepenent of both the 

vinylpyridine content and the iodoalkane chain length. It is proposed that packing 

inefficiency of the styrene chains around the ionic domains is responsible for the 

lowered Tg' 

6.2 Introduction 

Many studies have shown that phase separated block copolymers exhibit two 

glass transitions, one for each phase l ,2. In this respect, block copolyrners are often 

diseussed in terms of their similarities to blends of two homopolymers. Thus, any 

shifts in the glass transition temperatures towards each other are generally taken to be 

evidence of enhanced miscibility. 

However, in sorne block eopolymers, for example styrene-butadiene and styrene

dimethylsiJoxane di- and triblock materials, changes in the glass transition 

temperatures of both phases have been observed which have been attributed to 

entirely different causes3.4,5. Most pronounced was the reduction of the Tg of the 

high temperature phase, which has been interpreted in terms of a thermal stress 

effeet, caused by the extra free volume imposed on the hard phase above the glass 

transition of the low temperature continuous phase. In addition, however, sorne of 

these rnaterials exhibited a substantial reduetion of the lower glass transition 

temperature5, while in others a slight inerease in the Tg of the soft phase was often 

observed4,5. In another study, the glass transition temperature of the soft phase was 
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depressed in ABA triblock copolymers of butadiene (B) and aramid (A)6. In all of 

these investigations. the changes in the glass transition temperatures of the low 

temperature phases have been discussed in terms of thennal stresses present between 

the soft and hard phases. 

In this paper. we wish to report one aspect of a dynamic mechanical study on a 

series of materials, viz. ABA block ionomers of styrene (B) and quaternized N-alkyl-

4-vinylpyridinium iodide (A). These blocks are expected to be immiscible because 

of their very different natures, i.e. the styrene midblock is nonionic. while the 

vinylpyridinium end block is ionic. Thus, it is unlikely that any shift in the glass 

transition temperatures of the two phases could be ascribed to miscibility. The 

vinylpyridine contents of these materials range from 0 to ca. 7 mole %. The glass 

transition temperatures of the ionic end blocks are not known, but they are expected 

to be much higher than that of the high molecular weight (ca. 105 g mor 1) styrene 

midblock. Therefore, this is a system in which the low temperature phase is the 

major component; thus an increase in the Tg of the styrene phase is anticipated. 

However, the glass tranSItlon temperature of the styrene matrix 1S depressed markedly 

with respect to the Tg observed for a styrene homopolymer of the same molecular 

weight. We describe this phenomenon and offer a tentative explanation different 

from that proposed in the previous report on an anomalous reduction in the glass 

transition temperature of a soft phase matrix material6. 

The generaI mechanical behavior of these materials will be discussed more fully 

in a separate publicatIon dealing with the mechamcal behavior of plasticized styrene

vinylpyridinium block lOnomers 7. 

6.3 Experimental and Results 

A series of styrene (B)-co-4-vinylpyridine (A) ABA block copolymers was 
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prepared via sequential anionic polymerization, as described in detail in a separate 

publicauon8. Materials prepared using this technique are characterized by a common 

midblock (styrene) length and varying end block (vinylpyridine) lengths. The 

molecular weight of the styrene midblock was approximately 100,000 (ca. 1000 

units) as determined by gel permeation chromatography of the midblock 

homopolymer and the vinylpyridine content ranged from 0 to 6.9 mole % (0 to 35 

viny Ipyridine units per block) as detennined from aIl infrared calibraùon curve 8. The 

materials were quaternized in a slightly swollen state with ethanol containing one of a 

variety of different n-iodoalkanes, ranging from methyl (1) to decyl (10), as 

described in another publication9. The ionomers were subsequently dried thoroughly 

and remoided at temperatures around 130-50 oC and 2 GPa, to yield blocks of 

approximate dimensions 12 x 36 x 2 mm. Two styrene homopolymer samples were 

subjected to the same quaternization method, and dried, one below the glass 

transition temperature of the polymer and the other above Tg' Finally, they were 

remolded under the conditions used for the ionomers. A sample of the nonionk 

styrene-vinylpyridine precursor was swollen with absolute ethanol as in the 

quaternization experiments, then dried and remolded in the same manner as the 

ionomers. 

These ffiolded samples were used in dynamic mechanical experiments performed 

on a Polymer Laboratories Dynamic Mechanical Thermal Analyser in a dual 

cantilever bending mode. The samples were heated at 0.5 oC min- 1 under a light 

flow of nitrogen. Data were collected concurrently for up to five different 

frequencies. The glass transition temperatures for the different samples were 

determined from an analysis of the peaks in the plots of tan a against temperature. 

The peaks are very narrow, thus the error in the detennination of the Tg was ± 0.5 oC 

from successive analyses. The values of the 10ss tangent maxima at 1 Hz for a 
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• number of samples are listed in Table 6.1 and representative loss tangent curves are 

plotted in Figure 6.1 

The Tg's of the polystyrene samples used in this study are in sensitive to sample 

history, with an average Tg of 116.1 ± 0.6 oC (average ± 20). The glass transition 

tt:.!llperature of the dried unquaternhed block copolymer lies in this range. In 

concrast, the unquaternized materlal which had bl~en swollen with ethanol and then 

dried, has .1 lower Tg' As there was no eVldence ior solvent evaporation during the 

DMTA run, i.e. no bubbles were ob!ervcd in the :;ample after the dynamic 

mechanical experiment, the existence of ityo.rogen-L:mded pyridine is suspected. The 

average Tg of the 16 ionomers used in this study was r;alculated to be 107 ± 17 oC. 

There is no apparent systematic variation of the glass transition temperature either 

with ion content or with iodoalkane length, in contrast to the results from previous 

studies on random styrene-co-N-alkyl-4-vinylpyridinium iodide ionomers 10. 

These glass transition temperature data were fust treated statistically. The Tg' s 

determined for the polystyrene and the unquaternized block copolymer, representing 

the glass transition temperature of the unpenurbed styrene matrix, were subjected to 

the Q test Il. Thus, the glass transition temperature determined for the ethanol 

swollen copolymer was rejected at the 90 % confidence limit. This rejection can be 

justified on the basis of the pyridine-ethanol complex suggested above, the presence 

of which could reduce the glass transition temperature of the pyridine phase by 

plasticization and thus 10weI the Tg of the styrene matrix through the "soft wall" 

effect seen in other studies3 The average Tg of the remaining materials was then 

calculated to be 116.2 ± 0.6 oc. The same statistical Q test was also applied to the 

glass transition temperatures of the ionomers, resulting in the rejection of one value, 

the Tg of Sty-0.013VP(4-)-DeI (80.6 OC). The average glass transition temperature 
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Table 6.1 

Styrene-Vinylpyridine Triblock Glass Transition 

Temperatures 
Polymer+ Tg (±o.5 oC) 

Polystyrene (from bottle) 116.2 
" (dried) * 115.9 
" (mock quaternization #1)** 115.8 
" (mock quaternization #2) 116.4 

Sty-O.069VP(4-) (dried) 116.5 
Sty-O.069VP(4-) (swollen in ethanol) 112.1 

Sty-O.013VP(4-)-MeI 107.1 
Sty-0.013VP(4-)-DeI 110.1 

" 113.2 
" 80.6 

Sty-O.033VP(4-)-MeI 110.9 
" 104.4 

Sty-O.033VP(4-)-DeI 97.5 

Sty-O.045VP(4-)-MeI 109.2 
Sty-O.045VP(4-)-EtI 108.1 
Sty-O.045VP(4-)-DeI 109.3 

" 101.8 
" 110.1 

Sty-O.069VP(4-)-MeI 108.5 
" 115.5 

Sty-O.069VP(4-)-DeI 111.9 
" 115.7 

+MeI: Iodomethane, EtI: iodoethane and Del: iododecane. 

*Dried over ethanol (ca. 78 OC) • 

**Dried over cyclohexanone (ca. 132 oC). 
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Fig. 6.1: Representative loss tangent-tempe:rature curves at 1 Hz for styrene (A)-N
alkyl-4-vinylpyridinium iodide (B) ABA triblock ionomers. 
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of the remaining samples is then 109 ± 10°C. The average Tg of the nonionic 

materials thus lies within the range of the ionic systems at the 95% confidence level, 

however an analysis of the averages and variances of these sampJes by the Welch test 

indicates that the difference between the two T g'S is too great for them to have come 

from the same population 12. Therefore, the glass transition temperatures of the 

matrix of ionic systems have been significantly depressed with respect to the Tg 's of 

the nonionic materials. 

Ip a second approach to handling the data, the statistical analysis was perfoT'11ed 

after discarding certain suspicious experimental data. Flrst, it is apparent tbat the 

three samples with the most depressed glass transition temperatures have aIl been 

quaternized with iododecane and, therefore, it is believed that these materials could 

have been plasticized with residual quaternizing agent. In addition, there are two 

samples with much higher glass transition temperatures. lnitially, it was suspected 

that in these two experiments the ionic blocks had perhaps dequaternized, however, 

no evidence for this was observed in the infrared spectra of these samples taken after 

the run. This anomalous behavior occurs only for the materials of highest 

vinylpyndine block length, and thus perhaps in the quaternization reaction, the long 

length of the end blocks precludes facile rearrangement from the unquatemized to the 

quaternized morphologies, an effect which will be discussed in the following section. 

When the values of the glass transition temperatures for these five samples are 

discounted, an average Tg of 109 ± 4 oC results. As expected, results from the 

Welch test again indlcate that, statistically, the matrix glass transition temperatures of 

the nomonic and ionic materials are different. 

6.4 Discussion 

It is imponant to establish that the observed glass transition temperature for the se 

materials is that of the styrene matrix. There are a number ofreasons why this should 
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be so. Results from small angle X-ray scattering 13 and calculations of the X 
parameter14 indicate that even these very short end blocks are phase separated from 

the matrix, therefore two glass transitions should be observed. It is very unlikely that 

the two glass transitions superpose. As sho'Nn in Figure 6.1, the tempe rature range 

over which the transition occurs is quite narrow. If there were two Tg 's superposed, 

then Il is extrernely unlikely that the glass transition ternperature of the ionic domains 

would not vary in sorne consistent manner, given the range of ionic block lengths and 

quatemizing agents, which should alter the shape of the loss tangent peak. As only 

one glass transition is observed in aIl specimens over this range and the peak shape is 

unchanged, the likelihood of an identity of glass transition temperatures is sIun. The 

relative invariance of the positions of the loss tangent maxima suggests that this is the 

styrene midblock glass transition, and indeed, the observed glass transition is very 

close to that of polystyrene. Fmally, it should be recalled that the Tg of poly(4 

vinylpyridine) is ca. 140 oC IS, and that ionization with the quaternizing agents used 

in this study has been seen 10 raise the glass transitIon temperatures of aIl similar 

randorn ionomers that have been explored 10. 

In the majonty of other "soft matrix" studies on block copolymers, the glass 

transition temperature of the matrix has increased4,5. This has been attributed to 

thermal stresses4 and can be descnbed m the following manner. One cools a system 

consisting of hIgh Tg Inclusions in a low Tg rnatrix from sorne interrnediate 

temperature; the expansion coeffiCIent of the soft phase 15 much greater wan that of 

the incluslOm, whlch are below then Tg' CompressIve stres~es are generated on the 

soft phase in the ImmedIate viclmty of the hard InClUSIOns. The free volume 

decreases and thu~ the glass transltlon temperature of the rnatrix increases. 

Surprisingly, idenncal argument~ have been used to explam the decrease in the Tg of 
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the matrix in the other study where anomalous behavior was observed6, 

We propose an alternative explanation for the depression of the glass transition 

temperatures in our materials. Our hypothesis is concerned with the packing 

efficiencies at the phase boundaries and may be applicable to other systems as weIl. 

First, it is important to recall that the block !onomers show clear phase separation 

even at the shortest end block lengths 13, Results from SAXS indicate that the ionic 

domains are sm aller than those for similar nonionic block copolymers 13. In view of 

these facts, and the unfavorable X, it is expected that interphase mixing is kept 10 

a minimum in these systems. Typical radii for the phase separated regions range 

from ca. 50 to 300 A, with the number of styrene chains emanating from these 

inclusions ranging from ca. 250 to 900013. The average area per styrene chain has 

been calculated to be of the order of 140 A2, thus typical distances between the 

styrene chains are 12 A 13. This represents an unfavorable geometry for efficient 

packing, given the rigidny of the polystyrene chain, so dilation of the polystyrene 

close 10 the surface of the ionic domains is expected. The free distance between the 

vinylpyridine domams are of the order of 400 10 500 A 13, thus, it is not surprising 

that aIl of the matrix is affected. 

In the fust publIcatlOn from this laboratory on the mechanical properties of 

styrene-co-1\'-methyl-4-vmylpyridinium iodide triblock ionomers8 , this decrease in 

the glass transition temperature had aIready been observed, and al that time, the 

phenomenon was ascribed to water plasticization of the ionic domains. We do not 

feel that thls possibihty i!l a val id explanation for the results presented here because 

of the sample preparatlon techniques 

6.5 Conclusions 

The unexpected reduction 1fl the glass transition temperatures of a series of 

styrene(A) N-alkyl-4-vinylpyridmium iodide(B) ABA triblock ionomers can be 
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explained as the result of a reduced density of the styrene segments around the ionic 

domains. This lowering in the density is due to two factors: the relative immiscibility 

of the styrene and vinylpyridinium moieties, and the consequent increase in free 

volume of the mamx. 
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7.1 Abstract 

Chapter 7 

Dynamic Mechanical Behaviour of 

Plasticised ABA Triblock 10i1omers 

The effects of plasticisation on the dynamic mechanical behl:. vi our of styrene 

(B)-N-alkyl-4-vinylpyridinium iodIde (A) ABA triblock ionomers were observed for 

three different plasticiser types. In one case, the polar domains were plasticised 

internally by the quaternisation of the vinylpyridine end blocks with n-iodoalkanes. 

