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The effects of matrix glass transition temperature 
and polarity, and ionic group spacers on 

ion aggregation in styrene ionomers 

Abstract 
Matrix glass transition temperature depression through internai plasticization of a 

styrene-sodium Methacrylate ionomer l'Csulted in enhanced clustering at low 

plasticization levels (up to ca. 20 mole%). At higher plasticization levels, ion 

aggregation was strongly disrupted. Matrix polarity effects were studied by nitrating the 

styrene units of the same ionomer. A sample with a relaxed dielectric constant 

comparable to acrylate polymers showed no decrease in clustering. Similarly, 

plasticization with nitrobenzene resulted in typical nonpolar diluent behavior. Polarity 

was, therefore, not a significant parameter affecting ion aggregation. New styrene 

copolymers with substituents 10) or 

R = -O(CH:?)nCOOMe (n = 1. 4, 10) in the para- position were synthesized, to fonn a 

systematie investigation of ionie group spacing effeets on the dynamic mechanical 

properties of ionomers. The results were rationalized in tenns of bulkiness and rigidity 

of the umts supporting the iomc groups, and pol ymer backbone immobilization 

efficiency. Ion ::iolvation effects were .ùso suggested for the ether derivatives. 



Influence de la température de transition vitreuse et de 
la polarité de la matrice, et d'espaceurs pour les 

fonctions ioniques sur l' aggrégation dans 
des iODomères de styrène 

Résumé 
L'abaissement de la température de transition vitreuse de la matrice par 

plastification interne d'un ionom~re de swœne-m6thacrylatc de sodium favorisa 

l'aggrégation ionique à faible niveaux de plastification Gusqu'à ca. 20 mole%). A de 

plus haut niveaux, la formation de gros aggrégats ioniques (clustcrs) fut fonement 

perturbée. L'influence de la polarité de la matrice fut étudi6c par nitration des unités 

styrène du même ionomère. Un échantillon de constante di61ectrique comparable aux 

polymères d'acrylate ne démontra aucune diminution de l'aggrégation. Pareillement. la 

plastification avec du nitrobenzène montra des caractéristiques propres aux plastifiants 

non-polaires. Conséquemment, la polarité ne semble pas un facteur prédominant 

contrôlant l'aggrégation. De nouveaux copolymères de styrène avec des substituants 

R = -(CH2)nCOOMe (n = l, 5, 10) ou R = -O(CH2)nCOOMe (n = 1,4, 10) en position 

para- furent synthétisés, pour permettre une étude systématique de l'influence de 

l'espacement des fonctions ioniques sur les propriétés mécaniques dynamiques des 

ionomères. Les résultats furent intcrpré~s en termes de grosseur et de rigidité des unités 

supportant les fonctions ioniques, et d'efficacité à immobiliser la chaîne du polymère. 

Des effets de solvatation furent également suggérés pour les dérivés d'éthers. 



( Foreword 
In accordance with guidcline 7 of the "Guidclines Conceming Thesis Preparation" 

(Faculty of Graduate Studies and Rescarch, McGill University), the following text is 

citcd: 

"The candidate has the option, subject ta the approval of the Depanment, 
of including as pan of the thesis the text, or duplicated published text, of 
an original papcr, or papers. In this case the thesis must still confonn to 
ail other ~uirements explained in Guidelines Conceming Thesis 
Preparation. Additional material (procedural and design data as weIl as 
descriptions of equipment) must he providcd in sufficient detail (e.g. in 
appendices) ta allow a clear and precisc judgement to be made of the 
imponance and originality of the research reponed. The thesis should he 
more than a mcre collection of manu scripts published or ta be published. 
It must include a general abstract, a full introduction and literature 
review and a final .Jverall conclusion. Connecting texts which provide 
logical bridges between different manuscripts are usually desirable in the 
interests of cohesion. 

Il 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 materials which do not duplicate weIl must be included in their 
original fonn. ln such instances, connecting texts are mandatory and 
supplementary exp/anatory material is almost a/ways necessary. 

The inclusion of manuscripts co-authored by the candidate and others is 
acceptable but the candidate is required ta malee an explicit statement on 
who contributed to such work and to what extent, and supervisors must 
attest to the accuracy of the claims, e.g. befole the Oral Committec. Since 
the task of the examiners is made more difticult in these cases, it is in the 
candidate' s interest to make the responsibilities of authors perfectIy clear. 
Candidates following this option must infonn the Depanment before it 
submits the thesis for review. " 

This thesis is written in the form of four papers, as yet unpublished, which are 

preceded by a gencraI introduction, and followed by general conclusions. 

Following the normal procedure, all the papers have been or will be submitted 

shortly for publication in scientific journals, with the research director, Professor Adi 

Eisenberg, as a co-author. However, it is clear that all work has been done by the author 

of this thesis, except for the normal supervision and advice given by the rescarch dircctor. 
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Chapter 1. General introduction 

1.1. Historical aspects and scope 
The incmporation of ions inta polymers has lcd to new materials with gmady 

modified propertiesl-6. Ionomers' are gencrally defincd as organic copolymers con­

taining a minor fraction (up ta ca. lS mole%) of pendant ionic groups. These substances 

offer challenging areas of intcrest from the point of view of theoretical considerations, as 

weil as that of possible applications. To the chemist, ionomers provide the opportunity to 

explore the complex balance of factors involvcd in the aggregation of ionic compounds 

in low to medium polarity environments, which are responsible for the sometimes drastic 

modifications observcd in the physical properties of these polymers. To the engineer, 

ionomcrs offer materials with a wide range of propcrties, with characterisrics common 

both ta thermoplastics and to cross-linked systems. Their cwrent uses encompass such 

various domains of application as packagings and coatings, permselective membranes in 

electrolytic and fuel cells, high-strength elastomers, and reversible gels. 

Even though a number of patents were obtained for carboxylatcd rubber materials 

starting in the early 1930's, it was not until 1949 that B.F. Goodrich introduced a 

butadicne-styrene-acrylic acid terpolymcr under the name Hycar8. At that time, 

howevcr, the inclusion of carboxyl groups in elastomers was strictly oriented towards the 

improvement of their hydrocarbon solvent resistance characteristics9. The idea of 

neutralizing the acrylic acid units in the Hycar copolymer is due to Brown 10, as a means 

to provide sulfurless curing for elastomers. In 1965, duPont introduced the Surlyn Il 

ionomcrs, which are partly neutralized salts of ethylene-methacrylic acid copolymers. 

Ever since then, the field of ionomers has shown a rapid growth leading to the emergence 

of a multitude of new products. In parallel t<?_!he development of new materials, the 

study of the morphology of these compounds in relation to their physical properties has 

also receivcd considerable attention. 

1 
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Beeausc of the rapid expansion of the field of ion-containing polymcrs. it scems 

appropriatc to l'estriet the scope of this introductory review. It was mentioned that. by 

dcfinition. ionomers arc organie polymers with ooly a minor fraction of ionic groups. 

They form a subclass of ion-containing polymers which exclude, among othen, the 

polyelectrolytes. For the sake of simplicity, ooly the synthe sis and properties of 

ionomen based on random copolymcrs will bc discusscd. Special cases of ionie group 

distribution, such as tclcchelic and black sttuctures (including polyurethanes), as weIl as 

ampholytie and zwittcrionomerie systems, will be excluded. Detailed descriptions of 

expcrimental synthetic procedures will he avoidcd. and ooly a summary of the main 

features of the preparations will he given. The l'eader should refer to the original 

litcrature for more infonnation. Finally, the overview will focus primarily on the 

nonpatent literaturc, since it providcs more detail and is more easily accessible. 

Some representative techniques used to probe the morphology of ionomers will 

then be presented, together with the experimental evidence they provide for ion 

aggrcgation. Finally, a discussion of some structure-properties relations in ionomers, 

relevant to the present work, will be included prior to the consideration of the structural 

parameters of interest to this study. 

1.2. Synthesis 
A multitude of techniques have been reportcd for the synthe sis of ionomeric 

materials. The ionic groups most commonly introduced in organic polymers are 

carboxylate and sulfonate moieties. It May seem tempting to divide the various syntheses 

according to the type of scheme involved. Using this approach, two main types of 

synthetic techniques can he distinguished. Copolymerization of the main ("inen") 

monomer with an easily ionizable minor compone nt (e.g. unsaturated carboxylic acid) is 

the most di!ect route to the preparation of ionomers. Unfortunately, this method is of 

limited uscfulness bccause of the often unfavorable copolymcrization reactivity ratios 



(~ (rI' rV of the monomcrs. The other technique involves the postpolymcrization 

modification of a homopolymer to introduce the dcsircd functionality. Altcmatcly, 

copolymerization of the main monomcr with a minor fraction of a reactive comonomer, 

which can subscquendy undergo furtbcr chemical modifications, may also he of use. 

Even though this type of classification hand1es the majority of the cases 

encountercd in the synthetic litcraturc of ionomers, it can lead to inconsistencies. since 

some ionomers may he preparcd using a few different approaches. Another disadvantage 

of this classification system is that the division according to the type of functionalization 

technique is rather artificial as such, and tends to neglect reactivity features common to 

families of c10sely related compounds. 

To avoid these problems. the approach preferred here is a more natural division of 

the various syntheses according to the type of the parent (nonfunctionalized) polymer 

(e.g. diene elastomers, polyolefins, etc.) from which the ionomers are derived. It should 

also be noted that the procedures given here correspond to the preparation of easily 

ionizable functionalized polymers (containing e.g. carboxylate, ester or amine moieties). 

The subsequent conversion to the ionomers (via neutralization, hydrolysis, 

quatcrnization, etc.) is. in general, assumed. 

1.2.1. Diene elastomers 
It was mentioned earlier that carboxylated elastomers were the flI'st commercially 

availablc products which could be used to prepare ionomers by simple neutralization. 

The patent literaturc for carboxylated eIastomers up to 1957 was reviewed by Brown 9. 

These materials are gcnerally prepared in the emulsion co- or terpoIymerization of dienes 

(typically butadienc aIone, or with styrene or acrylonitrile) with acrylic or methacrylic 

acid in the presence of potassium persulfate as a free-radical initiator12. A number of 

ionomeric elastomer studies were based on the commerciaIly available materials, but the 

preparation of copolymers of butadiene with methacryüc acid or methyl acrylatc 13, and 

3 



tcrpOlymers of butadiene, styrene and 4-vinylpyridine I4,IS was also described in the 

nonpatent literature. Sulfonated diene elastomeric ionomeu have also been obtained in 

the emulsion copolymerization of butadiene or isoprene with sodium 4-styrenesulfo­

nate I6,17, although the products werc heterogeneous in composition in the tirst case. 

Ionomer precursors were similarly prepared in the emulsion copolymerization of isoprene 

with the sec-butyl ester of 4-styrenesulfonic acid 18. 

Apart from the synthetic materials described so far, natural rubber could also be 

modified through addition across the double bonds. An example of this is the technique 

suggestcd in 1960 by Cunoeen et aI. 19 to carboxylate naturaI rubber by the addition of 

thioglycolic acid, using hydroperoxide initiators. Polyisoprene was sulfonated in a 

postpOlymerization reaction with acelyl sulfate, but resultcd in a cyclized product20. 

Newer classes of ionomeric elastomers bascd on a terpolymer of ethylene, propylent; and 

a diene monomer such as S-ethylidene-2-norbomene (EPDM), and another one based on 

polypentenamer, were also studied. As in the case of naturaI rubber, the functionalization 

of these elastomers relies on the reactivity of the residual double bonds. Modified EPDM 

elastomers with carboxylate groups21 were thus obtained by metalation of the polymer 

with an n-butyllithium-potassium t-butoxide complex, followed by the addition of an 

excess of carbon dioxide. Sulfonated polymers resulted from the action of acetyl 

sulfate22. The preparation of polypentenamers containing thioglycolatc23, 

phosphonate24, carboxylate25 and sulfonate26 moieties has also been described. The 

free-radical addition of ethyl thioglycolate23 and dimethylphosphite24 to the double 

bonds yielded the corresponding functionalized polymers. The carbene addition of ethyl 

diazoacetate 10 polypentenamer resulted in a carboxylatcd three-membercd ring 

dcrivative25. A sulfur trioxide/triethylphosphate complex was used to introduce 

sulfonate groups in the same polymer26. AlI the polypcntenamer ionomers prepared 

were also hydrogenated with p-toluenesulfonyl hydrazide23-26, to provide materiaIs 

analogous ta the polyethylene-bascd materials. 

4 
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1.2.2. Polyoletins 
The tcnn "ionomcr" was initially suggestcd by Rces and Vaughan 7, refcning to 

the now commercially imponant Surlyn(R) resins. Thc commercial samples are 

ethylene-methacrylic acid copolymers obtaincd in a high pressure frcc-radical proccss, 

and partiaIly ncutralizcd with zinc or sodium ions. The salts are caslly displaced by 

refluxing the polymer in tetrahydrofuran in the presence of dilute hydrochloric aCid27, in 

the event that the frec acid or other counterions are required. Ethylene-acrylic acid 

copolymers are commercially available from a few different sOUICes. The synthesis of 

copolymers of undecenoic acid with propylenc28 and terpolymcrs aIso including 

ethylene units29 was describcd in the literature. 

The low reactivity of polyolefms mates them generally unsuitable for 

postpalymerization modification reactions. Significant polymer degradation often results 

from the vigourous reaction conditions needcd for the functionalization of these 

polymers. Irradiation grafting was used to obtain polyethylene membranes containing 

styrene units, which WCl'e subsequently sulfonated30. Acrylic acid was grafted enta 

polypropylene31 and ethylene-propylene copolymers32 in the presence of free-radical 

initiator.!. Chlorophosphonated polyethylene33 and ethylenc-propylene copolymers34 

were obtained by bubbling oxygen through a solution of the polymcrs in phosphorus 

trichloride. Free phosphonic &cid groups resultcd from the hydrolysis of thc 

chlorophosphonated derivatives. 

1.2.3. Polystyrene 
Styrene ionomers obtained with the commonly used frcc-radicaI initiation 

techniques are atactic, which mate them particularly wel1-suitcd for ion aggrcgation 

studies. The inherent advantage of these materials resides in their amorphous character, 

which eliminatcs interferences due to crystallinity. Crystallinity is known to have 

5 
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profound effects on the mcchanical propcrties of polymers, and may, on occasion, mask 

the effects duc to ion aggrcgation. It is, thereforc, not surprising that a large numbcr of 

physical propcrties studies have becn bascd on styrCne ionomers. 

The aromatic charactcr of this matcrial malees its functionalization possible via 

elcctrophilic substitution reactions on the pendant benzene rings. Sulfonatcd polystyrene, 

specifically, is undoubtcdly among the most thoroughly characterizcd systems. The 

commonly used procedure for the preparation of the sulfonated derivatives involves the 

direct sulfonation of the styrene homopolymer with acetyl sulfate in dichloromethane. 

according to a patent by Makowski ct al.35 Other sulfonation procedures describcd make 

use of a triethylphosphatc-sulfur trioxide complex36, and lauryl or stearyl sulfate37 as 

sulfonating agents. An emulsion technique involving the copolymerization of styrcne 

with sodium styrenesulfonatc was also reponed38, although a "blocky" structure was 

apparently obtained in that casc39. 
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Among the other styrene ionomers prepared via copolymerization, copolymers 

with methacrylic acid40, acrylic acid41, Metal acrylates42, but yi methacrylate43 or 

vinylpyridine44 can be mentioned. Ionomers with 4-carboxystyrene units were prepared 

either by lithiation of 4-bromostyrene copolymers with n-butyllithium at low 

temperature45 or by the direct metalation of a styrene homopolymer wilh a TMEDA­

n-butyllithium complex46, followed by the addition of a large excess of carbon dioxide. 

The synthe sis of sodium ionomers derived from styrene-4-hydroxystyrene47 and slyrene-

4-hydroxymethylstyrcne48 copolymers was also rcported. In the tirst case, free phenol 

functionalities were obtaincd in the low tempcrature demethylation of a styrcne-

4-methoxystyrCne copolymcr with boron tribromide. The hydroxymethyl derivatives 

involvcd chloromethylation of polystyrene, followed by esterification with potassium 

acetate, and saponification of the ester. The sodium salts of both systems were generated 

in the titration of the alcohols with a sodium naphthalenide solution. 
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1.2.4. PolytetraOuoroethylene and other membrane 
materials 

Because of their high thennal and chemicaI stability, as weil as their 

permselectivity, a numher of perfluorinated ionomers have found commercial use as 

membrane materlals for applications in strongly oxidizing environments such as those 

found in the chlor-alkali electtolytic process and in fuel cells. There arc currently a few 

types of matcrials commercially available, which are essentiaIly copolyrncrs of 

tetrafluoroethylene and perfluorovinyl ether compounds with a sidc chain of variable 

length tenninated by sulfonate or carboxylate groups. Examples of the different products 

are shown in Figure 1.1. They can he differentiated, among others, by the structure of the 

ionic units. Sorne of the matcrials are availablc both as sulfonated and carboxylated 

dcrivatives. Anothertype ofperfluorinated ionomer, not shown in Figure 1.1, is a mixed 

matcrial containing both carboxylate and sulfonatc pendant groups, and commercialized 

under the ttade name Neosepta-F49. 

-(cr ,-cr,).-(cr'-r.-(cr'-T'-

(c) (rF2h rF-CF;, 

C02H ? 
( yF2h 

C02H 

-(CF2 -CF2)a-(CF2- 1F)b-

(d) ~ 
yF2 

CFJ-CF -OCF2C02 H 

Figure 1.1. Examplcs of sorne commonly available perfluorinated membrane materlaIs: 

(a) a sulfonatcd NationSO, (b) Dow Chemical productS1, (c) a carboxylated FlemionS2, 

(d) Asahi Chcmical productS3. 

7 



~. . - The sulfonated Nations are obtained by the copolymerization of teuafluoroethylene with 

unsaturated sulfonyl chloride precursors, which yield the ionomers upon hydrolysis with 

a base. The Asahi Chemical materials are derived from the Nafions by oxidative clipping 

of the terminal sulfonate groupsS3. The synthe sis of the perfluorinated materials is rather 

involved, and relies on techniques more relevant to industry than to the chemical 

laboratory . 

Other membrane materials developed for electrolytic processes were based on 

carboxylated phenylated polyphenylene copolymersS4. 

1.2.5. Poly(acrylates) and poly(methacrylates) 

8 

A number of acrylate-metal acrylate and methacrylate-metal methacrylate 

ionomers have been prepared by partial hydrolysis of the homopolymers with a base 

under reflux conditions. Among the materials prepared via base hydrolysis are 

poly(ethyl acryJate-co-metal acrylate)55 t poly(methyl meth~crylate-co-metal 

methacrylate)S6 and poly(n-butyl methacrylate-Metal methacrylate)S7. AlternativeIy, the 

aeid form of the polymers was obtained in the solution polymerization of methacrylic or 

acrylic acid with ethyl acrylate58, n-butyl acrylate41 or isopropyl acrylate59. 

Copolymers of 4-vinylpyridine and 2-methyl-5-vinylpyridine with ethyl acrylate and 

n-butyl acrylate were also studied60. 

1.2.6. Poly(alkylene oxides) 
Ionomers derived from copolymers of trioxane and epichlorohydrin were 

synthesized by Wissbrun61 . Reaction of the epichlorohydrin copolymer with an exc:;ss 

of disodium thioglycolate yielded the corresponding carboxylated ionomer. The 

preparation of analogous familles of ionomeric polymers based on alkylene oxide 

backbones was described by VagI and coworkers in a series of papers62-67. These 
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included, among others, copolymers of trioxane with ethyl glycidate62, terpolymers of 

these two monomers with 1,3-dioxolane63, and homopolymers of methyl 

o>-epoxyalkanoales of variable spacer length, as well as copolymers with some cyclic 

ethers64-67. Unfonunately, very few of the polymers prepared were studied as 

ionomers. 

1.2.7. Other polymers 
Apart from the alkylene oxide materials mentioned above, a number of aromatic 

ionomers with ether linkages in the backbone have been prepared, either as sulfonated or 

carboxylated derivatives. Sulfonated polysulfones were obtained by the action of a sulfur 

trioxide-triethyl phosphate complex on a solution of the homopolymer in 

1,2-dichloroethane68. Sulfonation of the poly(oxy-l,4-phenylene-oxy-l,4-phenylene­

carbonyl-l,4-phenylene) homopolymer, more commonly referred to as poly(aryl-ether­

ether-ketone) or PEEK, was also described69 using sulfuric acid as the sulfonating agent. 

Poly(2,5-dimethylphenylene oxide) (PPO) was sulfonated with chlorosulfonic acid70, but 

aIso carboxylated via a metaIation-carbon dioxide reaction procedure7l. Ionomers based 

on condensation polymers, aside from those derived from polyurethanes, have received 

less attention than vinyl polymers. This is due in part to their greater susceptibility to 

side reactions, such as hydrolysis, during functionaIization procedures. Polyethylene 

terephthaIate ionomer precursors were thus prepared by the irradiation grafting of acrylic 

acid on films of the pol ymer 72. Aromatic polyamides containing sulfonate moieties 

were obtained in the condensation polymerization of l,4-bis(trichloromethyl)benzene 

with p-phenylenediamine sulfate in sulfur trioxide 73. 

1.3. Ion aggregation phenomena 

It was briefly mentioned earlier that ionic groups introduced in a low polarity 

organic pol ymer matrix tend to aggregate. This aggregation is responsible for the 
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sometimes drasLic changes observed in the physical propertics of ionomers. One 

example of such an effect is the increase in melt viscosity at 220 ·C by about 100 times, 

obtained by the incorporation of 2 mole% of sodium carboxylate units in polystyrenc46. 

It is a well-known fact that ions tend to aggregate in solvents of low to medium 

polarity74. The attachmcnt of these ionic groups to a polymcr backbonc, however, 

should intuitively make the situation somewhat more complex, since the extent of ionic 

aggrcgation is necessarily more limited because of spatial and steric restrictions. The 

fll'St theoretical treatment of ion aggregation in ionomers is due to Eisenberg 75. 

According to this mathematical model, contact ion pairs are expected to associate into 

small aggregates (of up to 8 ion pairs), tenned multiplets. The association is spontaneous 

because the energy released upon association to fonn the multiplets is much larger than 

the work done in stretching the polymer chains. Because of the exclusion of organic 

material from the se aggregates, multiplets are coated with nonionic backbone material, 

which forms an insulating layer at their surface. Weaker dipole~dipole interactions can 

cause the multiplets to funher associate ioto cluster superstructures. The energy released 

in this process is, however, less cansidemble and comparable in magnitude to the work 

done in stretching the pol ymer chains to farm them. It was thereîore postulated that there 

exists a critical temperature Tc at which the thermal energy counterbalances the 

association energy and the clusters fall apart. 

Even though the mathematical model presented by Eisenberg was conceptually 

simple. it fonned the basis for further mathematical refinements suggested subsequently. 

These are summarized in a recent review by Mauritz 76. 

1.4. Experimental evidence for ion aggregation 

10 

A number of experimental techniques have been used to obtain direct or indirect 

hints on the morphology of ionomers. The main results of the different techniques are 

generally in good agreement, and point to the presence of two distinct phases, attributed 
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to the ion-poor matrix containing sorne multiplets, and to the ion-rich cluster structures, 

respectively, 

1.4.1. Scattering techniques 
Two scattering techniques, namely small-angle X-ray scattering (SAXS) and 

small-angle neutron scattering (SANS) have supplied direct evidence of the composite 

nature of ionomers. The SAXS technique, in particular, bas been used extensively in 

developing the diffcrent models suggested for the morpbology of the cluster 

superstructures. 

Small-angle X-ray scattering is sensitive to electron density differences, which 

make il a most useful tool to characterize the state of aggregation of counterions in 

ionomers. Even though significantly better results were obtained for the heavier metals 

(Rb, Cs), the lighter metals have also been used, as for example lithium saIts of 

poly(ethylene-co-methacrylic acid) 77. Some of the ionomers studied by this technique 

were based on copolymers of ethylene 77-81, butadiene 79,82 or styrene83 with 

methacrylic acid, sulfonated polystyrene84-86, and perflul'rinated87-89 ionomen. The 

appearance of a low-angle peak (29 < 10-), absent in the nonionized materials, was 

observed in the salt fonn of the various ionomers, sometimes above a certain minimum 

ion concentration which depended on the polymer. The low-angle scattering peak has 

been detected independently of the type of counterion, although it did influence the 

magnitude and position of the peak77, The ion-related peak was also found to be 

enhanced in intensity by low levels of humidity, but was destroyed by saturation with 

water77,79.86, This last effect was attributed to the destruction of the outer layer of the 

cluster structures by solvation of the ions (see below). The ionic peak was also found ta 

be quite insensitive to temperature, persisting beyond 300 ·C for a poly(ethylene-co­

methacrylic acid) ionomer78, Since the interpretation of SAXS is strongly mode} 

dependent, the low-angle peak, although unquestionably attributed to the cluster 
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sttuctures, has been viewed as originating from two distinct possible features of these 

auregatel. Two of the models commonly used to explain SAXS data are the core-shell 

madel, suggested by MacKnight et al.17 [Figure 1.2(a)], and the hard-sphere model 

suggested by Yarusso and CooperSS [Figure 1.2(b)]. In the tirst case, the low-angle peak 

is due to inttaparticle scattering, the angle position heing characteristic of BnSg spacings 

of the arder of 1-3 nm, assigned to the core-sheU spacing 77. Specifie examples of Bragg 

spacings reportcd are 2-3.5 nm for polyethylene-based ionomers77-79, and 5-6 nm in 

styrene-sodium methacrylate ionomers83. 
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A study by Roche et al.81 on scattering from ionomer samples subjected to 

deformation (stretching) has prompted the suggestion of a madel with a lamellar sttucture 

[Figure 1.2(c)]. The lamellar aggregates are constituted of a double layer of amorphous 

material (presumably the organic polymer backbone) sandwiched between three layers of 

ionic material. This model was found to he best suited to explain the angular variations 

observed in the scattcred intensity from stretched ionomer samples. This was not the 

case for the core-shell model, which failed in that instance. 

II "'/', 

'II II , II 

(a) (b) (c) 

,. 

1-." 

T. 
L 

Figure 1.2. Comparison of the corc-shell (a), the hanl-sphere (b), and the lamellar (c) 

models for cluslers from small-angle scattering expcriments. 
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The intcrpanicle intcrfcrencc model suggestcd by Yarusso and Cooper8S bas lcd 

to clustcr dimensions of the arder of 2 nm in diameter. This particular model has aIIowed 

the quantitative madeling of scattcring data of ionomen, although it bas bccn 

argucd77,90 that some of the propcrties of the ionic scattering peak generally favor the 

core-shell model. 

The small-angle neutron scattcring (SANS) technique91-94 has playcd a 

complemcntary role in morphology studies, in that it is associated with the type of nuclei 

causing the scattering, ratber than simply with electron density differences 94. The results 

thus obtaincd give sU'Uctural dimensions in good agreement with the SAXS method. 

1.4.2. Spectroscopie techniques 
Of the wealth of spectroscopic techniques available, many have provided useful 

infonnation related to the extent of ion aggregation and to the microstructure of the 

different ionic aggregates. These include the Raman95-98, infrarcd (IR)99-105, 

M6ssbauer91 ' 106,107, fluorcscence108, 109, nuclear magnetic resonance (NMR) 1 10, 

elcctron spin rcsonance (ESR)1l1,1l2, and extcnded X-ray absorption fine structure 

(EXAFS)107, 113,114 techniques. Of these, only the f1l'st threc will he reviewed bcre. 

Raman spcctroscopy of ionomers has providcd quantitative information about the 

relative distribution of ions into the multiplet and cluster domains, respcctively, because 

the intensity of Raman absorption bands are known to be proportional to the 

concentration of species causing the absorption 115. The appcarancc of two new bands 

was obscrved at ca. 250 and 160 cm-1 (40 and 62.5 J.I.lll) in the sodium salts of 

copolymers of styrene with methacrylic acid95 or p-carboxystyrene97, as weil as for 

poly(ethyl acrylate-co-sodium acrylate) 96. From mass considerations, the upper and 

lower frcquency bands were atttibuted to multiplet and clustcr structures, respectively. 

The infonnation obtained on the relative distribution of ions in multiplets and clusters 

(_ suggested the existence of a "solubility limit" for multiplets in the matrix of the order of 

13 
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1-2 mole% in the styœne-sodium methacrylatc and styrene-sodium p-c:arboxylatc 

systems. The ethyl acrylate-sodium acrylatc ionomers exhibitcd a significandy higher 

multiplet solubility limit (ca. 10 mole%). but also the existence of a cluster solubility 

saturation at around 30-35 mole% ions. It was suggested96 that the difference in the 

dielectric constants of the two materials (polystyrene: e = 2.5, poly(ethyl acrylate): 

e = 4.0) may have caused the diffClCnt responscs. due to the prcsumably pater ion 

solvating ability of polyacrylates compaœd to polystyrene. The intensity of the 

multiplet- and cluster-related bands of the sodium methacrylate and sodium acrylate 

derivatives was also found to vary with tcmperature; the intensity of the 250 cm- 1 

(40~) (multiplet) band incœascd at the expense of the l60cm-1 (62.5 ~m) (cluster) 

band with increasing tempcrature, the total intensity of the two bands remaining constant. 

The intcrpretation of the results of a Raman study on ethylene-Methacrylate 

ionomers98 was moœ ambiguous since the variations in the three absorption bands 

observed could also have been atttibutcd to the lamellar structure and confonnational 
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dcfccu of the polyethylene backbone. 

Infrared spectroscopy has also shown the appearance of absorption bands which 

arc not present in the nonionic materials. and cOITespond to differing environments 

believed to he multiplet and clustcr structures. Far 1R99-101 was more useful in this 

respect than near IRI02-10S spectroscopy. because of severe overlapping problems with 

the bands of interest in the latter case. In particular. it has been pointed out lOS that near 

IR may be unsuitable to diffeœntiate between multiplet and cluster aggregates, because 

some of the effects observcd could also he attributed ta the absorption of water by the 

samples. 

Môssbauer spectroscopy was used together with magnetization experiments on 

S7pe-containing ionomers, to probe the struCture of ionic aggregates in some 

ionomers91,106.107. The polymcrs studied in this way includc a butadiene-styrcne--~ '" vinylpyridine terpolymer complexed with Fe3+ ions91, and perfluorinated 



polymers106,107. The existence of three distinct types of iron species was thus 

detennined in the fU'st case. A large proportion of the Metal (40-60%) detected in the 

butadiene terpolymer was contained in large aggregates, of the arder of 3 nm in radius. 

Of the remaining iron, approximately f\qual proportions were present as dimers, the rest 

being in what eould be either somewhat larger aggregates, or else located in proximity to 

larger aggregates 91. 

1.4.3. Mechanical properties measurements 
Of the different mechanical characterization techniques available, dynamic 

mechanical and stress relaxation measurements, and melt rheology have been used Most 

extensively to examine ion aggregation effects in ionomers. 

Dynamic meehanical measurcments, in particular, yield very characteristic results 

for earboxylated and sulfonated ionomers. Considering the large volume of literature 

dealing with the dynamic mechanical propcrties of ionomers, onlya couple of specific 

examples will be given here, namely for ionomers based on styrene-methacrylic acid 

copolymers83 and on sulfonated polystyrenel16. As the concentration of pendant ionic 

groups is increased, a few distinctive features appear in plots of the storage modulus (0' 

or E') or loss tangent (tan 3) versus temperature. An approximately !inear inerease in the 

matrix glass transition temperature (T g> is notice able, its rate of increase with the ion 

content of the materials (dT gldC) ranging from 2 to 10 ·C/mole%1l7. This phenomenon 

has been attributed to a decrease in segmental mobility of the polymer backbone, due to 

aggregation of the ions 1. The appearance of a second rubbery plateau in the storage 

modulus curve ean be observed, its magnitude and position being shifted to higher values 

with increasing ion contents; the width of the primary transition region also broadens at 

the same time. The presence of a second loss maximum in the loss tangent-temperature 

curve is also noticeable, the amplitude of the low-temperature peak decreasing in favor of 

the high-temperature loss maximum. The low-temperature peak was atttibuted83 ta the 
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ion-poor matrix containing dispersed multiplets acting as thermolabile cross-links. The 

high-tempcrature peak, however, was linked to the presence of the larger, ion-rich cluster 

structures acting as tiller particles, providing strong reinforcement above the matrix Tg of 

the material. 