The other two plasticisers were extemal, i.e. they were added to the ionomer; one of 

these was glyeerol, for plasticisation of the vinylpyridinium domains, and the other 

was diethylbenzene, which was used to plasticise the styrene matrix. A change in the 

type of plasticlser used in the ionic domains did not change the mechanical behaviour 

of the styrene phase. The addiuon of a nonpolar plasticiser, however, dld reduce the 

Tg and the apparent activation energy of the matrix comparable to the same 

plasticisation of a styrene homopolymer. By contrast, neither the use of n·iodalkanes 

nor diethylbenzene had a measurable effeet on the glass transition temperature of the 

ionic regions. Only in the case of plasticlsation Wlth glycerol was the Tg reduced to 

the point where they could be measured. The effect of adding glycerol wa~ similar ta 

the effect seen in the pla~ticisation of sorne polyelectrolytes wlth polar diluents. rather 

than the plasticisation of nonionic polymers. Thus, the rate of the depression of Tg was 

initially very rapld, and only laler dld il slow down. 

7.2 Introduction 

ThIS paper is one of a series dealing with the effects of plasticisation on the 

dynamic mechamcal behaviour and morphologies of styrene-vinylpyridinium 

ionomers. The previous repons have dealt with the plasticisauon of such ionomer!. 
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with random architecture 1,2, and the morphologies 3 and matrix glass transition 

ternperatures4 of sorne of the ABA rriblock ionomers. We present here the results of a 

dynamic mechanical study on styrene (B)-N -alkyl-4-vinylpyridinium iodide CA) 

ionomers which have been plasticised using either quaternisation with long n

iodoalkanes, or by the addition of small molecules such as diethylbenzene or glycerol. 

The majority of all studies on ionomers have been concerned with random, anionic 

systems, and thus, such materials have been useà extensively in 

plasticisaticm5,6,7,8,9,10,1l,12. Anionic systems have been preferred over cationic 

ones because of the greater stability of anionic ionomers. Furthermore, many anionic 

materials have been found to be phase separated, while such clustering is less common 

in cationic systems 13, 14. In addition, ionomers with random architectures are more 

easily prepared than sunilar ionomers with blocky architectures. 

It has been shown that in random anionic ionomers, plasùcisation can have one of 

two effects. In general, the addition of a nonpolar diluent, such al:. diethylbenzene, 

reduces the glass transition temperatures of both phases6,l 0, Il, while plasticisation 

with a polar diluent, i.e. glycerol, does not affect the multiplet-containing phase, but 

obliterates the dynamic mechanical features associated with clusters 5,6,7. The 

interactions between the diluent and the ionomer are rather complex, thus it has been 

shown that plasticisation using nitrobenzene, which is polar but does not hydrogeo 

bond, 1S similar 10 plasticisation with a nonpolar diluent 12. 

Studies on random styrene-N-alkyl-4-vinylpyridinium iodide ionomers2 have 

shown that plasticisation with nonpolar additives can induce phase separation where 

none previously existed. This new behaviour was observed whether the plasticiser was 

mobile (external plasucisation) or attached (internal plasùcisation). 

The present study is concerned with a styrene-N-alkyl-4-vinylpyridinium iodide 
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ionomer which is phase separated in the unplasticised state, because of its triblock 

architecture. Because of the drastic differences in polarity between the two phases, it is 

expected that the incoporation of a diluent should affect only one of the two phases for 

the majority of plasticisers. The dynamic mechanical behaviour of the other phase, i.e. 

the shape of its storage modulus - temperature curve, its glass transition temperatuJ'e, 

and the activation energy of this transition, should be unchanged. Plasticisation of the 

ionic blocks is of particular interest, because the Tg of the unplasticised N-alkyl-4-

vinylpyridinium iodide segments cannot be detennined, due todecomposition occuring 

at temperatures lower than the glass transition 13. 

7.3 Experimental Techniques and Results 

ABA triblock copolymers of styrene(B) and 4-vinylpyridine(A), containing ca.2 to 

10 mole % 4-vinylpyridine, were synthesised via sequentiaJ anionic polymerisation in 

tetrahydrofuran with sodlUm naphthalenide mitiator as has been previously 

described 15. This method of preparation yields materials which are characterised by a 

common midblock length and Increasing end block lengths. Followmg polymensation, 

the materials were recovered by precipitation of a 5 % solution of the polymer into 10 

volumes of methanol for the lower vinylpyridme contents, and ethanoVwater for the 

samples containmg larger amounts of vmylpyndme. The precipltate~ were filtered, 

washed wnh more nonsolvent, and dried in vacuum at 60 oc. 
The molecular welgr. of the styrene nudblock was determmed by gel permeation 

chromatography The vinylpyndine content of each sample was deterrmned relative to 

the mldblock from an analym of the mfrared spectra, u!!ing the ratIO!! of the Intemiue\ 

of the pyndlne peak (1414 cm -1) to that of styrene (1029 and 1870 cm -1) and a 

previous!y prepared calIbratIon curve 15. 

The polymen were quaternt5ted with a number of n-iodoalkanes, ranging from 

iodomethane (Mel) to lOdodecane (Del), usmg a previously described technique, which 
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is summarised here for convenience. Afler approximately 1 g of the pol ymer had been 

compression moulded (120-130 oC, 2 GPa), the sample was slightly swollen in 50 mL 

of a 4/1 solution of absolute ethanol and the desired iodoalkane. The mixture was 

refluxed under nitrog~n for sufficient rime to ensure complete quaternisation. from 3 

days for reactions with iodomethane up to one week for quaternisations with 

iodcdecane. The materials were judged 10 be fully quaternised when the pyridine peak 

at 1414 cm -1 in the infrared had completely disappeared. The polymers were remo'led 

from the solvent, soaked briefly in fresh ethanol, and then dried at room temperature 

for one day. Further drying temperatures and durations depended on the quaternising 

reagent; thus, polymers quaternised with iodomethane were dried for another three 

days at 60 oC. while those materials quaternised with iododecane were dried for a week 

at 90 oC. 

For sorne of the experiments in this study, the block copolymers were plasticised 

externally with either a nonpolar diluent, diethylbenzene, or a polar solvent, glycerol. 

Plasticisation with the nonpolar material was achieved in the following manner. A dry 

sample was swollen and stirred in ca. 25 mL ofbenzene/methanol (90/10, v/v) for three 

hours. While the nonionic block copolyrner dissolved quickly using this method, 

dissolution of the ionomer did not OCCUf, however, even after approxirnately 4 ml of 

the diluent had been added. The polymer and plasticiser mixture was stirred for 

another two hours, then the benzene/methanol was removed by freezedrying. The 

sample was placed in a drying pistoI, and excess plasticiser was removed under 

vacuum at ca. 56 oc (boiling acetone) for about 5 hours. The plasticised polymer was 

then remoulded at ca. 70 oC, weighed and used in the dynamic mechanical experiment. 

The polymers were aIso plasticised with glycerol, using a similar method. The ionk 

materials dlssolved quickly in ca. 20 mL of a glycerol/benzene/methanol solution. The 
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1 glycerol contents ranged from 8 x 10-5 g glycerol/mL 90/10 benzene/methanol t.o 

2.6 x 10-3 g glycerol/mL 90/ID benzene/methanol. This range of glycerol concentrations 

were used to achieve plasticisation levels trom ca. 5 to 200 mole % glycerol per mole of 

N-decyl-4-vinylpyridinium iodide. This solution was stirred for one hour, then the 

solve nt was removed by freeze-drying, and the samplc was remoulded at ca. 130-140 oC 

for the dynamic mechanical experiment. 

InternaI plasticisation of the styrene midblock via alkylation of the phenyl rings in 

the ABA copolymers was also tried as a part of this work. Il was possible to alkylate 

the random styrene-4-vinylpyridine copolymers using a Friedel-Crafts reaction. 

However, repeated attempts with the triblock materials under a variety of conditions 

used failed due to crosslinking, presumably between the Lewis aeid, AICI 3, and the 

vinylpyridine end blocks. ln view of the results from the extemally plasticised ABA 

ionomer~, il seems that results dynamic mechanical experiments would not have been 

especially infonnanve. 

The dynamic mechanical studies were performed on a Polymer Laboratories 

Dynamic Mechanical Thermal Analyser (DMTA) over a temperature range appropria te 

for the particular sample. Data were collected concurrently for fIve different 

frequencies under a light flow of nitrogen and at a heating rate ofO,5 oC min- l . 

Representative storage modulus and loss tangent curves for smlples of eaen of the 

plasticIsation methods and a polystyrenc comparison are shown In Figures 7.1 and 7.2. 

The glass transil10n ternperature for each sample was taken to be the peak maximum in 

the los~ tangent curve. These maXIma were detenruned from a curve-fitting routine, 

and the values thus obtained for 1 Hz are reported in Table 7.1. The 

activation energle!. of the glass transitions and their uncenainues, aIso shown in Table 

7.1, were calculated uSlng a programme written by B. Hird 
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Fig. 7.1: Representative storage modulus curves at 1 Hz as a function of 
temperature for styrene-vinylpyridinium iodide ABA ttiblock ionomers. Styrene. , 
Sty-O.045VP(4-)-DeI, • Sty-O.045VP(4-)-MeI + 10% diethylbenzene, ,St y
O.045VP(4-)-Del + 10% glycerol, 
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Table 7.1 

A Comparison of the Glass Transition Temperatures and Activation 

Energies of Selected Styrene-Vinylpyridinium ABA Trlblock lonomers 

Plasticised by Different Methods. 

Sample Tg Eact 

(± 0.5 OC) (± 2okJ/mol) 

Styrene homopolymer 116.5 540 ± 100 
" + 10 % diethylbenzene 48.8 310 ± 50 

Sty-0.013VP(4- )-MeI 106.6 500 ± 100 

Sty-0.033VP(4-)-MeI 110.9 440±90 

Sty-0.045VP(4-)-MeI 108.8 500 ± 100 
Sty-0.045VP(4-)-DeI 109.3 450 ± 80 

Sty-0.045VP(4- )-MeI + 10% diethylbenzene 38.8 290± 40 

Sty-0.045VP(4- )-DeI + 5% glycerol 106.3 450 ± 110 
" + 10% glycerol 107.2 460± 60 
" + 50% glycero! 108.4 460± 70 
" +200% glycerol 108.0 480± 70 
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7.4 Discussion 

The glass transition temperatures that were determined for the plasticised 

vinylpyridinium iodide end blocks are obviously of interest :Tl these materials. and mis 

subject will be treated frrst. Another topic which will be discussed is the resemblance 

of the dynamic mechanical properties of these block ionomers to those of polystyrene. 

The final subject in this section deals with the effects of plasticisation on both the glass 

transition tempe rature depression in these materials and therr activation energies. 

7.4.1 THE GLASS TRANSITION TEMPERATURE OF TI-IE IONIe END BLOCKS 

In a previou~ study on the dynarnlc mechanicaI behaviour of styrene-N-methyl-4-

vinylpyridlOium iodide lOnomers, it had not been possible to observe the glass 

transi tion temperature of the ionic blocks 15. It was suggested at the time that the 

expected Tg of poly(N -methyl-4-vinylpyridmium iodide) would be significantly 

greater than ca 140 oC, the glass transltlon temperature of unquaternised poly(4-

vinylpyridine) 16. Because dequaternlsation of the vmylpyrid1mum had been observed 

in studies of random styrene-co-N-methyl-4-vinylpyridmium iodJde 13, it was thought 

that quatemlsauon using n-lOdoalkanes which were poorer leaving groups, for example 

iododeone, nught be less susceptIble to such decomposition The resuits of previous 

studle~ on random ~tyrene vmylpyndInlUm lonomen quatermsed wlth n-lodoalkane~ 

had demonstrated that an inereas10g alkyl cham length acted as a plastÎClser, and thu~ 

might also ald 10 observing the glass transltlon temperature of the end bloch 

quater'lised with these matenals. However, even when 'he block copolymers were 

quateml~ed with lOdodecane, the glas~ tramnion temperature wa~ not depressed ta the 

extent where Il cou Id be measured, de~plte complete quaterm~atlon, WhlCh Implie~ 

100 o/é plastlclsatlOn of the iomc reglOn~ 

It had also been ~uggested by GauthIer and Elsenberg 15 that perhaps the glass 

tranSltlOn of the lome region!o> was superpmed on fhat of the polystyrene midblock. 

1 .., t. 
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Although This possihility was considered remote. it was justifiable on the basis of the 

very shon end block kngths in these ionomers, which would make the vinylpyridinium 

blocks behave like oligomers rather than polymers. An N-meihyl-4-vinylpyridinium 

iodide oligomer might be expected ta have a relatively low glass transition 

Temperature, possibly close to that of polystyrene. Therefore, in the unlikely event that 

the glass transitIOn Temperatures of the midblock and the end blocks were superposed, 

the effects of plastIcisation of thl: matrix by diethylbenzene were studied because on1y 

the glass transition of the nonpolar material should be affected by the addition of such 

a diluent. As there was no 10ss tangent peak left at ca. 110 oC after this plasticisation, 

superposition of the matTix and vinylpyridinium end block glass transition 

temperatures was ruled out. 

The addItIOn Qf a mobIle polar diluent proved to be one way to depress the glass 

transitIon Temperature of the vinylpyndmium domains to the point where the Tg could 

be measured The decrease in the Tg of the end blocks was exçepnonally steep; thus, 

while no glass transltlon was observed for these domains in the unplasticised material. 

one is clearl~' eVldent at ca -30 oC for end biocks plasticised with 10 mole % glycerol 

relatIve to the VIn) Ipyridine content. In sorne ways, This plastlcisation !evel lS 

misleadmg, bec;J,use each mole of glycerol contains three times as ma:1.y moles of 

hydro>,yl group~, each ofwh1Ch can mteract wnh one vinylpyridinium group. Because 

of the techmque used here to introduc~ the plasticiser into the polymer, it was not 

possible ta reliably achieve plasuCÎsation levels below 5 %, and thus the number of 

pldsticlser-polymer mteractlons remruns relauvely high. 

The observation of a second glass tranSItion temperature in these block ionomers is 

funher evidence that these matenals are phase separated, despite the small size of the 

end blocb ThIS conclusion lS in agreement with those obtained from small angle X-
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.. ' ray scattering sludies2•17. The results of dynamic mechanical experiments for triblock 

lonomers wüh amonic end blocks show a second Tg and therefore, also suggest that 

these materials are phase separated 18. 

However. the lowenng of the Tg of the vmylpyridinium domams by glycerol h 

very different from the plaStlClsation of the matnx with dieùlylbenzene In Ùle case of 

the ionic domains, the reducl10n of the glass transuion temperature is qualitatively 

sinular 10 that observed in sorne plastlcised polyelectrolytes 19. thus, after a preClpltOUS 

initial drop. (he rate of change of the Tg slows down dnd becomes linear. Thi~ 

observation is not very surpnsing consldenng that the vinylpyridimum block is 

essentially a polyelectrolyte segment. 

7.4.2 POL YSTYRENE AND PLASTlCISED IONOMERS 

Before the region of V1SCOUS flow, the dynamic mechanical behavlOur of the 

styrene rnatrix in the block rnaterial~ IS very simllar ID that of a styrene homopolymer 

of comIJarable molecular welght. This similanty IS due to the complt::tenes!I of the 

phase separation achleved ln the~e plastlclsed block ionomer~ At temperature~ ca 30-

40 oC above Tg' homopolystyrene start~ ID flow These ABA ionomer!l do not, because 

the styrene matnx is cros~lmked by the vinylpyndmlUm domain~ 

The ABA matenah are least perturbed when the copolymer~ have been 4uateml~ed 

simply wlth the n-lOdoalkane~, because thl~ l~ stIll a two component sy!ltem, while the 

matenals 10 whlch a mobIle diluent ha~ been added are three çomponent ~ystems. In 

the ionomer~ ln WhlCh the pla~tlciser IS an n-lOdoalkane. the behavlOur of the styrene 

matIlX mo~t do~dy re~embled that of the correspondmg styrene homopolymer The 

mam diffelence betVveen the~e ionomen and poly!ttyrene was a shght depresslon of the 

matnx gla~~ tran\lllOn temperaturc, WhlCh IS the subJect of another paper. Il i~ clear 

that thl~ reductlon ln Tg i~ not the re~ult of H1crca~ej ml~Clblllty between the polymer 

segment~, becau\e ln the ca~e of compatlbh~auon. the glas!I tramil10n ternperature of 
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the styrene matrix would shift up towards the Tg of dthe ionic end blocks. Instead, this 

glass transition tempera!ure depression appears to be due to the inability of the styrc:ne 

chains to pack efficiently around the vinylpyridinium domains. 

When these ionomers are plasucised with glycercl, there is very litùe disrupüon of 

the styrene phase. The pol ymer was completely dissolved during the incorporation of 

the pla<;ticiser, but reorganised to reproduce the behaviour observed for the identical, 

unplasticlsed materials, and thus the glass transition temperature of the styrene matrix 

is unchanged with respect 10 that of the unplastlcised ionomer, and about 8 oC lower 

than that of the styrene homopolymer. At elevated temperatures, the triblock ionomers 

plasticised with glycerol behave like a polystyrene hornopolymer, and stan to flow. 

This indicates that the vinylpyridinium domains which were responsible for the 

apparent crosslmking Inn the unplasticlsed matenals are not as effective in these 

plasticised systems, and suggests that the glass transition seen at very low temperatures 

is indeed that of the ionic regions 

In contras t, plasticisation of these block ionomers by diethylbenzene reduces the 

glass tranSlllOn tempe rature of the matrix substantially. The addition of 10 % 

diethylbenzene led to a matrix Tg reduced comparably (e.g. from ca. 108 oC to ca. 

38 OC) with respect 10 a similarly plasticised styrene homopolymer ( Tg reduced to ca. 

46 oC from ca 116 OC). 

7.4.3 ACTIVATION ENERGIES OF PLASTICISED BLOCK IONOMERS 

The activation energies of the styrene glass transition temperarures for each of the 

samples were calculated, and are presented 10 Table 7.1. There is clearly no effect on 

the activation energy of the !.tyrene matnx for materials in which the ionic domains 

were plastlcised, either through quatermsation by n-iodoalkanes as weIl as those 

samples WhlCh were plasticised by glycerol These activation energies are wHhin the 
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range detennined for the styrene homopolymer. In the case of the samples plasticised 

with diethylbenzene, the apparent activation energies are considerably lower. This 

result is expected as a consequence of the WLF equation, since if the constants cl and 

c2 are unchanged, the activatlon energy will decrease as the glass transition 

temperature IS reduced 

7.5 Conclusions 

The effects of plastlcisation on the dynamic mechanical propenies of ABA styrene

N-alkyl-4-vinylpyridinium iodide ionomers are heavily dependent on the polarity of 

the plasticlser as weIl a~ 1tS method of Incorporation. Thus, quaternisation of the 

vinylpyridme end blocks with n-iodoalkanes results in the internal plasticisation of the 

polar domaIns. The effec! on the glass transition temperature of the ionic regions was 

not measurable usmg this type of plasticisation. It does, however, reduce the Tg of the 

styrene matnx, whlch has been attributed ta poor packing of the styrene chains 

immediately around the vinylpyndlnium dornains. The incorporation of 

diethylbenzene, a nonpolar diluent, into the ionomer~, reduced the glass transition 

tempel~!Ufe and the activation energy of the matrix. It did not appear to have a 

measurable effect on the ionic phase at the level of plasllclsation (ca 10 mole % relative 

to styrene) investlgated. Fmally. the add1l10n of ~mall quantiues of glycerol pla!lticlsed 

the vlnylpyriillmum phase drastically, an effect similar to that seen in sorne plasticised 

polyelect:rolyte~, but dld nOi dISrupt the styrene mamx. 
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Chaftter 8 

Conclusions and Contnbuïonsto Original Knowledge 

8.1 General Discussion 

A number of different plasticisation techniques were used to reduce the glass 

transition temperature of styrene-vinylpyridInium ionomers havmg either random or 

ABA triblock archltecture~ Polar and nonpolar additives were investigated and were 

incorporated in the matenal either internally, through the formation of a covalent 

bond between the polymer and the plastlciser, or extemally, in which case the diluent 

was moblle, and could reside preferenually in one phase of the material. 

This work is the first demonstration of the inducement of phase separation in 

styrene-vinylpyridinium ionomers. Random styrene-N-methyl-4-vlOylpyridinium 

iodide ionomers are not phase separated. It was shawn that the addition of very small 

quantities of nonpolar plasticisers could induce clustering, and that the amount of 

material ln the clustered pha~e IS dependent on the moblhty of the pla~t1ciser For 

example, a 6 mole % (vinylpyridlOe content) lOnomer, when plaStlCISed extemally 

wlth ca. 10 mole % (relatIve to styrene) dlethylbenzene, had relauve!y more material 

in the clustered phase than one Internally plastlci~ed te a comparable extent. Thus, 

phase separation 10 random ~tyrene-vInylpyndInlUm lOnomer~ l~ pos~lble when the 

glass transltlon of the precursor IS depressed by a nonpolar dIluent 

Unllke many amomc random lOnomer~, ~uch as styrene-co-s(xiJum meth&crylate, 

plastlcised styrene-vmylpyndlnJum lOnomer~ wlth IOn contents less than 6 mole % 

dld not exhIba eVldence of pha~e separlltlOn. However, al sufflClently hlgh Ion 

content~, both the catlonlC sy~tem ~tudled here and anlOnIC systems appear ta 

undergo a pha~e InVer~lOn, afteT whlch the c1u~tered domam~ become the contlnuom 

phase 
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It was also shown that excessive plasticisation, whether internaI or external, 

disrupts the mechanical behaviour of the ionomers to the point where phase separation 

could not be demonstrated conclusively. The experimental results from small angle X

ray scattering, howewr, show that there are still two phases present in the material. 

Plasticisation of the vinylpyridinium moieties in the random ionomers through 

quatemisation with long n-iodoalkanes did not yield phase separated materials, even 

though the glass transition temperature of the precursor was depressed. Instead, the 

linear relationship that was observed between the Tg' the vinylpyridine content and the 

length of the iodoalkane chain indicates that the quaternised ionie groups are 

distributed evenly throughout the matrix at all ion contents and iodoalhne chain 

lengths investigated. 

Plasticisation of the ASA triblack styrene-vinylpyridinium ionomers did not affect 

the phase separaùon that existed in the precursofs. The polarity of the plasticisers used 

detennined whtther the plasticiser resided in the matrix or the ionic domains. The 

glass transition tC'l1perature and the activation energy of the plasticised phase were 

markedly affected by the addition of a small molecule dIluent, while the Tg and the 

activation of the other phase were apparently unchanged by plastieisation. 

Plasticisation of the ionie domains via quaternisation with n-iodoalkanes was not as 

effective as the addition of glycerol to reduce the glass transition ternperature of the 

vinylpyridinium blacks to where the y could be observed. TIle use of glycerol reduced 

the Tg of the end blacks in a way similar to tha~ seen for sorne polyelectrolytes. 

The reduction in the glass transition temperature of the styrene matrix in the 

triblock cop.Jlymers quaternised with n-iodoalkanes was an unexpecteù result. The 

depression, although smaIl, is reproducible, and has beer explained as the result of 
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inefficient packing of the styrene matrix immediately around the vinylpyridinium 

demains. The poor packing is due to the very small size of the ionic phases and the 

relatively large number of styrene chains emanatmg from these domains. This 

reduction in the Tg of the low temperature matrix is counter to most previous 

experimental results, and the explanation for its occurrence is new and based on a 

model from recent SAXS data 

The small angle X-ray scattering studles on the ABA copolymers quaternised 

with n-iodoalkanes yielded another novel result ft is clear that the vinylpyridimum 

domains in the lonomers are (ln the verge of reorganisation. Thus, two distinct SAXS 

profiles, consIstent with two dlfferent morphologies, were observed. In one, the ionie 

domaIns are beheved ta be pseudosphencal. In the other, found only in mat~rial!l of 

low styrene nudblock length (240 Unlt!l), the domain!l had cJearly reorganised dunng 

the sample preparation, and were much more uniform ln size and shape. Thi!l 

variation 10 morphology had not been previou!>ly reponed for such a series of 

materials whieh aIl have the same sample historie!> 

8.2 Sugge~lions for Future Work 

The sugge~tlOm. for any further proJect~ usmg ~tyrene-vinylpyndlmum IOnomer~ 

are dlvlded accordmg to the archllecture of the matetlah whlch, after three Ph. D 

the!le!l, ha!> clearly become the factor dlfferentlallng the pha!lt'! behavlOur of the 

material,. 

8.2.1 Random Ionomer!\ 

Random lOnomer~ have Oeen inve!ltlgated now for over twenty year!l, and many 

of the ba!\lc arei1~ of thelr pha~e behavlOur haH been mapped out. Many of the 

parameten whlch Influence pha3c separatIon ln JOnomers are quallllltlvely 

unden.tood. but there are other faclOr~ who,e effect~ on the phase behavlOur 10 
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ionomers have been not as extensively studied. Sorne of these, for example the effect 

of chain stiffness on ion aggregation would be interesting to explore. 

A few experiments are suggested for the materials which have already been 

prepared, to further elaborate on the process of inducing phase separation in these 

ionomers. It might be possible to observe the spectra and the relaxation times of the 

iodide counterians using small angle X-ray scattering or solid state NMR. Two 

sampI es of the ianomer would be needed; one would be unplasticised and the other 

would be contain an excessive amount of diethylbenzene. The diluent could be 

removed from the second sample incrementally, until no plasticiser remained. Only 

one type of environment would be expected in the original, unpiasticised sample, but 

two different iodide environments should be observed in the plasticised material. 

Once the sample containillg the diethylbenzene was completely dried, 1t woulci be 

interesting to observe whether the two-phase mOI'phology was locked in, or if the 

ionomer revened la a single phase. In add~tioll, such techniques might be u~eful ln 

detennining whether the ionomers with high vinylpyridinium content, for example 

12 mole %, were indeed completely clustered. 

A thorough inve~tigation mto the solution properties of the alkylated ionorners is 

suggested. It was evident from the results of sample prepàI'ation for the work in this 

thesis that, after quaternisal1on, the ionomer!l were soluble ln an unexpected varlet y 

of sol vents, ranging from nonpoIar, i.e. hexanes, to rather polar, for example 

methanol. Ir is possible that aggregates such as micelles are fonning in the solutions. 

This aggregation could be observed through gel pcrmeation chromatography or light 

scattering. 

8.2.2 Block Ionomers 

There are many investigations that could be interesting with the black ionorners 
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which have been explored in this the&is. A smalJ angle X-ray scanering study of the 

effeets of casting on the rnorphology of the triblock ionomers is cUITemly underway. 

Another area to be explored is the effect of ex~ernal plasticisation of the 

morphologies of the ABA ionomers. 

The use of novel monorners rnight yield information on the domain fcnnation. It 

bas been shown that distancing the ionic group from the main chain weakens lhe 

interactions in. l'andarn ionorners. Putting the pyridine &TOUP on the end of a spacer 

chain might lower the glass transition temperature of the ionÎC' phase and it would be 

expt:',cted ta have an effect on the size of the domains that were formed. A suggested 

monomer is pictured beJow. 

Novel architectures might alsû be of interest. The surface behaviour of AB 

ionorners in solution ure being studied. The dynamic mechanical behaviour and 

morphology of styrene-vinylpyridinium star block ionomers is one possible field of 

work. The solution behaviour of this type of material might also be interesting . 