Aggregation phenomena in ionomers also manifest themselves in stress relaxation 

experiments. As in the case of dynamic mcchanical mcasurements. the appearance of an 

extendcd rubbery plateau associated with ion aggregation has been reported in styrene­

sodium methacrylate40 and ethyl acrylate-sodium acrylate 118 ionomers. An additional 

feature is of interest. however, namely the occurrence of a breakdown of the time­

temperature superposition principle1l9 above a cenain ion concentration. This 

phenomenon was obscrvcd at ion contents above 6 molc% in styrene-methacrylic acid 

ionomcrs. and bctwcen 12 and 14% in the acrylate system, and was attributed to the 

presence of a second relaxation rnechanism, related to clustering. 

It should be noted that the observations given above for dynamic mechanical and 

stress relaxation experiments of ionomers provide strong support, as in the previous 

cases, to the concept of a phase-separated morphology, as would he the case for rnixed 

systems like incompatible blends, black copolymers or fiUed polymers. 
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Melt rhcology studies of ionorners31,46,120,121 point to the persistent nature of 

ionic aggregation in the se materials. It was mentioned earlier that the introduction of a 

minor fraction (ca. 2 moIe%) of sodium carboxylate groups raised the constant shear 

viscosity of styrene by a factor of about 100 times al 220 ·C. The effect was even more 

dramatic for the sulfonated analogue with an increase in viscosity by a factor of about 

100 000 times46. 

1.4.4. Other techniques 
Oielectric measurements of ionomers bascd on polyethylene 122, 123, 

polystyrene124,125 and polypentenamers126 have provided results analogous to the 
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dynamic mechanical methods. Dielcctric relaxation maxima were dctectcd at 

temperatures comparable to those found in the dynamic mechanical analysis, and were 

attributed to the same effccts. namely matrix- and cluster-relatcd transitions 124. One 

disadvantagc of thc dielectric technique is that the high temperature de conductivity of 

ionomers tends to he rather large. It was nevcrtheless possible, aftcr subtraction of the de 

component. to establish quantitative relations for the disaibution of ions in the styrene­

sodium mcthacrylate system 124. Thc total arca onder the two diclectric relaxation peaks 

of a loss tangent vs. lfr plot was found to be proportional to the ion content of the 

samples (correlation coefficient of 0.976). The area under the low temperature (matrix­

relatcd) peak initia1ly increased with ion content, to become approximately constant 

around 5 mole% ions. The area under the high tempcrature (eluster-related) peak, on the 

contrary, started increasing very rapidly at ion concentrations above 5 mole%. The 

l'esults were interpreted as corresponding to the predominant fonnation of cluster 

structures at the higher ion contents (above approximately 5 mole%), in good agreement 

with the clustering effects observetl in the dynamic mechanical and stress relaxation 

techniques. 

Finally, electron microscopy has also provided results in support of a phase­

separated model for aggregation in ionomers. Sorne of the materials studied were based 

on polyethylene127,128 and butadiene14,129. Micrographs of the ionized samples 

revealed a grainy structure, not observed in the nonionic materials. Ionic domain sizes 

varying from 10 to 80 nm were reponed in the majority of the studies. It seems that the 

resuIts obtained by electron microscopy should, however, be considered with much 

caution, since it was shown 130 that many artifaets can arise from sample preparation 

methods. 
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1.S. Structure-properties relations in ionomers 
It was shown in the previous section that many techniques have been successfully 

applied to obtain information about the presence of ionic aggregates in ionomers and, in 

some cases, about the morphology of those aggregates. The experimental results 

sllmmarized above are representative of a large number of ionomeric systems. However, 

the cxtent to which these phenomena may he observable varies significandy from system 

to system, leading to the concept of structurc-properties relations. Sorne structural 

changes May result in rather subde changes in the physical properties of these materials, 

but can aIso cause more dramatic and unexpected effects. 
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One obvious example of a molecular parameter variation which was already 

mentioned is the ion content of the samples. It was shown that, in many cases, the 

behavior of ionomers hecame dominated by the presence of the larger (cluster) 

aggregates above a certain ion concentration. It was aIso pointed out that this "critical" 

ion content for cluster-dominated hehavior varied with the material investigated. This 

illusttates one of the problems encountered in stI'Ucture-properties relations 

investigations. Different materials May often display clearly distinct properties, but can 

hardly he compared direcdy, because their structure is very different. In order to ob tain 

meaningful results from structure-properties relations studies, it becomes necessary to 

compare systems which are as closely related as possible, so that strictly a single 

parameter is varied at a time. This approach will be stressed in the present work, as will 

be shown later. 

The systematic variation of sorne structural parameters of interest has been 

reported in the literature of ionomers. One example is the variation of the type of 

countcrion uSed58,77,131-133. Different alkali and alkaline earth metal couoterions 

yielded only minor variations, at equal ion concentration, in the ion-related rubberlike 

modulus detected in stress relaxation or dynamic mechanical experiments of ethyl 

acrylate58 or EPDM133 ionomcrs. The variation in the matrix Tg could, however, he 
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relatcd ta the concentration (c), charge (q) and size (a) of the ions: a plot of Tg vs. cq/a 

could be represented by a single sigmoidal curve for the ethyl acrylate ionomers58. The 

effect of the degree of neutralization (as opposed to the variation of the ion content of the 

samples) was also explored 125,134. Dielectric measurements on poly(styrene-co-sodium 

methacrylate)12S showed that the salvation of sodium ions in the partially neutralized 

salts was more important than in the completely neutralized system, owing ta the free 

carboxylic acid units (multiplet solubility limits of ca. 6 and 2 mole% ions, respectively). 

More speclacular effects were observed when different types of 

plasticizers13S,136 were added ta ionomers. Dioctyl phthalate, when added (40 wt%) as 

a backbone plasticizcr in a sulfonated styrene ionomer (1.78 mole% ions), caused a 

decrease in the melt viscosity at 220'C from 3.2 x 108 poise (3.2 x 107 kg.m-l.s- l) to 

about 4 x 105 poise (4 x 104 kg.m-l.s- l). In contrast, the same result could be achieved 

with only 3.5 wt% of glycerol135. 

One last ex ample of the effects of a parameter variation which is not directly 

related ta this work concems the type of pendant ionic group used. It was mentioned 

earlier that the melt viscosity of sodium ionomers (2 mole% ions) of polystyrene is about 

1000 times smaller for the p-carboxylate than for the p-sulfonate derivative46. The glass 

transition temperatures associated with the cluster strucLi.lreS, as determined by dynamic 

mechanicaI measurements, were aIso higher for the sulfonated 116 than the 

carboxylated137 derivatives, suggesting once more that the ionic interactions are stronger 

in the fust case. More importantly, anaIogous styrene ionomers in which the backbone 

bore positively charged groups in the form of N-methyl-4-vinylpyridinium iodide units44 

did not show the characteristics of clustered systems when studied by dynamic 

mechanicaI techniques. 
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1.6. Aims of the present work 
Some of the parameters affecting ion aggregation in ionomen have becn 

presented. The trends observed in these studies were generally relatively clear-c:ut, and 

could he din:etly related to the parameter of interest. This is not always the case. 

however, sinee as was mentioned, it is often difficult to vary strictly one parameter at a 

time. One example of such a problem is illustratcd in relating the elustering behaviors of 

ethylene, styrene, and acrylate-based ionomers on the basis of their dielectric eonstants2. 

The decrease in clustering tendencies along the series polyethylene > polystyrene > 

polyacrylates was linkcd to the increase in the dielectric constant of those materials in the 

same arder. This was presumably due to the greater ion solvating ability of the more 

polar compounds. There arc, however, a number of problems involved in comparing the 

different ionomers directly. The structural units involved in each case are very different 

and possess very distinct characteristics: 

1) Polyethylene ionomers (e - 2.3) are partly crystalline. The Tg of the homopolynl~r, 

however, is very low (-120 ·C)138. 

2) The polystyrene ionomcrs (e - 2.5) studied arc atactic, and therefore noncrystalline 

materials. The homopolymer can be distinguished from polyethylene by the presence of 

a bulky bcnzene ring and a much higher Tg (1 ()() 'C) 138. 

3) The polyacrylates (typically ethyl acrylate, e .. 4), apart from their significantly higher 

polarity, have a relatively low Tg (PEA: -22 ·C)138, and are also amorphous materials. 

It seems from the infonnation given above that a comparison of the three ionomer 

systems, even though appropriate on a ftrst approximation level. needs funher 

refinement. 

AIso adding to the confusion conceming the respective effeets of matrix glass 

transition temperature and the polarity of the parent polymers are a series of related 

studies: It was found that although poly(styrene-co-N-methyl-4-vinylpyridinium iodidc) 

did not display characteristics of clustered systems44, the same pyridinium units, when 
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incorporated in a low Tg, but also more polar polymcr [poly(n-butyl acrylate), 

Tg = -S6 ·C138], a second, cluster-œlated loss tangent peak appearcd in the dynamic 

lllechanical analysis60. Funhcrmoœ, this effect could he induced in the nonclustcred 

poly(ethyl acrylate-co-N-methyl-4-vinylpyridinium iodidc) ionomers by adding dimcthyl 

malonate as an external plasticizer60. These studies, even though suggesting that the 

matrix Tg of the material may play an important role in determining the aggœgation 

behavior of ionomers, left the question of the importance of the matrix polarity 

unanswered. 

The problems of evaluating the relative importance of matrix Tg and polarity 

effeets on the aggregation behavior of ionomers will he addressed in Chaptcrs 2 and 3 of 

the present work. In the flfSt case, the cffects of decreasing the matrix Tg of a styrene­

sodium methacrylate ionomer on aggregation will be examined. In contrast to a previous 

study136, however, the Tg decrease is achieved, in this case, via internai plasticization 

rather than through added diluents. A reaction was developed to graft I-deeene on the 

styrene rings, to examine the effeets of the plastieizer in the 0-100% substitution range. 

In this case, as in the subsequent studies, dynamic mechanical analysis was sclected as a 

sensitive technique to detect clustering effects in the ionomcrs. Chapter 3 deals with the 

investigation of the effects of the systematic variation of the matrix polarity of the same 

styrenc-methacrylic acid polymer. This variation was achieved by the controlled 

nitration of the pendant styrene rings. Nitration levels varying from 0 ta 30 mole% were 

used for this study, and resulted in a relaxed dielcctric constant which was comparable, at 

the higher degree of substitution, to those found in the polyacrylates. 

Another problem which was examined to some extent in a previous study137 is 

the effects of the position of the pendant ionic groups on aggregation. In this case, the 

dynamic mechanical properties of styrene ionomers containing sodium p-earboxylate 

units were compared to those observed for ionomers of sodium Methacrylate. This 

21 



-

problem is addressed again in Chapters 4 and S of this work, but in a much more 

systematic manner. 
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Styrene ionomers were prepared containing ro-carboxylated alkyl chains in the 

para- position of the styrene rings. Two distinct familles of derivatives were thus 

prepared, and could he distinguished by the mode of attachment of the alkyl chain to the 

ring. In the fust case ("alkyl" derivatives), the alkyl chain was attached directly to the 

ring. Ionomer precursors containing ca. 10 mole% of methyl esters with spacer lengths 

of 2, 6, and Il carbon atoms from the styrene rings were preparcd. In the second family 

("ether" derivatives), the alkyl chain was attached to the ring through an alkyl aryl ether 

linkage, rather than directly as in the fll'St case. Analogous derivatives with ca. IS mole% 

of alkyl units and spacer lengths of 2, 5 and Il carbon atoms werc aIso synthesized. The 

synthesis of these two familles of compounds is described in Chapter 4. The results of 

the systematic study, using dynamic mechanical techniques, are reponed in Chapter S. 
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Chapter2. 

2.1. Abstract 

The etTects of internai plasticization on 
ion aggregatioD in a styrene ionomer 

30 

A copolymcr of styrene with 7 mole% methacrylic acid was alkylated with 

l-deœne in a Friedcl-Crafts type reaction. Both glass ttansition temperatures associatcd 

with the matrix and with the clusters were shüted to lower temperatures with increasing 

alkylation, and the modulus at the rubberlike inflection point dropped by over an order of 

magnitude. It was shown mat ion clustering was enhanced at alkylation levels of up to 

ca. 20 mol%, compared with the parent ionomer. At higher degrees of alkylation, 

however, the alkyl chains strongly disruptcd the ionic association. Even though some 

clustering effects were still observcd in the loss tangent-tempcrature curves, the large 

drop in the rubbcrlike modulus showed that the influence of the clusters on the 

rheological properties of the pol ymer was not significant . 

2.2. Introduction 
For over two decades, the field of ion-containing polymers has been an area of 

growing interest. This is demonstrated by a number of books 1,2, reviews3 and recent 

symposia4 on the topic, as weil as by the increasing number of ionomers available 

commercially, with their Many currcnt and potential applications5. The term ionomer 

was introduced in 1965 by Rees and Vaughan6, referring to polymers containing 

rclatively low levels of ionic groups, typically less than about 15 mole percent. The 

interest in these matcrials is justified by the sometimes drastic changes observed in the 

bulk propcrties of the polymers, as a consequence of the introduction of ions. The 

investigation of the microstructure of these systems, in panicular, is continuing ta he an 

area of great interest 7. 



(~ 

(~ 

Two broad classes of ior,-containing polymers may be considered: anionic and 

cationic, according ta the sign of the charge canied by the backbone. Two of the most 

common anionic groups inttoduced in polymers are carboxylic and sulfonic aciels, either 

as part of a copolymerization process, or through a postpolymerization reaction, follow~:d 

by neutralization with a base. The cationic groups are nonnally generated by the 

quatemization of amines with alkyl halidcs. The modifications in the properties of 

anionic materials May be explained on the basis of phase separation 7 ,8, whereby the ions 

tend to agpgate to fonn ion-rich regions in the polymer matrix. The existence of two 

types of aggregates has been proposed9. Multiplets, made up of only a few interacting 

ion pairs, act as thennolabile cross-links. The larger cluster structures, containing more 

ion pairs, but also a significant amount of organic matcrial from the backbone, act as 

sttong particle reinforcers above the matrix glass transition temperature (T';. The 

presence of the larger ionic aggregates leads to the apVC;éüilnce of a second inflection 

point, and possibly an additional rubbery plateau in the dyna.'11Ïc modulus-temperature 

curve of the system. The loss tangent curve also shows two maxima, of which the tirst 

has been attributed to the polymer matrix containing interspersed multiplets, while the 

second peak has been related to the presence of the ion-rich cluster structures. Both 

peaks are shifted to higher temperaturcs with increasing ion content, the relative 

amplitudes of the two maxima changing in favor of the cluster peak. 

The behavior of the anionie systems is very different from that of cationic 

materials: previous studies on polystyrene-based N-alkyl-4-vinylpyridinium halide 

systems have shown no evidence of clusteringlO; however, earlier studies on 

polybutadiene-based cationomers do show some characteristics of clustered systems at 

comparable ionic concentrations Il. Butyl acrylate and plastieized ethyl acrylate 

cationomers also show similar effects 12. 

The differences observed in anionic systems compared with cationics of sunHar 

structure ilIustrate one of the many structural factors known to affect ion aggregation, 
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naml"'ly, in this case, the type of ion used Some of the other factors involvcd are the 

placement of the ions relative to the chain 13, the type of counterion uscd 14, and the 

degrce of neutralization lS. The polarity of the backbone, which is rclatcd to the 

dielccttic constant of the matrix, has also bccn suggestc<l as a significant parameter 

affecting ion aggrcgation2,12. More rcccnt results16 have shown, however, that polarity 

itself may not he as important as specifie interactions in dctcrmining the clustering 

hehavior of carboxylated ionomers. One fmal example of a parame ter affecting ion 

aggregation is the matrlx glass transition tcmperaturc of the polymer, sometimes related 

to the stiffness of the chain. Thus, some high tcmperaturc polymers do not exhibit 

clustcring17, whUe a lowering of the Tg induces cluster fonnation in other systems 12. 

32 

Sorne effects of low molecular weight diluents in ionomers, which are relevant to 

this study, have becn explorcd by Sazuin and Eisenberg18. In this case, the effects on 

the mechanical behavior of two diluents, one nonpolar (diethylbenzene, DEB) and the 

other polar and hydrogen-bonded (glycerol) were observed in a carboxylated and in a 

sulfonated styrene ionomer. Diethylbenzene was found to aet as a conventional nonpolar 

plasticizer, the Fox equation 19 being followed quite closely. Furthennore, the slope 

steepness of the modulus-temperature plot in the glass transition region deereased, and 

both the matrix and the ionic loss tangent peaks broadened and shifted to lower 

temperatures with increasing DES content. The modulus of the ion-related rubberlike 

plateau observed in the bulk material deereased in height and was shifted down on the 

temperature seale, eventually to disappear at higher DEB contents. 

The original aim of this work was to explore the effect of the variation of the 

glass transition tempcrature on ionie aggregation in a carboxylated polystyrene-based 

ionomer. In contrast to previous work, however, this Tg variation was to be 

accomplished via internai plasticization, in the absence of small Molecules. The lowering 

of the Tg, combined with the low polarity of the product would, intuitively, have becn 

expectcd to favour clustcring. Howevcr it was found that, a1though sorne clustering 
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enhancement was obscrved at low levels of substitution, high levels had a strong 

disruptive effcct on large scale ionic aggregation. Thesc phenomcna arc the subjcct of 

the present work. SAXS expcriments on the alkylatcd materials arc currcntly in progress 

and will bc reponcd subsequently. 

2.3. Experimental 
A copolymer of styrene-methacrylic acid (PS-O.07MAA of molecular weight 

ca. 105 g/mol) was prepared using a bulk polymerization technique already reponcd20. 

The methacrylic &cid content of the copolymers was dctermined by titration of 

0.4 g samples in 90/10 v/v bcnzene-methanol as a solvent. The solutions were titratcd to 

the phenolphthalein end point with methanolic 0.05 N NaOH, and a blank correction was 

includcd in the calculations. 

The following alkylation procedure was developed to graft alkyl chains onto the 

aromatic rings of styrene. The alkylating agent, l-decene (Aldrich), was previously 

purified by distillation under reduced pressure (bp. 63-64 ·C112mm Hg). AIl other 

reagents and solvents were reagent grade and used as received from the suppliers. The 

copolymer (5g, 45.2 mmol of styrene units) was dissolved in 125 mL of a 25/10 v/v 

carbon disulfide (A&C American Chemicals)/I-nitropropane (Aldrich) mixture contained 

in a round-bottomed flask fittcd with a refluxing condenser. Decene (20 ml, 106 IDOlO!) 

was added to the flask, and the solution warmed to near its boiling point. A solution of 

6 g (45 mmol) of anhydrous aluminum chloride (Anachemia) in 50 ml of the carbon 

disulfide-nitropropane solvent was then added with vigorous stirring to the polymer 

solution. The condenser was fitted with a drying tube, to avoid the introduction of 

excessive amounts of moisture inta the system. The reaction mixture was refluxed for 

variable amounts of time, to produce degrees of alkylation of up to ca. 100 mole% based 

on the styrene rings. 
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The volume of solvent in the rcaction tlask was then reduccd to ca. 100 mL on a 

rotary evaporator, and the polymer prccipitatcd with vigorous stining in 1 Lof Methanol. 

Sample purification was achieved by redissolving the air-dried polymer in a boiling 

mixture of 500 ml chlorobenzcne (Anachemia) and 50 ml iso-propanol (A&C 

Amcrican Chemicals) with stirring, followed by the addition of 25 mL of distilled water, 

and ovcmight rcfluxing. The aqucous phase was then eliminated, and the organic 

solution washed 5 times with 150 mL portions of distilled water. The amount of solvent 

was again reduced to about 100 mL, and the polymer precipitated in 1 Lof methanol. 

The samples werc finally dried for 2-3 days in a vacuum oyen at 150 ·C. The degree of 

substitution evaluated by NMR spcctroscopy was used to calculate expected sample 

weight increases to allow yield calculations. Experimental yields of puritied alkylated 

polymcrs were typically 80-90% of the theorctical value. 

Samples with alkylation levels of up to 103 mol% (based on the styrcne rings) 

were obtained in this manner. Slightly modified reaction conditions were used to 

produce alkylated ionomers in the 0-30% range with better control on the reaction time. 

In this case, 250 ml and 100 mL of the CSinitropropane solvent were used for the 

polymer and aluminum chloride, respectively, yielding approximately halved 

concentrations for all reagents. 

2.3.1. Characterization 
The dcgree of alkylation was determined by two independent methods. The fust 

technique involved the detennination of the equivalent weight (EW) of the material by 

standard acid-basc titration. Assuming that none of the carboxylic acid groups of the 

copolymer were affected in the Friedel-Crafts reaction, the degree of alkylation (x) could 

be calculated from the equivalent weight (EW) detenruned by titration of the copolymer 

as 
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x = 
(EW -1470 g.mor1) 

(3333 - 1470) g.mor 1 
(Bq. 2.1) 

whcre the constants 1470 g·mor 1 and 3333 g.mol- l represent the equivalcnt weights of 

nonalkylatcd and 1 OO%-alky latcd PS-O.07MAA, respectivcly. 

The second method uscd to detcrmine the alkylation level was Fourier Transform 

1H NMR spcctroscopy. Ali NMR spectra were recorded on a Varian XL-200 

spectrometcr at 20·C. A mixture of 90/10 v/v of deutcrated benzcne and deutcrated 

Methanol was used as a solvent for all samples. Series of 32 U'ansients wcre recorded for 

each spectrum. The alkylation level was in this case evaluated from the ratio of the 

intcgrated areas of the peaks for the aramatic (8 = 6.2-7.6 ppm) and the aliphatic protons 

(8 = 0.5-2.5 ppm), respectively. 

2.3.2. Mechanical measurements 
The dynamic mechanical properties of the samples were determined as a function 

of temperature using an invened torsional pendulum described elsewhere21. The system 

used a POP-Il/03 microcomputer for signal acquisition and analysis. 

The samples used in the instrument had approximate dimensions of 1.7 x 0.6 x 0.2 

cm3, and were molded from 1 g of predried material (1 week in vacuo at 150 ·C) by 

compression at 50-100 ·C above matrix Tg. Pressure was maintained at up ta 15 MPa for 

15-20 minutes. The mold was then left 10 cool slowly on the press ta below T go and the 

sample taken out. The molded sample was stored in a vacuum aven at a tempcrature 

close to its matrix Tg, or used immediately in the instrument. 

Software was dcveloped for the mM Personal Computer(TM) model XT by Miss 

S. M. Williams as a part of another project ta evaluate the peak maxima and the 

inflection points in the modulus-tempcrature curves, with the help of curve smoothing 

and baseline subrraction routines. The numerical analysis of the data was perfonned on 
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the IBM-PC computer, alter transfcr from the POP· 1 1 computer via an RS-232C seriai 

interface. 

2.4. Results and Discussion 

2.4.1. Synthesis 
Decene was selected as the alkylating agent bccause a minimum is obscrved al 

that value in a plot of the glass transition temperature versus chain length in the 

analogous poly(4-alkylstyrcne) series, al Tg = -65 ·C22. It should consequendy he 

possible to achieve a large Tg dcpression with a CIO unit, while avoiding complications 

due to side chain crystallization, which is apparendy significant for sidc chains longer 

than about 12-14 carbon atoms. The product obtained in the reaction has the advantage 

of being reasonably weIl characterized for the purpose of this study. The l'Caction 

conditions used, as weIl as the steric hindrance caused by the backbone, are expected to 

favor predominantly the fonnation of the para- isomer23. As is generally the case with 

Friedei-Crafts reactions, the cationic alkyl species generated in the reaetion are likely to 

rearrange, via hydride migration, thus producing isomers with attachment points al C-2 to 

C-5 on the alkyl chain. The presence of a few different isomers is considered an 

advantage here, since this factor should funher contribute to the inhibition of side chains 

crystallization. The absence, within experimental error limits, of further rearrangements 

such as methyl migrations, is demonstrated by the NMR results. The evaluation of the 

degree of alkylation from the ratio of the integrated areas of the aromatie protons 

(B = 6.2-7.6 ppm) to the area of all the aliphatic protons (S = 0.5-2.5 ppm), or only the 

methyl protons (S = 0.95 ppm) in the spectrum, respectively, gives the same results. 

The degrees of alkylation obtained from the equivalent weight determinations, 

and thosc from NMR arc summarized in Table 2.1. It can he seen that neither technique 

gives consistently higher or lower rcsults; the variations, therefore, are most likely due 

ooly to random errors. It should be noted that since the method involving titrations relies 
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on the difference between the equivalent weight of the alkylated and the nonalkylated 

matcrials, its ptecision is somewhat limited at the lower alkylation levels. An elTOl' of ca. 

2 drops or 0.05 ml can be assumed in the titrations, due to the relatively diffuse end 

point observed in titrations in organic solvents. Since titrant (0.05 N NaOH) volumes of 

typically 3 to 5 ml were used for 0.4 g samples, relative errors of ca. 1-1.7% were 

obtained on the individu al measurements. When the EW of the nonalkylated pol ymer is 

Table 2.1. Comparison of the results obtained for the detemrlnation of the alkylation 

level by NMR, and by titration. 

Titration NMR 

(mol%) (mol%) 

10 ± 2 7.5 ± 0.4 
18 ± 2 15.0 ± 0.8 
36 ± 3 32 ± 2 
52 ± 3 S3 ± 3 
78 ± 4 70 ± 4 

102 ± 5 104 ± 5 

subtracted from the EW of the alkylated material, however, the absolute errors add up, 

yielding rather large relative errors ranging from about 5% (102% alkylated sample) to 

15% (10% alkylated). The NMR technique is expected to give more reliable results than 

the equivaIent weight approach at the lower alkyl contents. The accuracy of the values 

obtained in this manner (considering specttum phasing errors), is expected to be of the 

order of about 5 percent of the values determined. Consequently, the alkylation levels 

used in the calibration curves for the alkylation reaction (Figure 2.1), and reported 

subsequently, are the average of the two determinations. 
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Figure 2.1. Conversion curves for the Friedel-Crafts alkylation of the 

PS-O.07MAA copolymer with l-decene in the reaction conditions 

described above. 
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Two Unes (Figure 2.1) were obtained to relate the dcgree of alkylation of the 

copolymers to the reacrion time. The curve with the lower s)ope refers 10 samples 

prepared under the more dilute rcaction conditions. This modified procedure was 

prefclTCd for the samples with the lower alky 1 contents, to maintain a beucr conttol on the 

reaction rimes involved. 

The fact that the plot of the degree of alkylation against the logarithm of the 

reactions rime displays relatively good lincarity (correlation coefficient r2 = 0.990) does 

not seem to have any theoretical significance. The reaction was found to ohey pseudo­

fllSt order kinctics in concentration of polymer, for degrees of alkylation of up to 

67 mol%. The rate constants were dctermined as (7.6 ± 0.4) x 10-6 and 

(3.l ± 0.1) x 10-5 s-l for the dilute and the concentrated solutions, respectively. The 

values of the uncertainties (from linear regression analysis), however, should be regarded 

with much caution, because of the very limited number of points available for the 

analysis (3 in each case). 

2.4.2. Mechanical Properties 
The storage modulus, 10ss modulus and 10ss tangent curves for the sodium­

neutralized styrene-methacrylic acid ionomers (PS-0.07MAA-Na) at degrees of 

alkylation varying from 0 to 103 mol% are displayed in Figures 2.2-2.4. The useful 

infonnation extracted from these curves with the help of the data analysis program is 

summarized in Table 2.2. The table lists, for each sample, the matrix tan a peak position 

(T gl) and its width at half-height (W 1/2), the value of the rubberlike inflection modulus 

(O'in) and temperature (Tin)' and the cluster peak position (T g2) and width at half-height 

(W 1/2)' The procedure used to obtain it will be discussed in the next section. 

The width of the glassy to rubbery transition zone in the 0' curves (Figure 2.2) 

increases with the alkylation le-.:1. This parallels the observation by Bazuin and 

Eisenberg 18 for ionomers with low molecular weight diluents. The phenomenon is 
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Figure 2.2. Storage modulus curves for the PS-O.07MAA-Na system 
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Figure 2.4. Loss tangent curves for the ionomers of Figure 2.2. Each 
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quantified by the width at half-height for the matrix peaks (Table 2.2, third column). A 

thn:c-dimensional damped Debye lanice model was used by Chapay and Tobolsky24, 

and by Aklonis and Rele2S, ta explain the widening of the transition region in plasticized 

samples. In this model, the diluent rcduces intermolecular interactions and progrcssively _ 

destroys the three-dimensional torsional oscillator lattiee, thereby redueing the steepness 

of the slope in the transition region. 

Table 2.2. Summary of the results obtaincd from the numerical analysis of the 1055 

tangent and modulus-temperature corves of the alkylated ionomers. 

Alkyl- Matrix "Rubbery" intlec- Clusters 
ation tion point 

Tgl Wl/2 Tin 0'· m Tg2 Wl/2 

(mol%) ("C) ("C) ("C) (MPa) rC) re) 

0 133 22 158 6.2 186 30 
8.8 119 23 146 7.3 191 38 

17 101 22 125 5.8 166 37 
34 75 25 107 2.3 148 39 
74 44 31 87 0.87 128 45 

103 33 42 85 0.57 127 36 

The rubberlike plateau in the G' -temperature curves is initially extended as the 

plasticizer content increases and the Tg of the material goes down; however, il becomes 

less clearly defined at the higher (74 and 103 mol%) alkylation levels. 

The shift in the temperature of the two maxima in the tan delta cwves is dcpicted 

in Figure 2.5. It can be seen that at low (up to ca. 10 mol%) degrees of alkylation, the 

behavior of the cluster Tg curve is very different from that of the matrix Tg corve. The 
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Figure 2.5. Peak positions of the 10ss tangent maxima associated with the 
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matrix curve decreases monotonically with plasticizer content. The cluster T JI on the 

contrary, increases initially with respect to the parent ionomer. The point for the clustcr 

Tg of the 8.8% allcylatcd ionomer is of particular interest here. The errors involved in 

detennining the positions of the maxima with the help of the data fitting and baseline 

subtraction routines arc expected to be of the arder of I·C for the sharp matrix peak. and 

2-3·C for the cluster peak, depending on its shape. Thereforc, it seems unli.kely that this 

particular point can he attributed to expcrimental error, but rather represents the 

manifestation of an enhanced state of clustering. These results are consistent with the 

observation by Duchesne and Eiscnberg 12 that decreasing the matrix Tg from an ethyl 

acrylate (Tg = -24 ·C) to a butyl acrylate matrix (Tg = -54 ·C)22 induced cluster 

fonnation in vinylpyridinium ionomers; similar results were obtained when the ethyl 

acrylate ionomers were plasticized with dimethyl malonate. 