• • 
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8.2.3 Blends of Block and Random Ionomers 

Blends ofrandorn ionomers have been the subject ofa number of studies. In 

sorne cases, ion-ion interactions have been ernployed to achieve miscibility in 

otherwise immiscible systems. Other investigaùons have used ion-dipole interactions 

to obtain a misci ble blend. It is suggested that blends of random and block styrene

vinylpyridinium ionorners be studied and the sizes of the ionic domains be observed, 

perhaps using small angle X-ray scattering. 
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Appendix A: 

Glass Transition Relations in lonomeric "Comb" Polymers 

o WOLLMANN. S GAUTHIER. and A EISENBERG 

Departmen! of Chem/sery. 
McGllI UnIversity 

Montreal. Quebec. Canada. H3A 2K6 

The glass transition tem~ratures IT,) and dynamlc me· 
chanlcal propertles of random copol~mers of 5tyrene-4-
vlnylp~r1dlne quatemtzed wlth lodoalkanes are pr~nled 
for vlnylpyrldlne contents up to ten ~rcent and pendant 
aJkyl chalns up to ten carbons tn length T'wo Ilnear rda
tlonshlps betwew ton content and glass transition lem
perature and bet",een pendant alk}1 chain length and the 
T, are observed An equallon 15 presenled that can œ 
used to predltt the T. for such copolymers based on thelr 
Ion contents and alkyl chain lengths 

INTRODUCTION 

T he propertles of man} Induslnally ImJXlT
tant polvmers have been commonl)' modl

fled by the use of plastlciZers A ",Ide range of 
these matenals ar~ u~ wllh the Intention of 
ellher maklng the polymer more eastly process
able or altenng the properties of the polymer 10 
make It more sullabie for Ils end use ln eHher 
case dlfftculttes are occasion ail} encountered 
because the plastlc~r separates frolT' the pol
ymer over a penod of lime T~ls can be due to 
volatlllt\ of the 10\1. mo)ecu'ar welght mater1al 
or the pOor thermodynamlc mlsclbllJty between 
plastlclzer and polymer or poSSlbJ) other mech· 
anlsms Varlous remedles have been sought to 
overcome these dtfflcultles Inc\udlng the use of 
polvmerie plastlClzers or the chemical attach
ment of thf' plastlclZer to the pol) mer As mlghl 
be ex~cted both of these ha"t thelr speCIfie 
ad. anlages and dl53dvantages 

A slgnlflCant ~ioblem w!!h lrylng to blend two 
polymers I~ lhal ln general pol~'mers are lm 
mIscible due 10 a neghglble entrop} of mlxlng 
ln the ca"e of an unfa\orablr enthalp~ or mlx· 
Ing Immlsclb!llty ma} also be a problem for 
sorne polvmer--plastlCizer syst~ms Typlcall} 
specifie InteractIOns are necessaT)' to overcome 
thls problem for examplr coulomble Inlt"ra( 
tlon!> Several types of lOteractions can be en
"Isaged Invol\ Ing charged s~cles namely Ion 
pair-Ion pair lon-Ion and lon-dlpolr 
There have been man\ st udles (1 to 7) explorln~ 
the U5t of coulomblc interactions as mlsclbllity 
enhancers ln atlempts to mlx polymers wlth 
other pol\mers or wlth pla!>tlrlZerS of bath 10\1. 
and hlgh mo\t"cular welght 

The atta( hment of low mo!erular welghl 
groups can be achleved ln three dlfferent wa)-s 
uslng roulombl< Inlerartlon!> For example a 

pol ymer contalnlng pendant sulfonlc aCld 
groups can be mlxed wtth an alkyl amine (6 71 
Alternatlvely. It would be possible 10 mlx poly
merle amines wlth alkyl sulfonlc aclds (8) al
lhough a major dlfflculty Is presented by the 
10\1.' solublllly of the plastlclzer whlch Is a soap 
The thlrd way. whlch Is the subJert of thls 
paper Involves the mlxlng or a polymerie chain 
contalnlng amine or pyrldlne groups wllh alk,,1 
halldes folJowed by a reactlon of the two ThIS 
melhod y1elds a primaT')' bond ~lween the pol
ymer and the plastlclzer. accompanled by the
formation of an Ion pair 

A major advantage or thls last method whlch 
It shares wlth the ftrst. Is that the reactlon and 
workup are very Simple The creation of a true 
chemlcal bond Is accompanled b~ rurther ad 
vantages not shared with the flrst method 
namely that Ion hopplng should not occur and 
that there Is a grratl} reduced IIkellhood of thl' 
plastlclzer ·bleedlng out" of the polymer matrtx 
under the Innuence of polar solvents or salt 
solutions !\ further advantage common to both 
th~ flrst and the- la st methods Is that manv of 
the piastlC1zlng reagents are avallable commer
clall~ thus a wlde range of structures can he 
envl~M and created The polymer 15 mOTl' a 
·comb- pol ymer (9 101 lhan a graft copolyml'r 
slnc~ ail the sldr chalns are of l'quai length 
This process has a further advantage ln lhat ln 

most graft copolymenz.atlons a certain amount 
of the mater1al 10 be grafted Is present as un
attaehed homopolymr-r (111 whlch Is not the 
ca~ for thls cor b polymer 

Before such a plastlrlzatlon technique can 
becomr a generally useful method Il Is advlsa 
ble to be ab)(- to corre:ate a wlde range of phys 
Ical propertles wlth the structure of the pol} 
mer-plastlclzer system ta be produced Pel haps 
the mosl Important Single- paramettr ln piast!-

POL YJlER ENGINEERING AND SCIENCE tllo-NOl'Et.lBER 1,". Vol 26. No 20 1451 



1 

A- 2 

D Wo/lmann 5 Gaulhler. and A Elsenberg 

cized polymer systems Is the fp As ci result. a 
great deal of work (12 to 191 has gone Into the 
prediction!> of Tp 

It has been recognJzed for a number of years 
that for pol}mer<; of low Ion content. the Tg 
generally Increases Ilnearly wHh an IOcrease ln 
the concentration of Ions 117) It 15 also wldeh 
known that the presence of alkj) slde chalns 
depresses the glass transition temperature (21 
to 231 ln the matenab de5crlbed here bath of 
these competmg effects are expected to be pres
ent 

Speclflcall\ thls study 15 cenlered around an 
ex plorallOn of the TQ of a st:- renr-co-4-vmylp:- r
Idme pot\mer to v.hlrh alkyl halides of varlous 
cham Iengths are attilched lhus produrlng 10-

nomer 'combs - The techniques In\olve dlffer
l'nt lai scannmg calorlmetry and the torsIOn 
pendulum As a resull of the latter technique 
the d:- namlc mechamcal propertles (ca 1 Hz) 
are also explored 

EXPERlMENT AL 

Random copolymers of styrene-4-vlnylpHI
dlne contamlng 1 9 4 9 6 9. and 9 7 mole per
cent 4-\'lnylp:- rldlne were syntheslzed ln bulk 
uslng free radical Initiation as described b} 
Gauthier (24) Followlng Isolation and drylng 
the 4-vln) Ip\ rldlne conten t of the materlals was 
assessed b\ tv.o met hM!> ln on~ the materlals 
were tIlrated ln chlorobenzene wlth a solution 
of HeIO. and acelle acld uslng meth vi violet a~ 
mdlcator ln the othrr thln films v.ere made b\ 
compressIOn moldtn~ studled b) Infrared and 
the ra t 10 of the peak~ a! elt her 1870 centlmeter'
Icmr l or 1029 cm- l for stvrenr and 1414 em- l 

for 4-\ 10) lp) ndlnt' \1, as méasured agamst a pre
vlOusl\ prrpart'd calibration curv{' (24) 

Stralght chain loooalkant's 1 e }-Iodobu-
tanr l-Iodohnane 1 -lodOO<'tane and 1 -Iodo
decant' \l,ere used to quaternlle tht' styrene-4-
\ lm 1 py ndl!1{' copoly mer!:> Thes.c reagt'nt~ \1, ere 
dlstilled under t'Ilher nltrogen or partial \ar
uum to purlf} tht'rn 

The quaternlzdllon rranlons of the stvrene-
4 vin) Ipyndlne copoJ\ mers were pen ormed ln 
the follo~lng manner a knov.n quanti!) of the 
copolvmt'r .... as dlssol\ed ln dn. tetrahvdrofurdn 
to makt' a solution of 5 percent pO/ymer b:
welght A twent v-flve fold molar ex cess of the 
lodoalkane wa!> -added to the Oask ellher b\ 
syringe or ln the cast' of the saJld lodooctadè
cane b) \I,('I~ht Heatmg \,I,'a!:> begun and the 
mlxturt' reflu"ed undrr nltrogen for 74 hours 
Invarlably after heatlng staned the solution 
turned golden yellow The Intenslty of the color 
depended on the amount and the molerular 
weight cf the Iocloalkane darker salutlons'Were 
obtalned as the moleC'ular welght of thl." rt'agent 
Increased 

Once the red( tlon was stop~d ail of the 
polymer samplt", were prl"clpltated ln a ten-fold 
excess b} volumt' of rapldly stlrred mlxl"d hex-

ane lsomers Each sample was flltered by suc
tlon and washed wlth more hexane!> 10 remove 
any remalnlng ex cess Iocloalkane The yellov. 
quaternlzed lonomers were then dned ln \acuo 
at 60DC to remove the solvent 

The extent of quatemlzatlon ln eaeh of the 
styrene-based samples was checked ln F1IR b) 

the dlsappearance of the peak at 1414 cm- l 

Samples of each lonomer were takefl. and a T9 

WdS obtalned for each by ose al a heatmg rate 
of 20DC/mln 

Another senes of sampJes was then molded 
for use ln the torsion pendulum These moldcd 
samples were furtht'r trealed as fol1o .... s Ea( h 
sample was plaeed ln a dry'lng pistol and !>ub 
Jected to vacuum at room tcmpt'rature for 24 h 
Then for two more da\s Il \l,as heated to 78°C 
under vacuum. to dn\:e off as much v.ater as 
possible Fïnally. the sample was heated to ca 
130D C under nltrogen for thret' da)!> to annraJ 
It After thls the sample was run ln the torsIOn 
pendulum and a Tg was obtalned from the tan 
della maxImum 

After the torsion pendulum run a small pl t'ce 
of th~ sam pIe was broken off and molded to 
produce a film This film was studled b\ FïIR 
to deterrnl:1e \1, hether any slgnlflcant Joss of tht' 
qualernlzlng agent had OC'curred a complica
tion that had been observed wlth prevlous stud
les uslng locIomrthane 

Although lodooctadecane was used as a rc
agt'nt jfI an attempt to quaternlze the styrt'ne-
4-\'ln,\ 1 pyrldlne copol:- mers. the reaetlon v. d'" 

unsucct'ssful F tht' hlgher concentrations of 
\"jnylpyridlne Ir plrtlcular. some degradatlOn 
must have occurred ùue to the drastlr change 
ln the Infrared speetra Thus further studles on 
thls set of samples were abandont'd 

RESULTS 

lnfrared StudJes 

The Infrared sprc!ra of the 5élmplt's follo\\ In~ 
quatemlzatlon lacked the peak a! 1414 cm
exhlblted by the procedures whlch 15 due ta tht' 
unquatemlzed p)ridlnt' nng ThiS Indlcated 
that wlthln the accuracv of tht' measurl"menl. 
all the samples were fulh quatt'rnlZt'd The ln
frared spectra of the samples taken after the 
torsion penduJum run showed a negllglble de
quaternlzatlon The worst sampll" still exhlblted 
98 percent quaternlzatlon aftl"r the torsion pen
dulum run. accordlng to the ratio of the peaks 
1414 cm- t and 1029cm- ' 

ose Studies 

The DSC data obtalned from these studles on 
the styrenr-4-vlnylpyrldlne copolymers. shown 
ln Table J for each pyndlnl" concentratlon ln 
the flrst row of the vlnylp~Tldlne concentration 
ent r}'. clearly 1 ndlcate tne pattern of dlff erl ng 
Ion content!. and alkyl chain Il"ngths on the T~ 
The values for the glass transition were con
flnned by torsion pendulum and were used for 
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thr- calculatlons that follow ln the dIscussIon 
sertlon 

Torsion PenduJum 

Examplrs of tan delta and torsIon pendulum 
results arr glven ln F/gs 1 and 2 The rurve!:> 
arr ail verv slmtlar, therefore ail are not shown 
Thr lmmrdlate observallon from these was that 
no cluster!. were present ln anv of the samples 
Slnce there ",as no tan del'd prJk for T> Tg 
This ls consistent wHh pre\'lous work (24) Be
lo\\' the glas50 transItion, the storagr modulus of 

Tlble 1 Stylene-4 '1lnylpyndme lonom.,. Gia .. Trln.1Ilon 
T.,.,pel.ture. ·C 

MOle Alkyllbng Allen' 
Pereenl 
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Fig 2 ~a'/alton or Illl slo'ag" modulu\ u'lIh Ifml'f'ra 
lu'" for Sly 0 097\ l' qUQ!f'rnlZt'd u'lIh lodoolkan,', 01 
dIJler .. nllenglll\ 

lhe mall'rlal wa!:> t)pllall) of thr arder of 104 N 
m1 The InitiaI mudulll~ of thr !.ample gel1rrdll) 
derreased as the chain length of the qUJtl'r'l17-
Ing agent Increased, as ln FIg 2 Thr erll'Cl of 
the Ion contrnt on the InitiaI modulus shv~s d 
slmllar trend ait hough no! a~ l learly Abovr T" 
thr- modulus of the malertal drl reased abrupt 1) 

to a I~vel lower than tha! ob<;erved ln other 
lonomr-rs Thus It ",as of! eTl dlff Iru 1 t 10 gl! vl'n 
muC'h data alter T. h<'(or( the rXperllTH'ntdl pr 
ror became too larg(' 
Th~ rr-sult<; frorn tht' tor"lOTl pt'ndulum prO\ed 

to be vr-ry senslt Ive 10!lH t hrrmdl hls! or\' of the 
sample Thl!. necessltat ed thr l'la bordtr an
nrallng procl'durr dr'>c nbt'd ln l'xpenml'ntal 
st'cllon 

DISCUSSION 

Il ls C'lear from Ihe ddta obtdlned from both 
lhr- DSC' and the tor~lon pendllium that len~h 
e-nlng the pt'Ildd nI alkyl chain lowered thr Tu of 
lhe lonomrr Not surprlslngly thl' eff ect 15 more 
pronounr!'d at hlghr-r Ion contents Jt has been 
shown ~lsrwhere (24) that ln the- case of stl, 
rr-nr--4-vlnvl pl, rldlne copolyme-r<; quatrrnl7~d 
wlth lodomethan(' thr Tg Inrr!'ases IInedrJ) 
wlth InC'rea~lng Ion contl'nt This agaln proved 
to be tru!' for t hr' saml' polymrr qualernlzl'd 
~'lth lodobut,me lodoht'xane- lodooctane and 
lodod('C'am as sren ln Fig 3 ln addition, for 
constant Ion (on I('nls, Ihf" rrlatlonshlp belwl'l'n 
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Increaslng chain length and decreastng Tg ts 
IInear, as shawn ln Fig 4 Figure 5 shows the 
relatlonshlp between the change ln the Til as a 
funetlon of th" vlnylpyrldlnf' content. from the 
s!opes ln Fig 3 and the alkyl chain length It 
was found that the data could br OUed 10 an 
equatlon of the general form 

(1 ) 

wherr Tc; IS the glass transitIon lemperature of 
the materlal and Tf) (' Is the glass transition tem
perature of the nonlonle startlng materlal. In 
thls cas{" polyst\Tene The other variables ln the 
equallon are c the concentrat Ion of IonIe groups 
ln mole percmt k 1 a constant (rom the Inter
cept of the plot ln Fig 5, k, another constant 
for thr s~ stem obtalned from the slope of the 
plot ln Fig 5 and n the number of carbons ln 
the lOdoalkallr chain 