The validity of the present findings is further reinforced by the evaluation of the 

apparent average molecular weight between cross-links from the rubberlike inflection 

point of the G ' -Temperature curve (Gin = P R Tin / Mc> for the different samples. A 

measure of the extent of aggregation can be obtained by comparing the experimentally 

determined Mc [Mc (exp)] to the Mc calculated for strictly multiplet-type ionic 

interactions [Mc(cal)]. and equal to the equivalent weight of the sample. This is 

presented graphically in Figure 2.6 as a ratio of the two values. The 8.8% and 17% 

samples have a Mc ratio clearly higher than the parent ionomer, revealing once again an 

increased stale of clustering. It is believed that the consistency of the data presented in 

Figures 2.5 and 2.6 points to an enhanced state of large scale ionic aggregation (clusters) 

at the lower alkylation levels. At alkylation levels above 50-60 mol%, however, the ionic 

interactions fall below the statistical multiplet-type level [Mc(cal)!Mc(exp) < 1], pointing 

to the highly disruptive nature of the grafted alkyl chains. It seems likely that the 

bulkiness of the grafted alkyl chains hinders significanùy the approach of ion pairs at 

45 



------- --------------------------

3.5 

• 
3.1 • 

.-. 2.5 
a. 
>< 
W 
--... 2.1 

~U 

-
a3 
(.) -

1.5 

u 1.1 
~ 

8.5 

• 

* 
* 

* 

8.1~----+-----~----~----~----_P---• 211 • • 
ALKYLAT ION (ma 1 %) 

Figme 2.6. Extent of aggregation observed in the alkylated ionomers 

expresscd as the ratio of calculatcd Mc for multiplet-type interactions to 

experimental Mc' 

46 



(~ 

( 

high concentrations, thereby reducing the extcnt of interactions and the driving force for 

large scale aggregation. 

2.4.3. Numerical Analysis 
The dynamic mechanical corves of the PS-O.088Dec-O.07MAA-Na sample (with 

dcccne grafted on 8.8% of the styrene rings) werc selectcd to illustrate the usage of the 

curve fitting and baseline subttaction procedures. A numerical analysis approach (corve 

fitting) is used in the program to find the position and width at half-height of the maxima 

in the 10ss tangent-temperaturc curves, as well as the-location of the inflection points 

(with the corresponding magnitude of the modulus) in the 0' modulus-tempcrature 

curves. Figure 2.7 displays the set of dynamic corves, as obtained from a torsion 

pendulum run. A polynomial (solid curve) was fitted ta the loss tangent corve of Figure 

2.8, by least squares analysis of the raw data. The order of the polynomial, in this case 6, 

was selected to provide a reasonable degree of smoothing, without introducing artifacts 

such as ripple, caused by exceedingly high arder fits. The baseline, shown as a dotted 

Hne cn Figure 2.8, was set graphicallyon the display of the computer, to be subtracted 

from the curve. The baseline may be either linear or a polynomial; linear baselines were 

used for this work. Polynomial baselines can be particularly useful to subtract a shoulder 

from a peak. and arc essentially equivalent to deconvoluting the peaks. The equation for 

the subtracted peak was then scanned by the program to find the two maxima at 

T = 119·C and 191·C. The width at half-height (W 1/2) of the subtracted peaks is also 

easily evaluated from the fitted equation in the data analysis program. The subtracted 

peaks are also plotted in Figure 2.8. The symmetry of the high temperaturc peak 

obtained in this manner is quite rcmarkable, even in the cases wherc it is less pronounced 

than in the example here. It was preferrcd to fit the two tan delta peaks individually, ta 

take advantage of the data smoothing achieved by selecting low arder polynomials. The 

rubberlike inflection point of the 0' curve of Figure 2.7 was obtained by fllSt fitting a 
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polynomial of order 10 to the experimental data for a section of the curve from 120 to 

ISO'C. The second dcrivative of the titted curve was then scanned for zeros. In this 

case, inflection points weœ found at T = 144.1 'C (O'in = 7.63 x 106 N/m2) and 

T = 174.9 'C (O'in = 2.46 x lO6 N/m2), the fonner value proving to be the correct one 

(Figure 2.7). The results obtained by numerical analysis of all the curves are summarized 

in Table 2.2. 
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The numerical data analysis technique pn:sentcd here is believed to rcprcsent a 

most useful tool in the analysis of dynamic mechanical data. This is particularly truc in 

the case of torsion pendulum data, wherc the signal is lost in the vicinity of the glass 

ttansition tcmperaturc. It providcs an analytical, more reliable approach to the evaluation 

of the glass transition temperatures and intlection moduli. One word of caution is, 

however, necessary concerning the use of the baseline subtraction procedure, in 

particular in the case of the rclatively broad cluster Tg. There i&, indced, a certain 

amount of subjectivity involved in selecting the baseline for a given peak, which can 

yield some variations in the rcsults obtained. This is why the rcsults obtained for the 

sharp matrix Tg are expected to be reliable to about ± 1 'C, while the error on the broader 

cluster Tg, however, is more likely of the order of 2-3 oC, depending on the particular 

case involved. 

2.5. Conclusions 
It was shown that the lowering of the matrix Tg of carboxylated ionomeric 

systems at low levels of internai plasticization leads to increased ionic aggregation. ln 

this particular case, clustering enhancement was observed, with respect to the 

nonalkylated parent ionomer, for l-decene contents of up to 15-20 mol%. At much 

higher alkylation levels, however, the large grafted alkyl chains apparcntly reduced the 

aggregation state to mostly multiplet-type interactions. 
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Figure 2.1. Original torsion pendulum curve for the 

PS-O.088Dec-O.01MAA-Na sample used as an example for the numerical 

data analysis. 
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A reaction was suggested to graft l-decene ante the rings of aromatic 

homopolymcrs and carboxylated copolymcrs in a Friedcl-Crafts type rcaction, in arder ta 

lower the Tg of the samples. The ldnetics of the rcaction wcrc brietly examincd. 

A convenient data analysis technique was also suggestcd for the dynamic 

mechanical data of ionomen, leading to a more objective evaluation of the rubberlikc 

intlection modulus and of the glass transition tempcratures associated with the matrix and 

the ion-rich domains, rcspectively. 
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Chapter 3. Matrix polarity etTects on ionie aggregation 
in a nitrated styrene ionomer 

3.1. Abstract 

54 

A styrcne-methacrylic acid copolymcr (7 mol% acid) was panially nitrated. The 

rclaxed diclcctric constant of the sodium-ncutralizcd material was raiscd from 3.2 

(nonnitrated) te 7.3 (32% nittated). The tan a peak associated with clusters in the sodium 

ionomcr. as detected by dynamic mechanical measurcments. was unaffected. In a 

parallcl study. thc styrenc-sodium methacrylate ionomer was plasticized with 

nitrobcnzene. Despite its high polarity, the diluent displayed the effects of typical 

nonpolar plasticizers, affecting the matrix and the ion-rich domains to the same extent. 

Comparison with previous results and consideration of cohesive energy density data 

suggests that specific interactions are an important factor in detennining the plasticizing 

bcha,vior of diluent!, rather than the dielectric constant alone. A nitration technique is 

also suggested for polystyrene which allows control of the degree of substitution in the 

0-100% range, and yields predominantly the para- isomer. 

3.2. Introduction 
The addition of small amounts (2-15 mole%) of ions to organic polymers. by lIuch 

means as copolymerization or postpOlymerization modification. has led to new materials 

with modified properties 1,2 which are of ever growing industrial imponance 3. Il is 

generally accepted that ionomers, as defined by Rees and Vaughan4, owe their peculiar 

properties to the aggregation of the ions introduced into the organic matrix. Two distinct 

types of aggregatcs are bclieved to he fonned as a result of ionic associations in 

carboxylate and sulfonate systemsS. Multiplets consist of small aggregates of ions in the 

fonn of quanets, sextets. etc. The ionic interactions make the multiplets behave like 

thennolabile cross-links, increasing the glass transition temperature (Tg) of the matrix. 
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Clusten are larger, ion-rich sttuctures which bchave likc tiller particles, providing strong 

reinforcement above the glass transition tempcrature of the polymer matrix. There are 

different ways to probe the sttucture of clustcrs, from which a few models have been 

suggested6, and sorne disagrecmcnt still persists. Some of the experimental techniques 

which have provided results in suppon of the multiplet-cluster view include Small-Angle 

X-Ray 5cattering (SAXS)7,8, Raman spectroscopy9, as weIl as dielecttic lO and 

rœchanical properties measurements Il. 

The X-ray technique is most useful in that it gives time-llveraged morphological 

infonnation, but it relies on elcctron dcnsity differences, and is therefore preferentially 

applicable to large, electron-rich counterions like cesium. Dynamic mechanical 

measurements, on the other hand, give dynamic information (e.g. glass ttansitions of 

different phases), and can he appüed to all counterions. The measwements yield 

infonnation about clustering, providcd that the ion-rich structures are large enough to 

behave as a separate phase. Dynamic mechanical techniques give very characteristic 

results for carboxylate or sulfonate ionomers. The storage modulus (E' or Q') versus 

temperature curves display an additional rubberlike plateau which, in general, becomes 

more clearly developcd as t.~.= ion content of the ionomer increases. Also, the loss 

tangent curve displays two loss maxima, the low temperature peak being attributed to the 

Tg of the polymcr matrix containing sorne interspersed multiplets, while the high 

temperature peak is associated with the Tg of the ion-rich domains 8. 

Sorne structural parameters of polymers are clearly known to affect the properties 

of ionomers. The effects of the variation of the type of counterion 12, or the placement 13 

and nature 14 of pendant ions, for example, have been studied. The effect of the dielectric 

constant of the polymer matrix has also been explored to some extent. Eisenberg and 

King2 pointed out that while the rheological properties of ethylene-based ionomers 

(e .. 2.3) are dominated by clustering even al ionic concentrations as low as 1%, similar 

styrene-based systems (E = 2.5) on Iv show comparable effects starting al 4-6 mole% of 
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ions. Funhermorc, acrylate-based systems (e - 4) display significant clustering effe«:ts 

only at ionic concentrations as high as about 10-15 mole%. Although a comparison of 

these results apparently suggests a significant effect of the polarity of the polymer matrix 

on ionic agpegation, one problem is evident. The three systems have pendant groups of 

a very different nature, possibly leading to different steric effects, as well as differences 

in specifie moleeular interactions. 

In arder to investigate more fully the influence of matrix polarity on ionic 

aggregation, there is an obvious necd for a method which allows one to vary 

systematieally the polarity without changing the nature of the backbone or the pendant 

ionic groups attached to it. 

A tabulation of dielcctrie constants for organic liquids 15 reveals the high 

dielectric constant of nitrobenzene (E = 34.8 at 25 -C). Nitration of aromatic compounds 

heing an easy reaction, the controlled nitration of a styrene-based copolymer should 

provide the desired system. 

Nitration of polystyrene lS well-documented in the chemical literature. 

Unfortunately, little effon has been devoted to the production of polymers with low 

(0-50 mole%) nitration levels, the general tendency being to aim at high degrees of 

substitution (100-200%)16-18. Even in cases where partial nitration is achieved, the 

reaction conditions suggested are, in general, not very flexible, leading to solubility 

problems for the pol ymer, and yielding nonunifonn products and irreproducible results 

when the proportions of solvent to nitric acid are changed 18. It would nevertheless 

appear mat one of the techniques suggested 16 might have a limited usefulness in 

controlling the degree of substitution of me products, although no such attempt was 

reportcd in the original paper. 

A somewhat more intere~ting approach is the nitration by in situ generation of the 

nitronium ions from inorganic nitrates and trifluoroacetic anhydride 19. That procedure, 

however, uses relatively high salt concentrations, and leads to solubility problems for 
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many inorganic nitrates as well as 10 sample contamination by salt residucs, undesirable 

in the case of ionomers. 

Sinee no known nitration technique could he applied directly to modify the 

ionorners in a controlled manner, a new approach was dcvised. The technique is 

applicable without modification to degrees of substitution in the 0-100% range, and 

leaves no nonvolatile residues. The products apparently contain mostly, and possibly 

exclusively, the para- isomer. The technique was applied equally suceessfully to 

polystyrene homopolymer and to the PS-MAA eopolymer used in the aggregation study. 

In this ease, a styrene-methacrylic acid copolymer with 7 mole% acid and denoted as 

PS-O.07MAA, aceording to the convention suggested by Eisenberg and King2, was used. 

The aim of this study was to examine the effects on ionic aggregation of the 

syslematic variation of the dielecuic constant of the polymer matrix, via nitration. The 

choice of the nitro group is of particular relevance to this work. In spite of its high 

polarity, il is not significantly subjeel to specifie interactions with ions, beeause the 

negative end of its dipole is delocalized on one nitrogen and two oxygen atoms20. It 

therefore becomes possible to separate dipolar and specifie interaction effects on ionie 

aggregation. The results obtained for the dynamic mechanieal properties of the nitrated 

sodium methaerylate ionomers were qui te unexpected, and suggested a comparative 

study of the effeets of plasticization with nitrobenzene on the PS-MAA -Na system. 

The work of Bazuin and Eisenberg21 on plasticized PS-MAA-Na ionomers has 

already highlighted the imponance of the nature of diluents on their plasticizer behavior. 

The effects of a nonpolar and a highly polar and hydrogen-bonded plasticizer were 

eompared. While diethylbenzene affected the matrix and cluster aggregates to the same 

extent, glycerol. used in the same concentration range, clearly affeeted the ion-rieh 

domains preferentially. This is discussed in greater detail below. 
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3.3. Experimental 

3.3.1. Materials and Equipment 
Styrene monomer (Aldrich, 99%, inhibited with tert-butylcatechol) was washed 

three âmes with a 5% aqueous sodium hydroxide solution and twice with distilled water. 

to remove the inhibitor. The monomer was dried over calcium hydride (Aldrich, 95+%, 

40 mesh) ovemight with stirring and distilled at reduced pressure (b.p. 47-48 ·Cn.2 mm). 

Methacrylic acid monomer (Aldrich, 99%) was a1so distilled at reduced pressure 

(b.p. 67 ·C/6 mm). Both monomers were stored for al most a few days in tightly 

stoppen:d flasks in a freezer (-20 'C) before use. 
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The solvents, nitrobenzene (Aldrich, 99%), and 1,2-dichloroethane (A&C 

American Chemicals, reagent), as weIl as the fuming nitric acid (Mallinckrodt, 90%) 

used in the nitration procedure were utilized without purification. The nitrobenzene used 

in the plasticization study was dried over phosphorus pentoxide (Anachemia, reagent) for 

three days, then decanted and distilled at reduced pressure (86 'en mm). It was then 

transferred to oven-dried 2 ml ampoules which were immediately seaIed with a flame 

for later use. A benzene/methanol solution, 90: 10 by volume, used in the neutralization 

procedure for the styrene-cc ·methacrylic acid pol ymer, was prepared from A&C 

American Chemicals reagent grade solvents. The N,N-dimethylformamide (DMF) used 

as solvent in the potentiometric titration of the nitrated PS-MAA polymers was aIso A&C 

American Chemicals reagent grade. 

The 1 H nuclear magnetic resonance (NMR) spectra used to characterize the 

products were recorded on a Varlan XL-200 Fourier transform instrument, with at least 

64 transients acquired. The spectra of the polymers with degrees of nitration lower than 

40% were recorded in deuterated chloroform (MSD Isotopes, 99.8% d) at room 

temperature. Deuteratcd dimcthyl sulfoxide (MSD Isotopes, 99.9% d) was used at 70'C 

for samples with higher degrees of substitution. Infrared (IR) spectra of pol ymer films 
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were recOlÙed on an Analect AQS-l8 Fourier ttansform specttometer with a resolution of 

2 cm- t in the 400 to 4400 cm-l range; 64 transients were acquired for both the 

background and the sample. 

Potentiomenic titration curves were established using a Coming 245 pH meter 

equipped with a general purpose combined glass/saturated calomel electrode. 

A Perkin-Elmer DSC-2e Differentiai Scanning Calorimeter (Ose) was used to 

determine the glass transition temperature of nitrated polystyrene samples as a function 

of the degree of nitration (as determined by NMR). The relaxed and/or unrelaxed 

dielecttic constants of sorne of the materials were measured using a General Radio 1621 

Precision Capacitance Measurement System. The dynamic mechanical properties of the 

samples were detennined with a Polymer Laboratories Mark II Dynamic Mechanical 

Thennal Analyzer (DMTA) interfaced with an IBM PC-XT(TM) compatible computer. 

The instrument was used in the dual cantilever bending mode at a frequency of 1 Hz. 

Heating rates of 1 ·C/minute were used, and the oven of the instrument was continuously 

purged with a flow of dry nitrogen. The data obtained were analyzed with programs 

initially developed by Ms. Susan Williams for an automated torsional pendulum (TP) 

system, and described elsewhere22. 

3.3.2. Synthesis 
Styrene homopolymer and the copolymer with methacrylic acid (ca. 7.5% MAA 

moVmol content) of molecular weight lOS g/mol were prepared via bulk polymerization 

with benzoyl peroxide (6.66 g/L) at 60 ·C23,24 using a technique already reponed25. 

The exact methacrylic acid content of the copolymer was detennined by titration of 

triplîcate 0.4g samples in benzene/methanol90/10 by volume with a standard methanolic 

0.05 N sodium hydroxide solution. The sample solution was titrated to the 

phenolphthalein end point and a blank correction was iocluded in the calculations. 
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Nitration tests were initially canied out on the styrCne homopolymer, and the 

technique was later employed ta nitrate the copolymcrs uscd in the ionic aggregation 

study. Although many ditferent solve nt systems were testcd for the nintion reaction, a 

mixture of nitrobenzene with 1,2-diehloroethane, 3: 1 by volume, provided the 

homogeneous solution conditions necessary for the unifonn nitration of the polymers in 

the 0-100+% range. In a typieal nitration test, polystyrene, 1.00g, was tirst dissolved in 

17.2 ml of the 3: 1 nitrobenzene/l,2-dichloroethane solve nt in a 50 ml 3-neck flask. The 

tlask was immersed in a stirred water bath at 20 'C, and fuming (90%) nimc acid, 

2.8 mL, was slowly added dropwise with magnetic stirring in ca. 8 minutes, 50 that the 

temperature in the fiask remained at (20.0 ± 0.5) ·C. The resulting solution, 3 M in nitrie 

&cid, was stirred for 60 minutes longer at 20 'C alter the addition of the aeid was 

eompletcd. Distilled water (10 ml) was finally added ta stop the reaetion, and the 

polymer recovercd by precipitation of the organie phase in methanol. The Hght yellow 

solid was colleeted and air-dried on a Buchner funnel before drying in a vacuum oyen at 

60 'C ovemight. 1 he yield was 1.05g of polymer with 27% substitution. 

3.3.3. Sam pie preparation and analysis 
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The ratio of the integrated NMR peaks for the protons a to the nitro group 

(a = 7.85 ppm) to those for the rest of the aromatie protons (a = 7.10 and 6.55 ppm) was 

used to detennine the degree of nittation. It should be noted that ail the nitration and 

plasticization levels reponed in this work are molar ratios. They are calculated from the 

molar ratio of aromatic rings bearing nitro groups to the total amount of rings present. In 

the case of plasticized samples, however, the weight fraction of plasticizer is also 

reportcd (between parentheses) for convenience. A corve relating the concentration of 

nitrie &cid ta the degree of nitration under the conditions given above was constructed for 

the 0-44% substitution range from the NMR results. 
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The technique used for polystyrene wu also used to nitrate the styrene­

methacrylie acid (PS-MAA) copolymer. The degrees of substitution of those polymers 

were dctermined with the same NMR technique used for the styrene homopolymer. 

Nittation levels were also eonfumed in this case from the equivalent weights dctermined 

by titrating 0.4g samples potentiometrically in DMF with the standard 0.05 li sodium 

hydroxide solution. A more accurate estimate of the end point was obtained by fitting a 

sixth order polynomial ta the data obtained in the transition region using a computer, and 

seanning the second derivative of the eurve for the inflection point where y"(x)=O. 

The glass transition temperature (T g) of the nittated polystyrene samples was 

measured as a function of the degree of nitration on the Perm-Elmer differential 

scanning ealorimeter. The values reponed were obtained in the second run, after leaving 

the samples at (Tg + 15) ·C for a few minutes, followed by quick quenehing 

(320·C/minute or the maximum anained by the instrument). 

The polymer mms used in IR spectroscopy were obtained by compression 

molding al ca. 10 MPa of 0.05g of material between two aluminum plates covered with 

aluminum foil. The temperature was maintained for at least 5 minutes at (200 ± 10) ·C. 

Infrared spectra were recorded for 103% nittated polystyrene, 100% nittated PS-MAA 

eopolymer (based on the benzene rings), and 32% nitrated PS-MAA. 

The nitrated PS-MAA samples used for dynamic mcchanical measurements were 

prepared by weighing preeisely l.Sg batches of material in 250 mL round-bonomed 

flasks, dissolving them in 100 ml 90/10 benzene/methanol, and adding a proper amount 

of 0.05 N methanolic N aOH solution for complete neutralization, aceording to the 

predctermined equivalcnt weights of the materials. The samples wcre then freeze-dried, 

and sample drying completed by putting 1.30g of the freeze-dried materials in a vacuum 

oven at 100 ·C for at least 14 days prior to molding. Bach sample was compression 

molded in a preheated mold at 220 ·C. The temperatwe was maintaincd at (220 ± 5) ·C 

and the pressure at 20 MPa for 10 minutes. The pressure was then very slowly released, 
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and the mold was allowed ta cool on the pœss to S·10 ·C below the mattix Ilass 

transition temperature of the polymer (u estimated !rom the OSC results) before it was 

taken out of the mold. Typical DMTA sample dimensions were 36 mm length x 12 mm 

width x 2.5 mm thicmess. The exact dimensions were measured ta ±a.01 mm with a 

micrometer immcdiately bcfore mounting on the DMT A for dynamic mechanical 

mea5urcments. 

The PS-MAA samples containing nitrobenzene as an external plasticizer were 

prepared by drying appropriatc amounts of freeze-dried PS-MAA, fully neutralized with 

sodium hydroxide, in vacuo at 100 -C for at least 14 days, as hefore. The sample weights 

were calculatcd so that the total weight, after removal of excess nitrobenzene, wou Id he 

1.30g. The dry samples were then impregnated with 4 mL of dry nitrobenzene and 

transferred quantitatively ta small boats made from teflon sheets. Each sample was left 

ta soak for one hour in a desiccator at room temperature, and then transferred to a drying 

pistol at l00·C (water), purged with dry nitrogen, for one hour longer. The temperature 

was decreased to 56 ·C (boiling acetone), and the excess nitrobenzene slowly pumped out 

until proper sample weight was reached. Molding of the plasticized samples was done as 

in the case of the nitrated samples, except that the temperature was kept at 200 ·C white 

the pressure was applied, so as not to lose significant amounts of nitrobenzene 

(b.p. 214-cn60 mm). 
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Two samples, containing about 10% and 30% nitrobenzene moVmol, 

respectively, were prepared with the technique described above. The molded 30% 

sample was weighed precisely (iO.t mg) before and after the run, to evaluatc the amouot 

of plasticizer lost during the run. It was then brought to constant weight in a drying pistaI 

al 150 ·C (boiling N,N-dimethylformamide) under vacuum, ta evaluate the amount of 

plasticizer originally present. The effect of temperature on plasticizer loss was explored 

in a more detailed manner by preparing an extra sample containing about 10% 

nitrohenzenc. The sample was set up in the DMT A for a fake run at 1 ·C/minute and 



(~ takcn out for weighing at a tcmperature of 185 ·C, which is of particular intcrest to this 

study. 
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For dielectric measurements, dried nonnitratcd and 32% lùtrated PS-MAA-Na 

samples were moldcd at 210 ·C/20 MPa for 10 minutes in a circular mold (ca. 19 mm 

diameter x 1.5 mm thickness). The mold was lined with aluminum foil at the bottom and 

on the plunger, to serve as elcctrical contacts for the measurements. The capacitances of 

the samples at 100 Hz were measured with the General Radio capacitance bridge to 

determine both their unrelaxed (room temperature) and relaxed (ca. 200 ·C) dielectric 

constants. 

3.4. Results and Discussion 

3.4.1. Synthesis and sam pie analysis 
The methacrylic acid content of the copolymer was detennined, by titration in 

benzcne/methanol, to be (7.0 ± 0.1)% on a mole/mole basis. The uncertainty in the MAA 

content was evaluated from an errer of 2 drops, or 0.05 ml, on the titrant volumes used 

for both the sample and the blank, arising from the somewhat diffuse end point observed 

in tittations in organic solvents. Titrant volumes of 6.0 ml were typically used for the 

samples, yielding a relative error of 1.7%. 

The curve relating the degree of nitration obtained (as detennined by NMR) to the 

concentration offuming ni tric acid used is given in Figure 3.1. The solid curve was fitted 

to the data with a second order polynomial (correlation coefficient r2 = 0.995), and May 

be uscd to approximate the degree of substitution X(mol%) as 

X(mol%) = 8.18· M2 - 20.9· M + 17.0 (Bq. 3.1) 
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Figure 3.1. Nitration of polystyrene in 3: 1 nitrobenzcncl 

l,2-dichloroethane with fuming nime acid at 20 ·C after 60 minutes. 
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where M represents the HN03 molarity. The usefulness of this nitration technique lies in 

the fact that a homogeneous system is obtained in all proportions with nitric acid, making 

it possible to control smoothly the nitration level in the 0-100+% range. Although the 

values shown in Figure 3.1 only tefer to degrees of substitution of less than about 50%, 

samples were prcpared (in less accurately temperature-controlled conditions) with up to 

106% substitution, by ir.creasing the niaic acid concentration and/or temperature. 

The infrared spectrurn of a 103% nitrated polystyrene sample showed para­

substitution on the rings, in the fonn of a characteristic doublet pattem26 at 1800 and 

1925 cm-! (5.56 and 5.19 j.Ull, ovcrtones), and a sttong band appearing at 830 cm-1 

(12.05 J.Lm, out-of-plane bending). The weaker, but still present bands at 710 and 

750cm-1 (14.1 J.UD and 13.3 J.UD, out-of-plane bending) for monosubstituted benzene 

rings aIso indicate that not all the styrene units May be nitrated. It seems likely, 

considering the nitration level detemuned by NMR (103%), that small amounts of the 

2,4-dinitro isomer are aIso present. However, the associated IR bands are apparently too 

weak to be detected in the 1650-2000 cm-1 (5-6.1 J,Lm) region. The comparison of the 

NMR spectra "f the nitrated polymers with model compounds likewise did not reveal the 

presence of significant amounts of dinitro isomers. The presence of other isomers in the 

complete nitration of polystyrene with nitric acid has a1ready been confinned in oxidation 

studies of the products, the para- isomer being predominant27. 

The infrared spectrum of 30% nitrated polystyrene was, as expected, closer to 

polystyrene than to the 103% nitrated sample, showing the usual quadruplet structure in 

the 1650-2000 cm-} region (5-6.1 J.Lm) for monosubstitution of the ring, as well as the 

features. though less pronounced, already described for the fully nitrated sample. 

Infrared spectra of 32% and 1()()% nitrated PS-MAA copolymers were essentially 

identical to those obtained for the corresponding nitrated styrene polymers, except for an 

additional carbonyl band at 1740 cm-1 (5.75 J.Ull). 
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It shouId he noted that the predominant para- nitration observed in the samples 

supports the assumption, used in the calculations from the NMR integrals, that the nitto 

group introduced has two neighboring protons on the ring. The assumption would. of 

course, be invalid if significant amounts of the onho- isomer, or disubstituted species, 

werc present. 

The degree of substitution X(mol%) of the PS-MAA samples was also calculated 

from the equivalent weights (EW) of the copolymers as detennined by tittation with the 

standard 0.05 N NaOH solution, according to the equation 

(EW - 1470) . 100% 
X(mol%) = --------

598 
(Eq.3.2) 

where 1470 represents the equivalent weight of PS-0.07MAA, and 598 represents the 

equivalent weight difference between 100% and 0% nitrated polymers. The good 

agreement between the values determiued from the equivalent weight and !he NMR 

resuIts (Table 3.1) provides further support for the assumptions made, and indicates that 

the methacrylic acid groups were unaffected ir. the reaction. The accuracy of the NMR 

Table 3.1. Comparison of the nitration levels detennined by NMR and by titration 

(recalculated from the EW) of nitrated PS-0.07MAA copolymers. 

16.0 ± 0.8 

40 ± 2 

74 ± 4 

Titration 

15 ± 9 

38 ± 9 

74± 9 
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technique, resulting from the variations observed in the integrals duc ta spectrum phasing 

errors, was estimated to he about 5% of the values dctermincd. The larger errors 

obtained with the equivalent weights technique arise from the subtractian of the EW of 

the nitrated material from the EW of PS-O.07MAA, both of similar magnitudes and with 

relative elTors of 1.7%. 

3.4.2. Physical properties 
The glass transition temperature (T g) of nitrated polystyrene. samples, as 

dctermined by ose, increased monotonically in the 0-100% range (correlation 

coefficient r2 = 0.9994) with the degree of substitution X(mol%): 

T grC) = 106.4 + 0.850· X(mol%) (Eq.3.3) 

Cross-linking problems were flfSt observed on the DSe when samples were left at 

temperatures of the order of (Tg + 50) ·C for about 15 minutes. The Tg of the samples 

increased by a few degrees, and they became insoluble in DMF. The tendency of nitrated 

polystyrene samples to cross-link illcreased with the degree of substitution, as well as 

with the MAA content, in the case of the copolymers. 

The cross-linking problems encountered made it critical to choose the optimum 

methacrylic acid content for the study. The styrene-sodium methacrylate system is ~el1 

characterized, with a cluster Tg increasing more rapidly than the matrix Tg' particularly 

at ion contents greater than 5 mole%8. Nitration, on the other hand, shifts the matrix Tg 

of the materials to higher temperatures, eventually causing the two loss maxima in the 

tan a vs. temperature curve to merge when the degree of nitration is increased. It would 

therefore seem preferable to use a PS-MAA sample with a higher ion content for the 
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- study, c.g. 10%, with a mattix Tg of 145 ·C and a cluster Tg of 220 ·C, according to 

torsional pendulum measurements8. Preüminary work, howevcr, showcd that 50% 

nitratcd PS-O.lOMAA-Na samples cross-linked when heatcd to 80 ·C for a fcw hours. 

The particular choice of 7% MAA content, with a mattix Tg of ca. 135 ·C. and a 

cluster Tg of ca. 185 ·C8, therefore, represents a compromise between the better spacing 

of the IOS8 maxima observed at higher ion contents, and the cross-linking tendency of the 

samples. A range of 0-32% nitration was used in this work, but extended drying periods 

(2 weeks) at relatively low temperature (100 ·C) were needed in order to prevent cross­

linking. The equivalcnce of the extended sample drying pcriods at a lower temperaturc 

with shoner pcriods at highcr temperature (4 days at 150 ·C) was dernonstrated by 

comparison of two DMTA runs for the nonnitrated ionomer, which yielded identical 

results. 

A nitration level of 32% raised the relaxed dielectric constant of the 
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PS-0.07MAA-Na ionomer (rneasured at 200 ·C) from 3.2 to 7.3. The corresponding 

unrelaxed dielectric constants (at room temperature) were 2.9 and 3.7 for the nonnitrated 

and 32% nitrated ionomcrs, respcctively. The unrelaxed dielectric constant (E = 2.9) 

obtained for the PS-O.07MAA-Na sample \s consistent with dielectric data varying from 

e = 2.7 to 3.2 reported by Hodge and Eisenberg 10 for the same materiaIs with MAA 

contents from 2 ta 9 mole%. IShida28, in his dielectric relaxation study of acrylate 

polymers, reported relaxed and unrelaxed dielectric constants of 7.1 and 4.7. for 

poly(methyl acrylate) at 100Hz and ternperatures of 46.5 and 14.5 ·C, respectively. The 

added nitro groups therefore increase the polarity of the styrene matrix to raise it to a 

level comparable to the acrylate polymers. 

Stress relaxation studies of ethyl acrylate-based ionomcr systems29 have revcaled 

that time-temperature superposition breaks down at ionic concentrations of the ordcr of 

12 to 16%. More recently, dynamic mechanical studies of the same matcrials24 have 

shown that the high-temperature loss tangent maximum bec ornes predominant at ion 
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concentrations of the arder of 10-15%. The higher ion content observed in the acrylate 

ionomers as the onset of cluster-dominated rheological properties, compared ta the 

styrene systems (4-6%), was attributed ta their higher dielectric constant. 

Il therefore seemed reasonable ta expect that, if mattix polarity was an important 

paramelCr affecting ion aggregation. an increase caused by partial nitration of the matrix 

should affect aggregation in a similar manner. The higher polarity of the nitrated 

materials was expected to decrease the proportion of ionic material included in the 

clusters in favor of the multiplets. affecting at the same time the relative intensities of the 

two associated loss maxima. 