Thr s)ope~ of the Imes for the dlHerent 10-
doalkanes shov. n ln Fig 3 were plotted on a 
graph agalnst the number of l'arOOns ln the 
attached chalns A simllar slope that had been 
conslructed for meth y 1 lodlde samples (24) wa., 
also used JO the !inear regresslOn calculatlon 

Thr To of thr nonlOnlC pol\'st~ rene .... as deter
mmed b\ Dse ta be 106 5'C The value of the 
constant k, \l,a~ determlned to br 35 ± 02 
degrrr~ per mole percent Ions Represented b) 
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the sJope ln Fig 5, k 2 was calcuJatrd to have 
the value -0 25 ± 0 02 degrees per mole percent 
Ions per carbon atom attached Thus the gen
eral equatfon now takl"'s the form 

Tg = 1065 ± c[3 5 - 0 250) (2) 

The valu{'s thal wl"'re obtalned by the use of 
lhls equatlon an.' shown ln TaUe l ln lhe sec
ond rO\l ln row 3 of thls table are the dlffer
enc{'!> betw{'en the calculateù and experlmental 
values for Tg A stattstlCal analysls shows lhat 
the a\'f'rage dtfferencl'" between these two tem
pt'ral ures lS 1 7 de~rees uslng a bsolule values 
of the dlff f'rencf'~ 

As mel'tloned ln the Inlrodu[ tian Il has been 
of tnterest to ftnd a means of mathemallcall\ 
predlclmg the TQ Since man) factors Influence 
T Q a general purposr eCluation desCTlblng It will 
ha\ e mam vanables related to each other ln 
complf'x \la~ 5 It was l'vident from the results 
obtalned ln thls stud:. that Over the 1 ange of 
Ion contenl s encountered ln the pol\'sl~ fene 
matn\ the relatlonshlp betwern the TQ and Ion 
content as weil as TQ and allached slde chain 
lenglh \las IInear Yet Slncf' Ihls relation could 
nol be consldncd general on Ihf' basls of prellm
Inar\ results wlth other sVSlrms the publt<.a
lIOns deallnf! \l,lIh Ihe predlcllon of TQ bl' olher 
equatlons \l,cre consulted to see If the) were 
applH abk to the mat('ndl~ ln qut'stlUn hrrr 

Tht'sr ot ht'r t'quatlOn<, (ould not be used for 
the st\'[rnr-4-\ Inllp\ ndlnlum-Iodoalkanr S\~
tt'm gl\rn tht npellmclltal dat~ a\alldblt' ln 
partICular th!' absenc! of the Tv of pol\
[VlIl\ Ip\ ndlT1l11m IOdoalkanej \l'as c rut lai be
cause TOi \IdS called for ln the5e other relations 
Il \1 d~ con~ld{'red ho\l, e\ er that ta determtne 
tht's( \alues of TQ ; \la~ mur h t00 dtfflcul! at the 
pre~ent tlnW ln \'je\\ of the dDtlrlpdtecl drqua
tt'rntlatlon t(J \\ arrdTlI funher stud\ 

CONCLCSIONS 

The gl..t<.,,, trdn"dlOl1 temperat ure" and dl
Tl.lmIC mr-c hanJ( ,tI propcnle<., ()f random stl 
lent' 4-, ln) Ip:. ndlllt' I,:m(lm('r~ quatnnlzt'd 
\l,lIh lodoalkdne., ha\(' ocrn prt'~('ntrd Thr 1:><' 
ha\ IOr of I/)ec,t "( omb- lon(lmrr~ s mflut'nced 
a<., rxpeC'ted b\ th! Ion content and Ihe I('ngth 
of the pendant alkll (hdln<, Wllhlll Ihr IImlts 
of the expt'flmental dat.! for nample zrro tn 
trn pt'Tf ('Ill \ trJ\'lp\Tldl!1t dnd ont' ta ten Cdr
bon~ attached to Ihl' p\rldlTH' nng 1\ hd" b<-t'n 
po<,slbl( to(on~tr\Jrt .ln equatloTl Ihdt cora'lalt''-, 
the T" for surh d (opol\mn "lIh thr"!' \'arla 
bk<., 

APPENDIX 

A IInt'dr r{'grc<,<;lon (progr.lm cou rit',; \ of 
M.trHI GauthiCrl \l,d~ performrd on each of tht 
cUr\'es ln Fig" 3 through 5 The 51oPI' and 
Inlenept for :-a[h ~u(h (UT\'e are pre.,tnled 
b<-Io\l, toget her \\ Ith t helr standa rd drVlation 
a., weil a~ rat h correlat IOn ([)('I. H lent 

Figure 3 

lodobulane 
slope 2 68 ± 0 05°C per mole pt'rcenl vl

nylpyrldlne 
Intel'cept 1055 ± o 4°C 
correlation c~fflclt'nt 1 00 

lodohexane 
slope 1 82 ± 0 07·C pel' mole percent vl

nylpvrldlne 
Inlel'cept 1079 ± 04°C 
correlation coefficient 1 00 

lodooclane 
slopt' 1 3 ± 0 ~o(' per mole percrnt vlnyl

pyrldlTlr 
Intercept 106:!: 2°C 
correlation coefficient 091 

lododecane 
slope 1 ) ± 0 2°(' prr mok percent vlnyl

pyrldlnt' 
Intercepl 102:!: J °l 
correlation coeff lClenl 0 96 

Figure 4 

1 9<;( Vlnylpyrldlne 
slope -1 1 ::t 0 4°C per number of at

lached carbon~ 
Intercept 117:!: 3°C 
correlation coefflclrnl -0 84 

4 9 r
, Vlnylp\'rldmr 

slope -1 9 ± 0 2°C per number of at· 
tached cdrbons 

InterC'ept 127:!: 1°(' 
correlatIOn coeff IC lrnt -0 98 

6 9 r , Vlnylpyndlne 
slope -2 ~ ± 0 3"C pt:r number of at

tached carbon~ 
Inlercept 133::t 2°( 
cOlTelation coeffiCient -0 96 

9 7re Vlnylpvridlne 
slop{' -3 2 ± 0 1·( per number of al

tachrd (arbon ... 
rorrelatlOn(otfIHI('II[ -) 00 

Figure 5 

slope -0 25 ± 0 02 [·C per mole pt'l'cent 
vln~ Ip~ndlnel per attdched carbon 

Intercept 35 :!: 02°( per mole percenl 
\'lnylp\'lldmt' corrriation coefficient 
-09f:' 
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. ABSTRACT 

Contact electrification mea.ruremenls were p(1formed on partides contmUng toluenesulfonate salt! 

both polymer bound, wing a poly(styrene-co-N-methyl-4-vinylpyridinium toluenesulfonate), anJ 
1 

a moJecuJar salt, cetyltnmethylammonium toluenesulfonate, which is dissolve<! in the polymer 

matrix. The particle~ containing the ionomer become charged to a higher degree against a carrier 

than the particles contairung the rnolecular salt, and bave a surface salt composition, a! detennined 

by XPS, which resembles the fonnulation composition The surface 5alt composition of the par

tide!! contaming the molecular ~l is ~igruficantly higher than the formulation The chargmg results 

are explained in terms of ion transfer during contact and the variation 10 tbe surface Ion concen-

tration IS used to estunate a relative charging capacity of the salts XPS analyses of the camers 

which were used with both partlc1es shows aL S 2p Signal appropriate for the toluenesulfonate 

anion A mecbanism for charging mvolvmg tbe trarufcr of amons Irom the 

tide!! to the carrier is proposed based on tlus observation 
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INTRODUCTION 

ln the electrophotograplùc proœss used for pnnting and copying, toner particles (electronic ink) 

moYe from the supply bin through the machine to the de:lIgnated areas on the paper.1 The $leps in 

the process rely heavily 00 the charge on the partic\es, charactenzed by the charge/mass ratio, Q/M. 

and the cbarge is activated in the storage bin by contact electrification agains1 a second surface. 

The toner particles are polymerie compoSItes containing either carbon black or color dyes and of\eo 

contain a few percent of an organic salt to affect the charge These addllive~ are kno NT1 as charge 

additives or charge control agents 2,3 A fair nûmber of orgaruc salIS, bath molecuJar and polymer 

bound, have been studted for thelI influence on the partiele charge produced by contact , 

electrilication We DOW Wlsh to report sorne results on contact eJectriJicahon of pol ymer particles 

cootaining lonomers Wlth bound quatemary ammonium tolucnesulfonate salts ln companng the 

chargiog behavior of ionomers with molecular salIs, we rmd that the ionomers have a higher ca-

pacity for charging then structurally surular molecular salts 

RESULTS AND DISCUSSION 

The random copolymer, poly(styrene-co-4-vinylpyridine), was prepared by copolymerization of 

• slyrene and 4-vtnylpyndme UStng pubhshed vaJues of r and r ft has Mn of 50,000 and contrum 
1 2 

6.0 mole percent vmylpyndme (5 1 to 6 9 mole percent as deterrruned from the polymenzatlon 

conditIOns The corresponding ionomer, poly(styrene-co-N-methyl·4-vmylpyndlfilum 

toluenesulfonate), poly(S-co-MVP OTs), was oblamcd from the quatcrruzatlon of the pyndme ru

trogen with rnethyl toluenesulIonate 111 a methoo bascd on a prevlous report 5 The partlc\es used 

for the contact eleclnfic<:Itlon measurements wcrc preparcd by mcll mlXI:1g 10 % of the lonorner 

witb 90% of a 60/40 poly(styrene-co·b1ltylmcthzcrylulc) random copolymer, poly(S-co-OMA), al 

J69 oC for 15 nunutes usmg an flDI torque rhcomcter The polymers arc stable to thcse condlhcns 

and decompose fi the temperature range 290-:\20 oC Mtlhng thl" mp:ture produced partlc\es wlth 

lfiegular shapes The Dartldes had a S17.e distnbutlOn ranglllg from 2 ta ID rrucrons wlth an average 

size (by WClght) of 9 4 mIcrons A complemclltary set of matcnals composcd of poly(S-co-DMA) 

and cetyltnmethylammonJum toluenesulfonate (Cl MA OTs) wcn pr'_parcd and studlcd 111 paraJlcl 

ThIs salt was se\ectcd for the compan .. on bccau<;e It 1" a comrnonly known charge additive 

B- 2 2 
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The capacity or the particles 10 charge by contact electriIication was detennined using a commOD 

proceduJ't, known as total blow off lb ln trus procedure. the polymerie particles were nuxed with 

200 micron me ïrregular shaped metal parhc\es ct>aied with a polymer fûm (known Ils carrier), ant! 

roUed ID a jar fo~ 1 S mmutes to activate the charge through tnbocharging We fmd that the charge 

stabil..izes al a maximum value during dus lime The rruxture was then transfered to a Faraday cage 

and the polymer particles were blown away from the camer wlth au through a wire sereen with 4S 

micron size Opelungs. The Q/M for the coUection of polymer partlc\es was detennined from the 

total charge measured across the screeo UStng a KeithJey e1ectromcter and the weigbt difference of 

the cage before and after the blow off experirncnt A toner/camer weight ratio of 0 025 was used 

and the partic1e sep:uation was accomplJshed using 56 pSI atr pressure during 3 minut~s. As can 

be seen Ul Table I, the toners charge posllJve and the Q/M values are higher wlth the parhcles 

containing tbe ionomer. The values are averages of 2-5 mcasuremcnts and have a 5-8% error. The 

salt content uscd ID these experiments excceds the concentration range where Q/M IS a strong 

function of the saIt content. thus. the Q/M values are frurly constant The results reveal that tbe 

particles Wlth tbe Ion omer salt (16-52 jlmol/g) have Q/M values which are ca 1.5 times greater than 

the values for tbe panicles contanung CTMA OTs (4-13 jlmol/g). Large partlcles (39 /lm) of the 

pure ionomer charge lower than the blended partldes. as Îs expected for larger size partlcles which 

have a lower surface to volume ratio 

Our mterpretation of the charging results assumes that onl)' the salt in the surface reglon of the 

particles IS achve for chargrng Ions ln the bulk mmt have a smaU effect glven the rughly msulating 

nature of the se matenals For example. pressed pellete; of these matenals (50K pSI) have reSlStances 

13 
greater than IO oh~'i1~ at 10 V (1 mm spacmg) Corrc'ipondmgly, the dtffustOn coeffiCIent for Ions 

in a v,seous polymel (for example, at temperatuTe~ vaT the J'g) can be esttmated equal to 10 16 

cm
2
/s 6 Thus. ion moblhty 15 slow on the !tmr scalc of our cxpcnments Wc thcrefore analyzcd 

sorne of the toners by XPS. a surface sensItIve techlllquc (top tcns of I\ng~troms) The toner par-

tides were supported on indlUm fOtI and Ihe analy~c'i \\Iere pcrformed on a SSX-IOO modcl 05 X PS 

spectrometer. using a 600 J-Lm spot Low cnergy cJcctrons ",\-rrc ~upphcd to the samplc. as requtred , 

to neutrahz.e surface chargmg Thc hmdmg energJc,; WCI è rcfcrcnced to the matn carbon peak. laken 

as 284 6 eV The N Is and S 2p sIgnaIs wcrc uc;cù to mOnitor the amount of ammoruum and 

5ulfonate Ions in the surface rCgl0n of the partIClc'i 1 he c;urface atomlc concentrations \'terc esh-

B- 3 3 
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mated from the c:urve lit peak 1U"eU. corrected for the relative photoionization cross-!eCtions. 1 

These values are listed in Table 1. The values for C and 0 agrec: weU witb the calculated values in 

every case. The values for S are consistently higher than those for N by a factor of 1.6 to 2.0. but 

the differences may he al lcast partially due to the expcrimental error in the measurement of the 

small peaks (ca 2S 0/. for N and ca. IS % for S). Altematively, the difference may retlect a pre

ferred orientation of the suffilr speC1es, where il may he positioned cbser to the ~urface The N and 

S content for the particles with 52 Jlmollg ionomer salt is in fair agreement witb the amount cal

cu1ated from tbe bulle compositIOn. With tbe sample containing 26 Jlmol/g ionomer salt, the S value 

again matches tbe caJculated amount, but to the extent that there is a signal for N, il is helow the 

detection limit. In contrast wltb these results, the N and S signals for the samples with the molec· 
• 

ular salt, Cf MA OTs, are slgnificantly higher than the amounts ca1culated from the formulation. 