The dynamic mechanical measurements yielded, on the conttary, surprisingly 

different results. The matrix Tg of the nitrated PS-MAA-Na samples increased, as 

expected, with increasing nitro group content (Figure 3.2), but the cluster Tg was 

essentially unaffected. both in shape and in position. by the highly polar nitro groups. 

even at the upper nitration level. It therefore seems that the polarity of the pol ymer 

matri x is not. in itself, a predominant parameter affecting ionic aggregation. 

As noted eartier. Bazuin and Eisenberg, in their plasticization study21, explored 

the effecls of two diluenls of a very different nature on the PS-MAA-Na system. 

Diethylbenzene (DES), a nonpolar diluent, affected the tan a peaks associated with the 

matrix and with the clusters to a similar extent, as demonstrated by the similar decrease 

in both Tg's observed with increasing DEB concentration (Figure 3.3). Glycerol, a very 

polar (E = 42.5 at 25 ·CI5) and strongly hydrogen-bonded diluent, on the contrary, 

affected preferentially the cluster peak. Considerations of the different nature of 

nitrobenzene, compared to glycerol, and the unexpected results obtained for the dynamic 

mechanical properties of the nitrated polymers, led to a plasticization study with that 

particular diluent. Nitrobenzene is a substance which, apart from its lack of hydrogen­

bonding ability, has a high dielecttic constant (e = 34.8 at 25 'C, and 20.8 at 130 ·e IS), 
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comparable to glycerol. Il is also similar in structure to the nittated polymer, apan from 

its additional mobility. 
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Because cluster structures are known to be highly water-sensitive, the 

nitrobenzene was carefully dried over phosphorus pentoxide, and sealed immediately 

afterward in dry ampoules. ta avoid absorption of water vapor in the atmosphere. The 

freeze-dried PS-MAA-Na samples were, lite the nitrated ones, funher dried at 100 ·C for 

14 days. One reason to provide the same treatment to the samples is obviously the need 

for identical sample hislory. Another reason, Iess obvious, is thal al 100 'C, which is 

lower than the Tg of the material (ca. 135 ·C), the freeze-dried snow does not compact, 

and therefore absorbs the plasticizer more readily and insures its even distribution. 

The effect of nitrobenzene, as compared to nitration, on the glass transition 

temperatures of the matrix and ion-rich regions, is ilIustrated in Figure 3.4. Nitrobenzene 

concentrations of 9.5% and 25% moVmoi were detennined from the sample weight 

difference before the DMT A run, and after drying to constant weight in a drying pistol at 

150 'C (DMF) under vacuum. The plasticizer behavior of nitrobenzene is somewhat 

surprising, when compared to the resuIts of Bazuin and Eisenberg21. Nitrobenzene 

seems to affect the matrix and cluster regions to the same extent, as in the case of 

diethylbenzene (Figure 3.3). This is particularly interesting, because of the comparable 

dielectric constants of nitrobenzene and gIyceroi (E = 34.8 vs. 42.5, respectively, al 

2S"C). Thus, nitrobenzene, in spite of ilS high dieleetric constant, aets essentially like a 

nonpolar plastieizer (diethylbenzene). The plasticizer behavior of nitrobenzene is in 

marked contrast with glyceral which, apart from depressing the matrix Tg slightly, 

virtually eliminated the clusters, causing a quick drop in G' above Tg with increasing 

glycerol concentration. 

The programs used in the data analysis were developed by Ms. Susan Williams to 

compensate for the apparent baseline shift in the tan Ô vs. temperature curves obtained on 

both the torsional pendulum and the DMTA systems. A graphie approach, described in a 
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lJlOR: dctailed manner clscwhcrc22• is uscd to subtract a lioear or polynomial bascline 

!rom a portion of the tan 8 curve. Lincar baselines werc used in this case. The loss 

maxima gencratcd by the procedure arc more symmetrical than the original peaks. and 

makc it casier to locate the maxima and cvaluate the width at half hcight of the peaks. 

The value of the storagc modulus Et in at the intlection point of the rubberlike 

plateau was used ta calculatc the average molecular weight between cross-links 

according to the equation30 

3 P R Tin v21/3 
Mc :--------------­

E'in 

as rcponed in Table 3.2. 

(Eq.3.4) 
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Table 3.2. Average molecular weight between cross-links calculated from the storage 

modulus at the inflection point of the rubberlike plateau for nittated and plasticized 

PS-O.07MAA-Na ionomers. 

Nitrated 

%N02 

(mol/mol) 

8.0 

21 

32 

Mc 

(g/mol) 

460 

370 

490 

Plasticized 

%N02 

(moVmol) 

o 
9.5 

25 

Mc 

(g1mol) 

300 

430 

160 



( 

( 

The evaluation of E'in was donc with the hclp of anothcr function of the data analysis 

programs dcveloped. A polynomial curve (typically of order 8) was fittcd ta a portion of 

the experimental data points, and the se,cond derivative of the curve scanned for the 

inflection point Both the inflcction temperature (Tin) and modulus (E' in) were thus 

obtained. The value p = LOS x 103 kg/m3 for the dcnsity of polystyrene31 was used as 

an approximation for the ionomers. The correction factor involving v2 (volume fraction 

of polymer) was used for the plasticized samples. 

The theoretical Mc value calculated for stricüy multiplet-type interactions was 

1470 g/mol. The experimental values reported in Table 3.2 show no significant trend for 

the nitrate<1 ionomers. This is consistent with the constant appearance of the cluster peak 

observed in the loss tangent curves of both the 32% nitrated and the nonnitrated 

PS-0.07MAA-Na ionomers (Figure 3.2), and reflects a comparable relative distribution of 

ions in the matrix and ion-rich phases of both samples. The plasticized ionomers, 

however, show a clearly increasing trend for Mc' This is similar to the observations 

made by Bazuin and Eisenberg21 for PS-O.05MAA-Na samples plasticized with 

diethylbenzene, and attributed to the progressive destruction of the network by dilution 

with the plasticizer. 

The plasticizer loss studies show significant losses of nitrobenzene by the end of 

the rune The 25% moVmol (30% w/w) sample, which was tested in the 60 to 250 'C 

range at a heating rate of 1 'C/minute had los t, by the end of the run (250 'C), 42% of the 

plasticizer ioitially present. The more detailed study performed on another 

IO%-plasricized sample (actually 10.3% moVmol), however, showed that by the rime the 

sample reached 185 'C, which is the glass transition temperature associated with the ion­

rich domains at 1 Hz,ooly 25% of the plasticizer was lost. The losses should have been 

even less important by the rime the 25%-plasticized PS-MAA-Na sample reached its 

cluster Tg (122 ·C). 
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The l'Csults obtained for both the nitrated and the nitrobenzene-plasticized 

PS-MAA-Na systems can be rationalized in tenns of the ~lative imponance of polarity 

versus specifie interaction effects. 
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As pointed out earlier. the delocalization of the negative end of the dipole on the 

nitro group has been suggested to explain the poor ion-solvating ability of compounds 

like nitrobenzene20. In a flI'St attempt to rationalize the present results, classifications of 

solvents in tenns of their solvating power were identified. Although many empirical 

scales have been suggested32• there is no general systematic approach to the problem. In 

particular, most of the suggested scales are derived from the study of very specifie 

systems and have the tendency not to distinguish between polarity and specifie interac­

tion contributions to solvation. The relative importance of polarity in affecting the course 

of chemical reactions -- often including a partly or completely ionic transition state -- was 

very much disparaged by Dack33. His argument is that the polarity felt by polar or ionie 

species on a microscopie level is very different from the bulk property measured. This 

phenomenon, referred to as dielectric saturation, occurs when an ion, for example, is 

solvateè by a polar solvent. The dipoles of the solvent molecules align themselves 

around the ion and partly cancel each other's contribution. Theoretical calculations by 

Rilson and Hasted34 based on a few models have shown that while the bulk dielectric 

constant of water is 18.54, its microscopie dielectric constant within 1.5 A (0.15 nm) of 

an ion is about 5. The bulk value is regained at about 4 A (0.4 nm) from the ion. The 

same alignment phenomenon may cause solvent molecules as different as Methanol 

(e = 32.6) and acetone (e = 20.1) to have very similar microscopie dielectric constants33. 

It seemed therefore preferable to try to separate, as much as possible, polarity 

effects from specifie interactions, which is not achieved with the empirical scales 

mentioned above. A more quantitative measure of the relative importance of polar versus 

specifie interaction effects may be obtained from cohesive energy density (CED) data for 

solvents, in the form of three-dimensional solubility parameters35, of which se veral 



relevant examples are given in Table 3.3. The total CED (80) is actually a measun: of the 

(. energy required to vaporize 1 mL (10-6 m3) of the solvent al zero pres:ture. i.e. without 

PV work. It may be decomposed into three components. related to dispersive forces (a<i>. 

polar (ap) and specifie interaction or hydrogen-bonding (8h) contributions relate<! to ao 

through the equation 

( 

( 

(Bq. 3.5). 

A eomparison of the ~o values reported for hexane. benzene, ethyl acetate, 

methanol and water show an intuitively expected inerease in ao• but also points at the 

considerable variations encountered in the relative magnitudes of the ad' ap and ah 

parameters. White specifie interaction effects account for less than 2% of the total CED 

(ao 2) of benzene, they account for more than 50% of the CED of Methanol. Although 

Table 3.3. Solubility parameters of solvents and polymers (l'm-3) 1/2. 10-3 (from Ref. 35). 

Substance ao ad 8p 8h 

Hexane 30.3 30.2 0 0 
Benzene 38.3 37.4 2.1 4.2 
Ethyl acetate 38.1 31.1 10.9 18.8 
Nittobenzene 44.4 36.0 25.1 8.4 
Methanol 61.9 31.0 25.1 45.6 
Glycerol 88.3 35.4 '1 '1 
Water 98.3 25.1 62.8 69.9 
Polyethylene 33.1 
Polystyrene 38.1 
Poly(ethyl 39.1 
acrylate) 

three-dimensional solubility parameters are not available for polymers. the value of 

80 = 39.1 for poly(ethyl acrylate) is very comparable to 80 = 38.1 for ethyl acetate. The 

comparison of ethyl aeetate. as a model compound for poly(ethyl acrylate). to 
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nitrobenzene (60 = 44.4) show a similar overall CED. The individu al components are, 

however, quite different. While the two substances have comparable dispersive force 

components, the balance of the polarity and specifie interaction-associated effects are 

mostly due to polarity in the case of nitrobenzene, and to specifie interactions for ethyl 

acetate. 

Further support for the specific interactions concept can be found in the literature. 
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Kay et al.36 used conductometry to study alkali perchlorate solutions in acetonitrile and 

compared them with similar measurements in alcohols. 1bey concluded that in the case 

of small ions (e.g. sodium), the acidlbase (or donor/acceptor) character of the solvent was 

predominant in detennining the extent of ion solvation. For larger ions such as cesium, 

the greater ability of the sol vent molecules to approach cations make ion-di pole 

interactions more important in the solvation process. The donor/acceptor character of 

solvents was aIso found important by Mayer et al. 37 in their study of the dissociation of 

quinuclidinium chloride in different solvents, including nitrobenzene. The exeeptionally 

low dissociation constant observed in nitrobenzene was attributed to its weak donor and 

acceptor character. 

It seems likely, from the data presented above. that the unexpected cffeets 

observed in both the nitrated and nitrobenzene-plasticized PS-MAA-Na ionomers are a 

direct result of the low degree of specifie interactions, rather than due to polarity effects. 

Apart from specific interactions, it seems reasonable to assume that another factor not 

examined here, namely structural (steric) effects, may have sorne influence on 

clustering. 

3.5. Conclusions 
The resuIts of this work have shown that the dieleetric constant of the pol ymer 

matrix is not, by itself, a predominant factor controlling ionie aggregation. The nitration 

of styrene-sodium methacrylate eopolymers has no effeet on clustering in the 8-32% 



( 

( 

range, in spite of the increased dielectric constant of the materials (e = 7.3 at 200 ·C for 

32% N02)' 

A parallel plastieization study with nitrobenzene indicated that the ion-rich 

domains were affected to the same extent as the matrix, as already rcPQned for nonpolar 

plasticizers. In spite of its high polarity, nitrobenzene behaves very differendy from 

glycerol, also a polar substance whieh plastieizes the ion-rich domains much more than 

the matrix. The presence of specifie interactions, therefore, seems to be a more impottant 

parame ter than polarity aIone in determining the plastieizer effeet of added diluents. 

A nitration technique was also suggested which allows control of the degree of 

nitration in the 0-100% range for polystyrene and styrene-methacrylie acid copolymers. 

The Tg of nitrated polystyrene increased linearly with the nitration level. 
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Chapter 4. Alkylated styrene ionomers with variable 
length spacers. 1. S ynthesis 

4.1. Abstract 
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Two analogous series of ionomer precursors based on 4-substituted styrcne 

copolymers were prepared with substituents R = -(CH2)nC02Me (n = l, S. 10), or 

R = ..()(Œ2)nC02Me (n = l, 4, 10), and degrecs of substitution from 10 to lS mole%. 

The synthesis of the alkyl series compounds involvcd either chloromethylation of 

polystyrCne or bromoalkylation via lithiation of a styrene-4-bromostyrene copolymer. 

followed by conversion to the nitriles. Methyl esters were then produced by rcaction of 

the nitriles with methanoJJHCl gas. The ether series compounds werc obtained directly 

by reaeting a styrcne-4-hydroxystyrene eopolymer with the methyl esters of the 

corresponding œ-bromoaliphatic carboxylie acids in a Williamson ether-type synthesis . 

4.2. Introduction 
Functionalizcd polymers. both soluble and cross-linked, have recentIy found 

multiple applications as polymerie reagents, proteeting groups and in the field of 

catalysis 1. Originally limitcd to ion-exchange resins2, their use for polymer-supportcd 

polypeptide synthesis, suggested by Merrifield3, revolutionized the arca. The intcrcst in 

these materials is partIy justified by the case of isolation of the products fonned in a 

polymer-supponcd rcaction, especially in the case of cross-linked resin systems. 

Likewise the desire to develop reaction sehemes analogous to those found in small 

molecules stimulated research in the field4. 

Polystyrene, among others, bas bcen a substrate of choice in the preparation of 

functionalizcd polymers, bccause of its stable backbone and the ease of electl'ophilie 

aromatie substitution on the pendant rings. It appcars, however, that insoluble suppons 

(typ;cally polystyrcne cross-linkcd with 1-2 mole% of divinylbcnzcne) have received far 



more attention than soluble polymers. This could be explained by their greater ease of 

recovery, but also by the sometimes less demanding reaction conditions required in the 

functionalization of cross-linked polymer resins, particularly when it comes ta limiting 

side reactions which May lead to cross-linking of soluble polymers. 

Two main routes have been used to produce reactive polymers. Direct 

copolymerization of the corresponding monomers is of limited usefulness, due to 

frequendy unfavorable copolymerization reactivity ratio (r l' rp values. Thus, 

functionalization in the form of postpolymerization modifications is sometimes the 

l'R'felml approach. An altemate synthetic route may, of course, involve 

copolymerization followed by funher chemical modifications of the reactive comonomer. 

One advantage of the copolymerization technique is that the products have a more 

rigorously defined structure than those obtained in a postpolymeri7.ation reaction, which 

is subject to the selectivity of the reagents used. Consequently, isomer mixtures are often 

obtained in postpolymerization modifications involving direct functlonalization of the 

polymer support. 

One notably interesting application of soluble functionalizcd polymers pertains to 

the field of ionomersS, consisting lypically of organic polymers containing up to ca. 

15 mole% of ionic units. The aggregation of the ions in the relatively nonpolar polymer 

matrix has led to new materials with grcady modified properties6 which have already 

found multiple applications 7. Two areas of ionomer research arc particularly active at 

present. The fll'St involves the determination of the morphology of ionomer systems, 

namely the structure of the ionic aggregates formed. The second involves structure­

mechanical properties correlations, aiming essentially at producing tailor-made ionomers 

for specific applications. 