This result is not too surprizing srnce trus is a surface active salt. The salt probably become~ seg

regated on the surface dunng the milling proces!. but trus remains ta he determined 

The salt in the polymer clearly contraIs the process which transfers charge from the toner to the 

camer surface. Since the toner develops a positIve charge, the OTs' anion of the salt must he the 

active ~pecies dunng the contact, but the key questIon remains to be answered Does the OTs' 

transfer ta the camer? or does it oX1dlze and transfer an electron? WhtIe an e1ectron transfer 

process may be plausIble for tbose cases where at least one of the surfaus Ulvolva! in the contact 

e1ectnficatlOn IS a metal '1urface, 8·11 It IS difficult to envision the occurrence of an el:ctron transfer 

in a completely insulatmg system consldenng the known electrocherrustry of these salts Fust, 

thennal electron transfer does not occur between arylsulfonate aruons and neutraI polymers such 

as, polyesters, epolUdes. polyethers, etc Secondly, even ln the presence of an apphed electnc field, 

the oXldahon potcntlaJs for trus dass of Ions are mueh hlgher than those for water and oxygen 12 

Thus, water and oxygen a .... e aJways oXldized before thc~c IOns In hght of trus, we suggest that 

chargmg observed wlth msulatmg polymcr·polymer systems contamlng salts, rcsults from the 

transfer of Ions Wlth the present matenaJs. the OTs Ion 15 the more mobIle Ion and 15 more ukely 

to transfcr XPS anaJysls of the camers after 15 mmutes rolhng wlth the toner and rcmoval of toner 

shows a strong S ~lJgnaJ wruch IS not present m camer :;amplcs wlueh have not becn in contact with 

toner 1lus IS the case for the camers uscd wlth the toners contaimng 26 and 52 J-lmoJ/g 

poly(S·co·\1VP OTs) and toner contamlOg 13 2 wnol'g CT:'v11\ OTs The observed S ta "non-

B- 4 
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carrier· C ratios are in the range 0.0021-0.0035, and arc '-20 times greater than the SIC ratios of 

0.0003-0.0009 observed for the tonm themsclves. Thcrcfore, the toluenesulfonate anion content 

on the surface of the carrier i! in extes! of the amount expect tf the carrier surface wu contanunated 

with portions of the toner Ths result 5Upports our proposa! that the transfer of the OTs' anion 

between the two surfaces is the principal mcchanisrn of charging. Since the pol ymer coaling on the 

carrier contains mtrogen, the transfer of alkylammoruum catiOns cannot be monitored directJy. It 

should he stated, however, that charge separation may not bc restncted to ions of the charge addi

tive, and the mvolvrnent of moislure assoClated wlth the salt or the polymer on the surface of the 

particJes can not be clismissed 1) The contact and separation evcnt of the particles may promote the 

• + 
russociatJon of adsorbed water molecules to produce 011 and H ions wruch may contribute to 

the ion transfer process between surfaces 

Regarding the different charge levels reached by the partlcles containing ionomer and molecular salt, 

we attribute it to a smaller net charge attained wlth the molecular salt because the ammonium 

cations may a1so transfer to reduce the net negatJve charge and make the toner and carrier surfaces 

more chemically similar Cation transfer IS of course more dtfficult with the ionomer because the 

catIon is bound to the pol)mer Fmally, the Q/M values can he adJusted to reflect the salt content 

on the surface of the particles, as detenruned by XPS. This adjustment reveals that the ionomer 

has a surface molar charge capaClty wruch is 5-10 times greater than that of CTMA OTs. 
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Table 1. SUMMARY Of CHARGING AND XPS RESULTS 

SALT BULK 
CONTENTI Q/M ATOMIC PERCENT (XPS)2 

"Mol/a "C/a Element Found Cal'd 

POL YMER: PoIy(Styrene-co-Butylmethacrylate), no additive 

C 93.18 93.43 
0.73 0 6.82 6.57 

N,S 0.00,0.00 0.0,0.0 

IONOMER: PoIy(Styrene-co-Methyl-4-vinylprydrinium Toluencsulfonate) 

5.2 39 
15.6 79 

C 93.6 93.54 
26.0 75 0 6.4 6.38 

N 0.00 0.033 
S 0.04 0.033 

36.4 73 
C 92.8 93.72 

52.0 81 0 7.1 6 15 
(52)3 N 0.05 0.066 

S 008 0.066 

C 95.9 96.60 
520 42 0 2.7 2 10 
(520)' N 0.50 0.69 

S 0.99 0.69 

MOLECULAR SALT: Celyltrimethylammonium ToIucncsulfonafe 

4.4 58 
8.8 55 

C 92.8 93.30 
13.2 SI 0 68 663 
(165)' N 016 0.0161 

S 0.25 00161 

IBulk salt content calculated from the fonnuJation 
2Peak positIon and cross-seellons for the XPS sIgnais. C, 284.6 eV (1.00); 0, 5322 eV (2.494); N, 
Mll. 7 eV (1 678); S, 1674 eV (1. 793) 
'Salt content in the surface region calculated from XPS 
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Appendix C: 

Solubilities of Alkylated Styrene-Vinylpyridinium lonomers 

C. 1: Introduction 

Polymers, in general, are less readily soluble than their small molecule analogues. 

The thennodynamics of dissolution is often cited as the fundamental reason for the 

lowered polymer solubility; this is apparent from the Gibbs free energy equation 

AG = MI - T~S. 

In order for dissolution to proceed spontaneously, AG must be negative. However, 

because the change in entropy, AS, of a polymer going into solution is signifïcantly 

less than the difference in entropy for a smaU molecule, more favourable interactions 

between the polymer and the solvent are often necessary to make AG negative. 

Therefore, the range of sol vents for a particular polymer is often severely restricted 

when compaIt.d to the ESt of compounds in which its monomer is soluble. 

Not surprisingly, the presence of two kinds of repeat unit makes it more difficult 

to find a common solvent. This is particularly true when the different units are on 

inde" - ~ndent chains, as in the case of blends of two homopolymers. It is also a factor 

in block copolymers, if the blocks are long enough. For example. ABA copolymers 

of styrene (B) and 4-vinylpyridine (A) are not soluble in tetrahydrofuran (THF) when 

the 4-vinylpyridine blocks are very long}; although styrene, polystyrene and 4-

vinylpyridine are soluble in TIlF, poly(4-vinylpyridine) is not, and its presence as a 

block in the copolymer in sufficient quantity is enough to prevent dissolution. 

Random copolymers tend ta be more readdy soluble than the blacks, and the 

proportion of nonsoluble comonomer to soluble comonomer often must be much 

greater than in the blocks before the material is no longer soluble. 

Sometimes, however, random copolymers cannot dissolve even when the amount 

of insoluble comonomer is very low. This is true in the case when there are strong, 
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specifie interactions in the solid material, such as occur in ion-containing polym~rs. 

In these particular situations, a solution may be obtained if the dielectric constant of 

the solvent is inereased, either by using a somewhat more polar solvent, or by using 

a mixture of two sol vents. Thus. the solubility of an ion omer is often restricted to the 

higher dieiectric constant compounds which are sol vents for the nonionic precursor. 

In the case of the alkylated styrene-N-methyl-4-vinylpyridinium iodide ionomers, 

a rather different phenomenon was observed. These materials were soluble in a 

much broader range of materials than expected, even at very high, i.e. 10 mole %, 

vinylpyridine content. This prelimin ary investigation is reported here, and is aiso 

suggested as an area of further work. 

C.2: Experimental and Results 

The preparation of the alkylated ionomers has been previously described2. It is 

briefly summarised here for convenience. 

Random copolymers of styrene and viny lpyridine were prepared using free 

radical techniques. Following isolation and characterisation to determine the 

vinylpyridine content, the materials were alkylated in a Friedel-Crafts reaction with 

I-decene. The resulting polymers were subsequently isolated, purified and 

reprecipitated. The extent of alkylation was determined by NMR, the the polymers 

were quaternised with iodomethane in THF. The difficulties enocuntered in 

precipitationg the ionomer in methanol or in hexanes led to the following 

experiments. 

Ionomers which were highly aIkylated were used in this study, but similar 

behaviour in precipitation was observed for the 30 mole % alkylated material 

prepared later. Approximately 0.1 g of the ionomer was put in a testtube, 2 mL of a 

soI vent, as received, was added, and the solubility of the rnaterial was recorded. The 
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results are listed in Table C-l. 

C.3: Discussion 

The solubility behaviour of alkylated ionomers differs from that of polystyrene in 

two ways. In the ionomers, the styrene matrix is highly alkylated with I-decene. 

The alkylation of polystyrene is expected to slightly reduce its dielectric constant3 

from 2.85 to a value c10ser ta that of toluene (2.38), and thus should increase the 

solubility of the nonionic material in nonpolar solvents, such as aliphatic 

hydrocarbons. At the same time, ionomers are less miscible in solvents of low 

polarity than are their nonionic precursors. Instead the ionomers described in this 

study are readily sol u ble in n- heptane, a non 501 vent for nonionic, unalkylated 

polystyrene, yet can be dissolved (with heatinrr) in acetone, even at ion 

concentrations of less th an 3 mole %. Apparently, instead of two competing effects, 

the presence of a nonpolar internal plasticiser and ionic groups in one material results 

in an overall cooperative effect with respect to the solubility of the ionomers. 

The alkylatIOn of the phenyl rings probably has a two-fold effect on the 

solubility. Thus, in additIOn to the reduction in the dielectric constant described 

above, the incorporation of long alkyl chains increases the free volume of the 

material, and presumably pamally solvates it before any solvent is added. 

From the results of small angle X-ray scattering studies2, it is known that the 

highly alkylated, low vinylpyridine content materials do not appear to be clustered, 

while materials with vmylpyridir..e contents equal to or greater than 8 mole %, and 

possessing similar levels of alkylation do exhibi t evidence of phase separa tion. 

Consequently, the dissolution of the ion omer is not affected by the presence of 

domains of different ion contents, although the se domains are of great significance in 

dynamic mechamcal studies. 

While these ionomers are nar soluble in methanol going from the solid state, the 



t Table C.I: Solution Behaviour of A1kylated Ionomers 

Material Solvent Dielectric * Solubility ** Behaviour 
Constant Parame ter 

[J/m3] 112 ... 10-3 

Sty[p-C1 0]-.027VP-Mel n-Heptane 1.9 15.1 P soluble 

" Il CC14 2.24 17.6 P " 

" Toluene 2.38 18.2 P " 

" CS2 2.64 20.5 P " 

" Il Diethyl ether 4.34 15.1 m " 

" Il CHCl3 4.81 19.0 P " 

" Il Chloroben- 5.71 19.4 P " 
zene 

" Il THF 7 18.6 m " 

" Il Pyridine 12.3 21.9 s " 

" " Cyclohexa- 18.3 20.3 m "a 
none 

" Il Methyl ethyl 18.4 19.0 m " 
ketone 

" Acetone 20.7 20.3 m lIb 

Continued on next page. 

--------------------

c- 4 

*Values of the dielectric constants taken from CRC, 63d 
Edition and from Pine, Hendrickson, Crarn and Harnrnond, 
Organic ~hemistry, 4th Edition, McGraw-Hill, New York, 1980, 
p.388. 

**Values of the solubility parameters taken frorn Polyrner 
Handbook, 2 ed., eds. J. Brandrup and E. H. Irnmergut, wiJey
Interscience, New York, iv-341 (1975). 

a Slowly 

b On heating 
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Table C.I (continued) 

Material Solvent Dielectric Solubility Behaviour 
Constant Parame ter 

[J/m3] 1/2*10-3 

Sty[p-Cl 0] -. 027VP-Mel Methanol 32.6 29.7 s not soluble 

Il " DMF 37 24.8m " 

Il " DMSO 45 24.6m Il 

Il " Water 81 47.9 s " 

Sty[p-CIO]-.lOVP-MeI n-Heptane 1.9 15.1 P soluble 

Il " Acetone 20.7 20.3 m solublé 

For refeIence, polystyrene is soluble in solvents ranging from toluene and 

chloroform to methyl ethyl ketone and carbon disulfide. It is not soluble in aliphatic 

hydrocarbons, acetone or diethyl ether4. This corresponds to a solubility range of 16,400 

- 21,700 [J/m 3] 1/2 for poorly hydrogen-bonded solvents and ta a range of 16,600 to 

20,300 [J/m3]1/2 for moderately hydrogen-bonded materials 5. Thus the solvents in 

which the alkylated IOnomers extend the solubihty range over that of polystyrene are n

heptane, dlethyl ethel, pyndme and acetone. 

c Cloudy 
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5 % solution of ionomer in THF cou Id not be precipitated in 20 volumes of methanol, 

and the solution had te be concentrated to ca. 20 % ionomer before any precipitation 

was possible. Thus, very little solvent is required to keep such an ionomer is solution 

in whatls, for the unalkylated lOnomers, a nonsolvenl. 

C.4: Conclusions 

The alkylation of an lOnomer and resultant lowering of the dielecrnc constant of 

the matnx does nOI dlmlnlsh the solubillt) of the pol ymer in polar solvents However, 

this sarne alkylation jncre2.~es the solubihty of the lonomer in nonpolar solvents. This 

leads to the Sltuation ln winch the hlghly alkylated styrene-N-methyl-4-vinylpyndlnium 

iodide lOnorners are soluble ln sol vents whlch are 50 nonpolar that polystyrene cannot 

dissolve in them Thus, the presence of lOnlC groups and nonpolar internaI plasticisers 

confers solubillty over a wlder range of solvents ta these ionomers th an eaher one of 

these factors alone. 
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Appendix D 

Supportlng Data 

The supporting data for this dIssertation is organised in the following manner. 

The data from the torsion pendulum is printed out and listed according to the 

experiments that were performed. This data is listed in the first section of this 

appendix. 

The data for the DMTA runs and the SAXS e'tperiments are on floppy 

diskettes. The DMTA data may be accessed using the programme READDMTA, 

written by Mano Gauthier, and mcluded on diskette #1. The user should enter 

READDMTA and he will be prompted for the name of the DMT A file to access 

The sm aIl angle X-Tay scattenng data is already in ASCII files. which can be 

read by using the DOS command TYPE [filename]. 
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STYO.0971VP(4-)-BUI (R) 
GOOD LUC/(, KI Il! 

TEMF' • TAN DEL TA 6' G" , FREQ. 

---------- -----------------------------------------------------
151.0 0.64509 1.365E+05 8.803Et04 0.0691 
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160.0 3.01569 1.340E+04 4.040Et04 0.0606 

16~ .0 :!.67613 1.3151:+04 3.5t9Et04 0.0606 
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STY-O.0193VP(4-)-DEI (R) 

1---------------------------------------------------------------, 1 1 
TEMI-' • TAN DEL TA G' G 1 ; fREQ. 

-------------------------------------------"-------------------
62.8 0.04732 7.670E.+00 .3. 6:WL: +07 2.~9.':! 

63.8 0.05156 7.390E+OEl 3.8:1 1E+07 2.::J443 

69.0 0.08351 6.410E+00 5.353Et()7 2.3684 

69.!.J 0.O844!:l \~. ~')bSr -f OH ~!. 293E tO;' ::.3415 

70.4 U. 09.~1.)1 6.uil8L-fOn S. 663E t 0:,0 :) • ~~~) 7 ;' 
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71.1 O. 1 L757 !:i.679L"-f08 6.1'1 1 [+07 ~.2;:>/'·4 
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81.2 0.:>1825 3. 866E. f-Ofl 8.438Et07 L.830'::' 

81.3 0.03572 5.434E.t08 1.941E.t07 2.18:>:' 

95.1 O. J 1090 ~. 174Et08 :>.4L1Ef-07 1.3793 

105.2 0.77688 2. 494E t05 1. 938EtO~ï 0.0749 .. 106.0 0.76570 2. 264FtO~j 1.73.3E+0:; 0.0737 

• --- ----_ .... - ----------------------------------------- - --- ---_._-



STY-0.0193VP(4-)-ItEI (Fi:) 

• ---------------------------------------------------------------: 
TEMF' • TAN I1ELTA 6' G' , FREQ. 

-------------------- ------------------------------------------- : 
106.9 0.69235 1. 988E +05 1.376E+05 0.07=:!3 

107.2 0.80279 1 .775E"+05 1.425E+05 0.0710 

108.3 0.72963 1.564Et05 1.141Et05 0.0698 

109.2 O. 70386 1.573E+05 1.107E+05 0.0699 

110.0 0.74087 1 .381E+05 1. ()23E+0~ 0.06813 

111.5 0.71187 1.256E+05 8.939E+04 O.Of>BO 

11=:!.~ 0.69514 1 .285E"+05 8.936E.+04 0.068:: 

113.0 0.66766 1.242E+05 8.289E+04 0.0680 

113.4 0.66436 1.246E+05 8.::76E+04 0.0680 

113.8 0.68::-J62 1 • l5'::>E+0~ 7.900E+04 0.0074 

114.!J 0.67378 1 .066E+05 7.186E.+04 0.0669 

( 11 4.8 0.71221 1.017E+05 7.243F+04 0.0665 

115.0 0.67339 1.037E+05 6.984E+04 0.0667 

J 16.6 0.66344 9.340E+04 6.197E+04 0.0660 

118.7 0.73727 7.449E+04 5.492E+04 0.0648 

L? J • '1 0.71<144 ? 099E +04 5. 1 07E +04 0.0646 

123. ~) ,) t 865<11 ~j. 814E+<H ~. 035L t04 0.063'ï' 

J~I_J+~J ('. t~,3>B13 J. '/'!J3E t O·} Al. (1~2[ +V'I Ü. \h".J:,) " 

J '::'8. ô O.813!:58 o. l 06E. +0·4 4. 968E +'J4 0.063'1 

J 3 .. ~ ~ ',,1 L.0_~f>64 ~J. 145E t-04 ~J.:20..2E+ü4 (1.0,-)3.2 

1 ... ";.,"~ + \S 1). 'Til ~~J/ ~J. Hi' n 10·1 5.381E-fü'f v. 0~1.?--", 
L-.1ù.(j j .()l~O" 5. 653[+v'~ ~J.72.2Lt~Jd 

. 
"-'. 'J,"" ~ c\ 

J .;, • .If '.' ',d) 4'; / ( "IIL1,J Al !:.'. t.16E+04 ',' .. ','\")-'1 t...\ 

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



• 
51 Y-O. 0486l,,'F-' '.4-) -[JE l (FO 

: ------_ .... ------ .. -- -- - .. ~ 

TEM", 

39.0 

l .. ~.E! 

46./ 

48.8 

50.9 

60.3 

6 ~) " _ .... 
64.1 

66.4 

74+~ 

76.::' 

I{)N lILL/t) 

1).01611 

O. vI /' 39 

(). 'vi 1 EHU 

() • (0 j 8,' <r 

O.0230i' 

0.0.2~>7c, 
O. 0.27:~O 

ü,032fU 

1 • 3 o !:il:. h)~' 

1 • ::> / ~~ L f 0,) '1 

1 .':':"1 1 1 f () c, 

1.~'>44E f()'/ 

1 • ~!081: ton 

1.19Jl'fü<ï 

1.179[t()9 

:l. 16~~~t09 

L.1461+0'r 
J .13?E.·f ()C; 

t. J ,2()J: tu9 

1 • ()8~jFt Oy 

- -_ .... - - - .. _-- ----_.- ---_ .. : 

(l 

::.. 04~L -t (Ji' 

:>. ~l:lvL +0/ 

~). 300L-t vI' 

~ • 3701:. -t LI J 

:~ • 40'Ïl~ f oj:' 

2.5!J4E+07 

':.>. ?47E-t 07 

.2.809C+():' 

3.006E+07 

3.067E+07 
3. 09:!E' -t 0) 7 

~. :!83F +0 ï' 

3.5981:.+07 

3. ?601:"+07 

:"'.4260 

'::.4J77 

::.3914 

:~.3631 

2.3.2c,>l) 
:'. 3~O~ 

2.24'19 

.. _ .... ---- .... - .. -- . __ ._ .. _._----_ .. __ .... _ .... _--_ .... _-_ ... _-_ .. : 



STY-O. 0486VF' (4 - ) -DE l (R) 

: --------- ---------- ------------- -------------------------------: 
TE Mr-'. TAN DEL fA G' G 1 1 FREn. 

" , " , 
! --------- -------------- --_ ... _-------- ------- --------------_ .. __ .. -_._-: 

78.3 O.04tEl4 1. 033E t09 -1. 3~4E.+07 ~.:2119 

7'7. '2 0.04~7J 1.0::?'2Ft09 -1.363E.+07 ~.199'2 

8l .5 0.0453:: 1.016E+09 4.605E+07 '2.193:? 

84.5 o • O!:. -;' :5 () 9.::-186rt08 5.499[+0"/ '2. 13()~) 

86.8 0. 06.2::~ 9.373Et08 ~. 83!JC+07 '2,J060 

88.8 O. Ii'? t, ()~J 8.9461"tou ,:). 804E.-t v7 ~).u!J:'O 

90.3 ().0?El3v El. 9191:-t 08 6.983E+07 .2.0530 
'1.2 .. 8 O.OeS'lO fI.7'46F-t08 7'.793L:+0"/ :>.0334 

.,)... -, 
,~ ... ,/ ~'. l(\:J8~ 8.16SF+~nl El.6'llF+()7 J.9640 

9!J. Ü 0.12644 7.5l7EtüEl (r. !:.:iE!OE. +07 1.890<]' 

( <)tJ. 4 ':} • j ,.. ~I l 4 6.44lftOfJ J • l '281:+08 l • ;140:-> 

101. 1 () • :) 6 ,-';.2 J 6. 936f f·0fj 1. Ei':'oCf-0ü 1 • 79c')O 

1'29.0 0.53011 '2. 756E tO~J 1.461E+05 0.0696 

134. :: ~).::-J048(,:) '2.615EtO~-J J .3.20[+05 0.0.:'>91 

13~ .. é.) 0. 6t)()O~~ :'. 097E +0~', 1. ::?58E+OS 0.0673 

136. -;,0 O. :14 ï' "h) 1. 796Hü~J 9. 83~E+04 0.0663 

1 '~tl -~ 
~\.I + ' Ç1 • ~~4 .... ' -;'·4 1 • 7281:.+()~j <;>.347E.+04 o .066J 

13S).4 O.7634'.:J 1. 2'.:i4E +O~I 9. 5 'J'lE -t c ... ~ O.06'l4 

13'7. 0 () • <'> 4 ~-; Ct ~-, 1.314EtO!J 8. 4 73E+O~~ 0.0046 

l'lJ .4 O.7tlJ4B 9. 659E +04 7. 54ElEtO 4 (1. 063~~ 

14ï'.8 1 • ~)~J~, of) n '"J ,t,Il 21 r()4 "7. -5041::-+ 04 0.061 'y 

153. () 1 • 6::-J~O··, :~. '"n7L f (,li) ('1.61,SE.hi4 0.061 ;: 

1!:Jl.0 1.IJ:/:Jv ~J. l61'- h'4 ~). 102Ft04 0. 06J 7 

: _ .. -- --- -- .... "-
__ M .... ____ 

" - --- .. - .. --- - _ .... _ ... ----,_ .. -- -- .. -- ._- : • 



STY-O.0486VP(4-)-IIEI (fO 

1 
TEMr' • TAN D[L Tf1 G' G' • FREQ. 

155.0 5. 3~O[+04 0.0606 



t 

{ 

• 

STy-O.068'iV~'(4-)-·LIl·.l dO 
FJ.:B. :21, 1ge::., 

_.- _ ... ---_ .. _- ... _------------- -_ .. _-- ----------- -_ .... _-_ .. : 
TCr))' • 'IM~ nr:L ln G' G 'I FREQ. 

-----_ ..... - .... - . ...... --_ .... -- ------- ... -_._-----------_ .... - - .. __ ... 

::2.4 ~').0)4a!:.J 1. j 'iUE -/ 09 1.777'[+07 :?O190 

·îO.8 (, .0 j 733 1 • l ~::E ~07' 1. 996E~ 07 1 • '7797 

4~J.é, ().'j18'17 1. L34E+09 .:2.150E+07' 1 • %4.:' 

'1?0 v. 0 j ~'11 L.J32E+09 :).16·H.107' 1 .96:H-' 

"4(l "" (1 1.' • ',1 ! ',' J : 1 • :l :: • .>E+O'l :'. j S3E.+v:' 1.9Si'4 

~I l + ..:) 
,) ,,'1 ,~,-:\ J.l':~1E't09 ~~.~1IE+07 1 • Q53'J 

~j~ • '''J I .. J • ()~,,) 13 1. tl·lE-fO<'> ~). 242,[+07 1.9·)'73 

!J~J ( 1 f ' ... -' ~, A,. \,' 1o) "'~ 1 .l()S'[tüt> :> • 3;~2E t Cf-- 1 • S" 't:': ,,' 

1 ., 
f '-\.l-'21!:.JJ 1.101Et09 :.3681:+07 1 • 93~::; dl ,. 

\j t,.J \ ~ J Il ,"',J" ,',,1 .. 'tJ .... _ • l • ('831: +09 ... 403f. f 07 ,lt 91(,>f.! 

\/..:> / l,' ',' l):'~3",} L.(J/OLi()!f .2.604Ei07 1 • 9,)t-3.2 

04.4 0. O~.ct8~ J • 064J:t07' :~. 04:?E+07 1 .90.26 

'-, I!-IO .... (). v:':::ï' c, l.()~J1E+09 .2. 7v6E~07 1.8907 

68. :.' () .. 0:: ï':" ,:". 1.039E+09 :2.841E+07 1.8800 

. ~ 
l ..... ' • i, 0.02800 l .O:26F.:+09 ~. 933E+07 1 .8681 

/:2 • 'l ().().:'?5<..o I.017E+09 3.010E+07 1 .860S 

;13.3 \,' • J30:2 ~t l. 01 or r09 .. L053[r07 1 • 85~5S 
ï' -i • 4 ü.031ü2 9.980E+08 3.096E+07 1.8428 

7 1.J • () O.():~f65 'Y.9~'7f+08 3 .14~E+07 1 • 8~79 

7ô. L (l. ~),J~4~l 9. 8431:. ~Ofl 3.! 97E+07 1.8301 

78.0 (1 + (>~j ,)";1 ~j <»).7:291: +013 :~. 380E+07 ! .819S 

BO.l 'J. v~~\o!)5 '1. ~ïO.:2E +08 3. 48~E+07 1. 7981 

8,j.~ (/.03738 9 • .3~9E+08 3.499E+07 l .7845 

---------- -----------------------------------: 



STY-O.0689VP(4-)-DrI (R) 

FEIl. ::!1, 1985 

J 
---------------------------------------------------------------

TEMF"' • TAN IICL TA (i' G' . FREG. 

-----_ ..... _---_ ........ _- _ .. -~ .. _-- -- ----------- . --_ .... _------------------------
84.~ 0.04163 C}. 06:Jl tOO 3.774E·+07 1 .7!:'J62 

8!:J.9 O.043::!B B. 956E of 08 3.876E+07 1.7456 

88.0 O.04bll 8.709E+08 4.020E+07 1. 7213 

<t0.8 () • ü::;3?.!. 8.300E.+On 4.~J01E+07 1. 6884 

9:~ • .2 () • û:=J!J~ / 8.:>J5[+08 4. ::;40E+07 1.6716 

94.2 (} .06ô!::,:> / • 0.-)('>1- of 0(1 :;.23.2Et07 1. 635J 

9~J. 6 (j • 070:>(',) 7.6EI6E+08 5.402E:.+07 1.6166 
96.4 0.on,7l 7. :,24E +08 5.701E+07 1.5994 

9/. ~.:; ~J • OBJ 9') /' • 2J3E +OEl !:J.'r47E-f07 1.570J 

'ra. t> o • (J91 7 Al 1. OPE +08 6. 437E t07 1. !14·H 
"'t> 

lO().O ().10037 6.779E+08 6.804Et07 1.5174 -
J ('o. \) O.11:~[j''> ,', • 5~iElE +08 7. 469E t07 1.4920 

101.:2 O. 1 ::!805 6.181E+OEl 7.951Et07 1.4478 

101.6 0.14116 5.890E+OO 8.315Et07 1.4129 

103.0 (). 1 63é>U 5. 737E +08 9.391Et07 1. 393:' 

103. '1 O. 19~88 ~I. 327E+08 1.033Et08 1.3408 

104.3 0.21773 5. 203[ +08 1 • .L33Et08 1.3234 

105. :: (, • :.)8 1 41 4.400f+08 1.2381:' t08 1.2121 

j M\.~ 0.3('116 4. 3::!JE +08 1.301E+08 1.1994 

107.1 (). 3:'1 EI4 4. ~!24E+08 1.456Et08 1.2251 

139.0 o • ~!8!d'I!::' ':'> .130E.+05 1. ::>48E+05 0.0654 

140.3 o • ~j961 :-' 1 • 952E t05 1.:J 64Et05 0.0649 

4ft. .l4:!.EI O.6L073 1.638E.+05 J .001E+05 0.0641 

4,J> -----_ ........ - --- ----- --_ ... - .... - -_ ...... - ... _-- .... -_ ... _._- _ .. --- - -------- --- - -_.-



• 

( 

c 

STY-O.0689VP(4-)-[lEI (R) 
FEB. 21,1985 

--------_ ..... __ .... _----- ........ _-_.- .... _-_._-------_ ... _------------------------

TEMF' • TAN DEL TA G' G" FREG. 

-------.... ---_ ... ----- --- --.----------------------------------------
144.0 0.610'70 1.51:!E+05 9. ::34E+04 0.0638 

145.5 O. h:?751J 1.358E+05 8. 5:?1 E+04 0.0634 

148.0 0.72611 1.205E+05 8.748E+04 0.0630 

149.1 0.71617 1.108E+05 7.937E+04 O. 06~7 

151.2 0.8567L 9.017E+04 7.725E+04 0.06:?L 

lS:;.O 0.909:'ï 7.993E+04 7. ::68E+04 0.0619 

l~J:~t(l (). <r7~S' 1 7. n~~6[+()4 7.711E+04 0.06 J ü 

: ----_. _ .... _ ... --_.- ... - _._- .......... - - -- -- -_ ..... _ .... _------------------- ---------- - : 



• .. 
51Y-O.0971VP(4-)-[lEI <R) 
FEIIFWAkY :!U, 1 y8::', 

--- ------- ---- -----_ .. -_ .. -- .... -_.- -- -_ .... -_._- ------_._----_ .... _-----------: 

TC .. rI/·· • 

.26.5 

'2/.H 

3/ • 7 

33. ~l ().O~.591 

4',) • (,\ 

4 L • ~ 

4U.o 

~,/. Ü 

:"',-i ... ) 
~'J[J ... ~J 

6/ .0 (). 03 J. 40 

, 1 
~)'"'\ + ... J 

(7' 

1.118Et09 

1 • l 1 41:: tOC; 

1 • J 04f: tOC; 

1 • OC; lE tOCy 

J • 059~ t-()9 

l • 04;~ HP,' 

J • 0~ /1.:. hJS' 

J • () 1 S'1:: .. t 0'1 

(/'. t>'1 'H.1v!i 
,(. ? Aui. hH.l 

9 + • ' :~ 7 E 1 0 U 

G' 1 FREU. 

.2.4291.+07 

:~.477E-tü'? 

~. 531E+()7 

'2.444F+O? 

'2. 616L+0 7 

.2.5331::.+07 :~.14i·6 

.!. 1 400 

.!. + 1.'7<;1 

'.! • o62~ +0 J 

:). i'3'tL+0/ 

::.8 .. '61 tO / 

.. '.fl/6tt07 :'.()/:~/ 

.' • ':l't'SI t~)..- _' • ~J,~ ' .. ' 

::!.9~ï~l:tOJ .'.,)<Ij,} 

3.1/8UOi' .. ! • ~,() /,:. 

3.3.'31. +{\7 



( 

c 

STY-O.09/1VF'(4--)-DEI 00 
FEBkU~RY ~~. 1ge~ 

____ 0 _____ ... ___ .... __ , .. , ____ ....... ",,_ •. _ ....... '_0.'''- _ ... -- ... ---- ......... - - .. - .. ---------.... - ..... - - ---

G' G Il 

___ ........ - __ ...... - ___ • _______ .. _____ ._ - - ___________ • __ -0 ________ .... _____ -- ------

71 • ~ 

;-'1. D 

73.2 

DO • =~ 

\)/J 1 

U .. +. 

87.2 
88 •• ' 

90.1 

91."; 

94.7 

12.5.0 

1:26 • li 

LH. :' 

137.6 

o. O:~840 

0.0709 L 
0.076:>3 

~). L0930 

v.L:2<r/'L 

o t 1 ~.h"3li 

u.9Ji'J9 

Ll. 9()!:'iE t-Ofl 

El. 8B~L +00 

8.786E+08 

7.4!ï7Eto[o{ 
7.:!74EtOH 

4.? 19E t08 

4 • .391E+0tl 

1 .~JJ 5[+05 

l , ,)80[ tO:'.l 

:-- _ ... _.-_ ..... - .. - .... - _ ......... ---_ .... - ........ - .... ---_ .... __ . 

3.3/4[-f07 

3. 41~EtO 7 

J.484Ett)i' 

~:'i. 28(oJE t 07 
5.54~j[-+()7 

i • .2441: t07 

j .04:2E.+08 

1.203E.t08 

1.j.34Et08 

:':'.904Et05 

1.444t=tv~ 

1.0491:.t05 

J • 060L:+05 

1.')5J.v 

1 • 'f4Ut-J 

l. • 9:~8u 

1.8906 

1 • d80<t 

1+ /fj·lu 
l. .76:15 

J • 6ElJ.2 

1 .o43·l 

1.4.1.~4 

~). Oô6,~ 

O. 06~1 

(). 06~~t3 

.. ______ .... _____ • '00" _ ....... _ .. ___ : 



1 

STY-O.()971Vr"( 4· )-ItEI (R) 
FE~RUARY ~8, 19U~ 

-_.- _o .. __ O. -.----- - .-.- -- _ .. - -. -- -- -- ---- ------- -----.--.---.- - --_ .... - ---- --_ .. ,--- _.- 1 

H_MI' • TflN DELTA 

1.478[+O~} 

1 1 1 
1 1 

1 
1 0 1 .' 

1 • 037E.·f O!:J 

FI~E.(~ • 

O.064ô 



5TY-().Ot93V"(4~ )-HL:T ~ro 

t MARCH 14, 1985 

l------------------ ------ --------------------------------------: 
• • 

TEM~' • TfiN [Ir L T ."1 C· :J G 1 1 FRE(~ • 

--_ .... _-----_.- -- - -_._------- --------------------------------------
22.8 0.01438 1.:?11E+09 1.741E+07 3.80:!3 

:?7.7 0.01563 1. 197E+09 1. 871E+07 3.7807 

30 • .2 0.01610 1.19'lE+09 j • 923E-t 07 3.7760 

32.3 0.().I638 1.181E.+09 j .934E+07 3.7547 

3!) • ~) O.Ol?4U 1.1 ?3L+09 :!.O511:+07 3.7430 

37.:? ü.018.24 , .16.2[+09 .2.1201:::+07 3.7244 

39.5 ~'J.0J849 1.153Et09 :!.t3.2Et07 3.7106 

41..7 ().0186!:-. l.153Et09 2.151E+07 3.710~) 

( 44.0 ü.,,'n49 1.139Et(l9 :!. ':>20E t07 3.6878 

46. !ï O.O:!OO,5 J .1:!7Et09 .2 • .2!J7E+07 3.6ô7~:' 

50.1 o • ~>=!O5:=) J • l1ôE'h)9 2.2931:t07 3.6490 

::-':l • () O.O.2'~J j .11 .2Et09 ~l. 3!:)8Et07 3.6430 

53.5 o • 0.22':>6 1.102Et09 :?.453E+07 3.6.276 

~)4. fi o. 0:) 26~" 1.090Et09 .2.468Et07 3.6079 

!:'i~l. 6 0.0.2340 1.081Et09 2.530Et07 3.59.28 

58. El 0. O:!42~) 1.07:!Et09 .2.595Et07 3.57:/8 

60.9 ().O'2.',O() j .058Et09 :1.752E+07 3.5545 
6.2.8 O.0.266S" 1 • 04é,Et09 :!. 79.2Et 07 3.5336 

6!":J. :~ () • ():!898 1.03(,Et09 2.9851:t07 3.5067 

60. :) o • O:'tl(,3 1.0.23EtO\f :!.867Et07 3.4945 

r,?O O. O,)O!,-; L .0:'I.3E+09 3.035F+07 3.4945 

( 
,')B.2 O.030B4 j • v06Et09 .3 .1 O .. lE. t07 :1.4Ôô.2 

J l • " ,.,) • ~ J ~? ;-.\ ;' 2 Y. 9~()r'H)8 3.3'"5'.JEtO? 3.4~c)3 

: -- -- ...... _.- -- _ .......... - - _ .. -- -- - .. -- -_ .. --- ._- --._--_.- ... -. ...... _-- ....... - .. - _ .. - --- - - - --- : 



J 
STY-O.0193VP(4-)-HEI CR) 
MARCH 14, t 91:l5 

-_ .. __ ... _- -_ .. ----_ ...... - _.- --- -.. ----- .... _--_ .... _- -.... - --- _ ..... - ----------------------- : 

:--

TEM!"'. 

73.2 

ï'9.4 

:1. j ~j • () 

116.v 

1:!O.LJ 
J :'.l,O 

:l ;"'71.0 

130. J 

TAN DEL TA 

().03848 

O.04J60 

().04~17 

O.4è,41/ 

(). -4=!484 
O. 44t~9() 

0.-4~,81't) 

(). 4670J 

9.715E.108 

cr.541[+08 

9.457E+08 

8. 686t:1 08 

3. 778t+O~j 

3 • ()4~Et05 

2.620Et05 
:.~. 4é>6E t()::J 

:: • Oô4E t O~j 

j ~ El00C f O~i 

l • ?4:?E -/-OL, 

1.61~E+O~ 

1.122E+OS 

6.:>73E+04 

f). 334[ +04 

,~. 7tl3L tO~t 

G ~ 1 

3.738E107 

3.969E+07 

4. 272E +-07 

1.710E+05 

J .• 1l3E+O~J 
1.107E-t05 

l • 030[ tO~j 

8. 009(1 ~)4 

7. 60Ei[ +-04 

8.163ftù4 

7. 068E-t 04 

7.3991:+04 

ï'.13JE+Ù4 

6.059E.+ü4 

6.0381- -t 04 

5.033[+04 

4.647[104 

FRE"Q. 

3.3746 

3.2186 

().08·l~ 

O.08JL-j 
o + 080:~ 

0.0787 

0.0774 

0.07-49 

0.0137 

0.0719 

0.0699 

O't()t.Jf~~-, 

0+ 0(, -~ l 

-, .. _-- ---; 



c 

( 

• 

STY-0.0193Vf'(4- )-HCI (R) 
MARCH 14, 1985 

1---------------------------------------------------------------: 
1 1 
1 1 

TEM/"' • TAN DEL Tf) G' G Il Fr~EQ • 

1---------------------------------------------------------------! 
150.5 l.B457~ 1.793E.~04 3.309E104 0.0615: 

: ---_ .. -- ---... --- -- --_.-- _ .... -- -_. .._----- _._--_ .... _--_._- - ------------ ---- : 



1 

"«U. 

J 

Sl'1'-O.~)4G6~,'I'(·1- )'-IICl ~R) 

MAI,CH 19 v J ~\tnJ 

: .. _--- .. 

ri MI·'. , , 
:--_. , , 

: ...... -

-) -, ..... ~\. / 

') , ,') Iv • ,) 

!.:Î6.::-J 

~)I,) , " 

() ') • ~I 

6,'.":' 

... l' } 
\"" .. ' t "" 

" 1 .: 

ü.0J8/ ~ 

().0249,(f 
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STY-0.0689VP(4-)-QCI on 
ANNEALEIt; AUG. 21, 1985 

t 
---------------------------------------------------------------: 

TEMP. TAN DELTA G' G' , FREQ. 

---------------------------------------------------------------: 
22.2 0.02711 7.266EtOe 1.970Et07 2.5487 

33.4 0.02733 6.957EtOe 1.901Et07 2.4939 

35.3 0.02932 6.876Etoe 2.016E+07 2.4793 

37.8 0.02969 6.806E"t08 2.021Et07 2.4666 

39.9 0.03026 6.741EtOe 2.040Et07 2.4548 

42.1 0.03157 6.623Et08 2.091Et07 2.4333 

44.1 0.03152 6.574Etoe 2.072E+07 2.4242 

46.3 0.03397 6.456Etoe 2.193E+07 2.40.24 

47.9 0.03469 6.375Et08 2.212E+07 2.3873 

,( 50.5 0.03731 6.242EtOS 2.329E+07 2.3622 

51.8 0.03966 6.145Et08 2.437Et07 2.3437 

53.2 0.04450 5.997EtOe 2.669E+07 2.3151 

54.2 0.04761 5.888Et08 2.803Et07 2.2941 

55.4 0.05284 5.739Et08 3.032E+07 2.2646 

57.0 0.06488 5.451Et08 3.537Et07 2.2068 

59.1 0.09229 4.963Et08 4.580E+07 2.1045 

60.0 0.11325 4.641Et08 5.256Et07 2.0341 
62.4 0.16622 4.020Et08 6.682E+07 1.8898 

63.0 0.18783 3.411Et08 6.407E+07 1. 7391 

63.9 0.18701 3.194Et08 5.973Et07 1.6830 

64.4 0.21598 3.194Et08 6.900E"t07 1.6807 

65.3 0.21285 2.837Et08 6.038Et07 1.5842 

( 65.6 0.26232 2.596Et08 6.809Et07 1.5109 

---------------------------------------------------------------: 
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STY-0.0689VPC4-)-OCI CR) 
ANNEALED~ AUG. ~1, 1985 

---------------------------------------------------------------: 
TEMF' • TAN [lEL TA 6' G Il FREG. 

---------------------------------------------------- ----------: 
100.0 0.75203 1.110E+06 8.348E+05 0.1112 

100.5 0.80775 8.588E+05 6.937E+05 0.1016 

104.0 0.66385 4.740E+05 3.146E+05 0.0869 

107.0 0.59559 1.420E+06 8.457E+05 0.1238 

115.5 0.17571 1.998E+05 3.510E+04 0.0732 

120.0 0.46430 6.690E+04 3.106E+04 0.0646 