In an effort to study the effects of the distance of the pendant ions from the 

polymer backbone on physical propcrties, two series of styrene ionomer precursors were 

produced in this work. One series involves carboxylate-terminated n-alkyl chains in the 
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C? para- position of styrene, the total sidc chain length varying from 2 to 11 carbon units. 

--

The other consists of analogous compounds where the alkyl chain is attached through an 

ether linkage, rather than directly to the styrene ring. 'l'he compounds, which are 

obtained as methyl esters, can be hydrolyzed with a base to different extents, in order to 

produce ionomen of varying ion contents. A study of the dynamic meehanical 

propenies, and a Small-Angle X-ray Scattering (SAXS) examination of ion aggregation 

in these ionomen will be presented in subsequent papers8. 

One reason for the interest in the se materials are recent developments in the field 

of permselective membranes9. Pertluorinated polymers bearing sulfonate groups are 

now widely used as membrane separators in the production of chlorine and sodium 

hydroxide by electrolysis of sodium chloride solutions (chlor-alkali process). Several 

perfluorinated membrane materials are commercially available, of which some have long 

spacers for the pendant ionic groups, sunilar to the compounds prepared here. The fact 

that the present polymers are new materials aIso justifies their study. 

Other possible applications of the present polymers eoncem, among others, the 

intermediate bromoalkylated systems. These can indced undergo easy nueleophilic 

displacement by a wealth of reagents, in analogy to the widely used chloromethylated 

polystyrene. The advantages of separating the reactive center from the benzene ring in 

functionalized styrene reagents were pointed out by a few authors 10.11. Polymer 

stability was expected to he improved, compared to benzylic analogues, by incorporating 

alkyl chain spaeers in polystyrene-supported rcagents. Improved yields were also 

obtained in the polymer-supported reactions, presumably because of the increased 

mobility of the functional group-bearing chains 10, Il. These effects are obtained in the 

polymers prepared here, and suggests their possible usefulness as ::olymeric reagents. 

4.2.1. Synthetic Approach • Alkyl Series 
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The emphasis was set on developing a general approach to attach alkyl chains of 

variable length (Cl - CIO) in the para- position of styrene rings, eventually ta produce the 

desiœd carboxylatcd ionomers. The attachment of lincar m-haloalkyl chains to the 

polymer, followed by conversion to nitriles, and then to the carboxylic acids thus seemed 

ta he a reasonable synthetic mute. 

Procedures sametimes involving multistep reactians, depending on the starting 

materials available, have becn suggestedll,12 to produce 4-(CI>-bromoalkyl)styrene 

monomers with spacer lengths ranging from 2 ta 7 carbon atoms. The 

postpolymerization modification approach was preferred here, because of its greater 

versatility, allowing the preparation of capolymers with different spacer lengths from the 

samc parent 4-bromostyrene copolymer. An efficient technique recently suggestcd 13 to 

introduce 2-bromoethyl groups in cross-linked polystyrenc involves the reaction of the 

lithiated polymer with ethylene oxide to produce the 2-hydroxyethyl derivative. The 

bromide is obtained by tosylation of the hydroxyethyl groups followed by displacement 

of the tosylate with Magnesium bromide. The applicability of the technique is 

unfonunately limited to the C2 derivative. 

Chloromethylation with chloromethyl methyl ether is undoubtedly the Most 

widely used route to functionalize polystyrene. Although it is a standard procedure, it is 

known to be difficult to control 14 and, depending on the reaction conditions used, May 

lead to cross-linking through electrophilic attack of the newly fonned benzyl chloride 

groups on other styrene units: 

CI-CHa-O-CH, ) 

SnCI, ~
p 

CHtCI 

+ uer (Bq. 4.1) 
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This sicle reaction is limited, however, when lower polymer concentrations and 

conversions are used 15. Chloromethylation in the presence of stannic chloridc is known 

to yield predominantly (ca. 95%) the para- isomer16 and was the preferred technique to 

produce the C2 carboxylic acid from styrene homopolymer. 

The bromoalkyl compounds were prepared via lithiation of a styrene-

4-bromostyrene copolymer, followed by reaction with a large excess of an 

a,co-dibromoalkane: 

"-BuU / lHF 
+ Lier (Eq.4.2) 

Br Li (CH,) .. -Br 
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This approach has been suggested by Farrall and Fréchet 17 to produce cross-linked 

polystyrene resins with pendant bromoethyl groups via lithiation and reaction wirl1 

1,2-dibromoethane. However, attempts in this laboratory to adapt the reaction conditions 

for soluble styrene-4-bromostyrenc copolymers were unsuccessful. A survey of the 

literature of organolithium compounds suggested that 1.2-dibromoalkyl compounds 

undergo an easy. efficient elimination reaction with organolithium compounds in general, 

and have been suggested as one step in the titration of solutions of organolithium 

compounds 18: 

R, • olley'. oryl 

R2 • olley' 

--4) R,-Br + CH2-CH-R2 + U8r 

(Eq.4.3) 



( 

( 

Lithiation of cross-linked polystyrene œsins is now known as a routine step in the 

preparation of Many functional polymers17•19. Soluble polymers, on the other hand, 

lead to additional experimental problems in that the lithiation via metal-halogen 

exchange. originally suggestcd by Braun20, of halogenatcd styrene copolymers may very 

easily lead to cross-linking in a Wurtz-Fittig coupling reaetion: 

cp Q 
rQJ ~) 

p 

+ LiBr 
(Bq. 4.4) 

Other authors21 ,22 have also put much emphasis on the need to work with large 

(40-fold) excesses of n-butyllithhllD and the slow addition of dilute polymer solutions 

with vigorous stirring to avoid that problem in the lithiation of soluble styrene polymers. 

Lithiated polystyrene has also becn obtained by direct metalation with a 

n-butyllithium-N,N ,N' ,N' -tetramethylethylenediamine (TMEDA) complex23. However, 

a mixture of the meta- and para- isomers was produccd in the ratio 2: 1 in that case24. 

The metal-halogen exchange approach was thereforc preferred to produce ionomers with 

better dcfincd characteristics for the structurc-properties study. 

The conversion of the haloalkyl groups to nitriles involved a simple nuclcophilic 

displacement of bromide (or chloride) by the cyanide ion. 

The direct hydrolysis of nitrile groups in the presence of sulfuric acid/water was 

used by Kusama and Hayatsu25 for cross-linked polystyrene l'Csins. Similar reaction 

conditions used for soluble polymers, however, yieldcd ooly insoluble products. A 

diffcrent approach was therefore necessary for soluble polymers. The use of hydrogcn 

chloride gas and Methanol was suggestcd a long timc ago ta con ven alkyl nitriles dircctly 
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~ t to mcthyl estcrs26 or onho esten27 via an iminoether hydrochloride intermediate • 
........ 

depending on the presence or absence of water in the reaction: 

CHPf) 
HCI 

~ e 
R- c,NH CI 

'OCH" 

2 CH,OH ) ~ 
R-C-oc:H, + NH.C 

1 
OCH, 

(Eq.4.5) 

WhUe in the preparation of the onho ester the iminoether hydrochloride intennediate is 

isolated. this is not deemed necessary in the case of the ester, and the conversion can he 

canied out in a single step. It is believed to be the first time that this reaction is applied 

to functionalized polymers to produce carboxylic acid esters without requiring the more 

vigorous reaction conditions needcd for the hydrolysis of nitriles. 

4.2.2. Synthetic approach. Ether series 
The application of the Williamson ether synthesis in phase transfer rcactions to 

the functionalization of polystyrene resins has already been reponed28. However, the 

conditions suggested, involving relatively large excesses (lÜ-fold) of reagents, were 

found to he impractical for soluble polymers. While the original reaction worked well 

for allyl bromide28, these strongly basic (potassium hydroxide/water) conditions used 

caused quick hydrolysis of the ester reagents and/or the polymer-supponed products, 

leading 10 reduced conversion and difficulty in isolating the pol ymer. A new set of 

reaction conditions involving close ta equimolar reagent ratios in the absence of water 

were therefore developed ta yield polymers with high degrees of substitution in an easy 

reaction: 
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8r-(CHz)II-C~CH~ 

n ~ 1 ) 
(Bq. 4.6) 

The styrene-4-hydroxystyrene copolymer itself was obtained by demethylation of a 

styrene-4-methoxystyrene copolymer with boron tribromidc at l{\w temperature, 

acconling to a known procedure29. Substitution was complete, within em>r ümits, after 

three cycles of reaction and polymer isolation. The hydrolysis of the ester group was 

minirnized by using anhydrous conditions. The procedure suggested here was used to 

generate ethers with chain lengths ranging from C2 to CIl' 

4.3. Experimental 

4.3.1. Equipment 
The 1 H NMR spectra used to characterize aU the polymers and products prepared 

were recorded in deuterated chlorofonn at 4S ·C on a 200 MHz Varian XL-200 Fourier 

Transfonn spectrometer. Ali chemical shifts reported are downfield with respect to 

tetramethylsilane (TMS) used as an internal standard. Inframd spectra were recorded 

using films on an Analect AQS-40 Fr-IR spectrometer with a resolution of 4 cm-1. 

Polymer fùms were obtained by compression molding of 0.05 g of material at 150 ·C and 

ca. 10 MPa for S minutes between aluminum plates covered with aluminum foil. 

The molecular weight distribution of the polymcr samples was determined with a 

Varian 5000 Liquid Chromatograph system in the Gel Permeation Chromatography 

(Ope) mode. Two Waters Associates JJ.Styragel (104 A and loS Â) columns were used 

(u. in series to cover a molecular weight range of 104 to 106 g/mol with GPC-gradc 
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tctrahydrofuran (1HF) used as cluent. A narrow molecular weight standards calibration 

technique was used with polystyrenc standards ranging from 1 x 104 to 7.8 x lOS g1mol. 

A special fluk (Figure 4.1) was dcsigned ta allow the quick addition of 

l,5-dibromopentane or l,10-dibromodecane in the synthesis of poly(stynme-co-

4-(5-bromopentyl) styrene) and poly(styrene-co-4-(lO-bromodecyl)styrene) from 

lithiatcd polystyrene. The tbrec-neck flask hac! one of its arms bent to 60· ta allaw Cree 

rotation of the modified reton-type flask to quickly transfer its content to the reaction 

mixture by blowing dry nitrogen through a stopcock attached on the reton. It was thus 

possible to add dibromoalkyl reagent volumes of the order of 400 ml to the three-neck 

flask in a few seconds. 

4.3.2. Reagent Purification 
Styrene (Aldrich. 99%) inhibited with 10-15 ppm 4-t-butylcatechol was washed 

three times with a 5 % aqueous sodium hydroxide solution to remove the inhibitor. The 

organic phase was dried over calcium hydride (Aldrich, 95+%, 40 mesh) ovemight, and 

distilled at reduced pressure (b.p. 47-48 ·C/22 mm). The other monomers, uninhibited 

4-bromostyrene (Polyscienc~s) and 4-methoxystyrene (ICN Pharmaceuticals) were bath 

distilled at reduccd pressure (b.p. 69 ·C/3.2 mm and 55-56 ·C/2 mm. respectively). Ail 

monomers were stored at -20 ·C for at most one week before use. 

Tetrahydrofuran and l,4-dioxane (A&C Amcrican Chemicals reagents) were 

purified immediately before use by refluxing for a few hours and distilling over lithium 

aluminum hydride (Anachemia). Tetrahydrofuran was initially purified by refluxing with 

potassium Metal and benzophenone; this technique was, however, later abandoned in 

vicw of the equivalent results obtained with the safer lithium aluminum hydride 

approach. Chloroform and methylene chloride (A&C reagents) were dried by refluxing 

and distilling over phosphorus pentoxide (Anachemia). N.N-dimethylformamide (A&C 

reagent). used in the Williamson ether synthesis, was dried over calcium hydride and 
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Figure 4.1. Setup used in the preparation of the Cs and CIO 

bromoalkylstyrene eopolymers. In the fmt part of the reaction (lithiation), 

the retort-type addition flask (a) is replaced with a rubber septum. System 

purging is effeeted with dry nitrogen through the septum of addition 

funnel (b) with purging stopcock (c) open. Polymer dissolution is 

achieved in the same wayt after adding dry tetrahydrofuran to the funnel. 

The quiek adDition of the dibromoalkyl compound is done by rotating the 

retort from its lower (a) to its higher (al) position, wiu'l a dry nitrogen fIow 

through inlet (d), the purging stopcock (c) bein~ temporarily taken off. 
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1 . distilled at reduced pressure (47-48 ·C/14 mm). I,S-dibromopentane (DBP; Aldrich, 
v 

97%) and I,IO-dibromodecane (DBD; Aldrich, 97%) were dried over type 3A molecular 

sieves (Aldrich) for two days. The organic phase was then decanted and di~tilled at 

reduced pressure (b.p. 92-93 'C/IO mm and 136-137 ·Cl2 mm for DBP and DBD, 

respectively). AIl other reagents wen: used as received from the suppliers. 

A solution of sodium cyanide 8% w/v in N ,N-dimethylfonnamide/water was 

preparcd by dissolving 40 g of sodium cyanide (Anachemia) in 80 ml of distilled water, 

then adding 400 mL ofN,N-dimethylformamide. 

4.3.3. Preparation of styrene homopolymer 
Styrene monomer was bulk polymerized in an ampoule at 60 ·C with bcnzoyl 

peroxide (6.66 g!L), to yield a polymer with a molecular weight of approximately 

loS g/moI30. The ampoule was degassed, prior to polymerization, with 3 freeze-thaw 

cycles, and sealed31. Conversion was about 50% 040' the monomer weight. The polymer 

was recovered by dilution with toluene and precipitation in Methanol. 

4.3.4. Preparation of poly(styrene-co-4-bromostyrene) 
Styrene (119.5 g) and 4-bromostyrene (30.5 g) monomers were mixed with 

benzoyl peroxide (1.49 g) according to calculations for a bromostyrene content of 

16.5 mole% using monomer reactivity ratios rI = 0.99 (4-bromostyrene) and r2 = 0.695 

(styrene)32. Conversion was 80%, for a calculated copolymer composition heterogeneity 

of 4v%33. The copolymer was recovered in the same manner as polystyrene; its 

bromostyrene content was evaluated to be 13.8 mole% by IR spectroscopy from the ratio 

of the integrated intensities for the peaks at 1007 cm- l (9.93 IJ.m) and 1027 cm-1 

(9.74~).22 
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4.3.5. Preparation of poly(styrene-co-4-methoxy­
styrene) 

Styœne (236 g) and 4-methoxystyœne (60 g) monomers were mixed with benzoyl 

peroxide (0.54 g) for a methoxystyrene content of 15 mole% using copolymerization 

reactivity ratios rI = 0.93 (4-methoxystyrene) and r2 = 1.13 (styrene)34. Conversion was 

about 60 % for a calculated composition heterogeneity of 1.6%. The methoxystyrene 

content of the copolymer was evaluated by NMR spectroscopy from the ratio of the 

integrated methoxy peak (8 = 3.75 ppm) to the aromatic protons (8 = 6.0-7.8 ppm) ta be 

15.0mole%. 

4.3.6. Preparation of poly(styrene-co-4-hydroxystyrene) 
The styrene-4-methoxystyrene copolymer was demethylated with baron 

tribromide (Aldrich, 99.99%) in dry methylene chloride at low temperature 

(_ (methanoVdry ice bath, ca. -77 'C) according ta a procedure suggested by Clas and 

Eisenberg29. Completion of the reaction was confirmed by the disappearance of the 

methoxy peak (8 = 3.75 ppm) in the NMR spectrum of the product. 

4.3.7. Chloromethylation of polystyrene 
Dry polystyrene (12 g, 115 mmol of styrene units) was loaded in a 500 mL round­

bottomed flask and dissolved in 240 mL of dry chloroform. Technical grade 

chloromethyl methyl ether (4.5 mL, 59.0 mmol; A&.C) was added to the flask. followed 

by 1.2 mL (10.3 mmol) of anhydrous stannic chloride (A&C reagent). dropwise. The 

polymer solution then turned yeilow; 2.25 mL (29.5 mmol) of extra chlorodimethyl ether 

was addcd, and the reaction flask stirrcd for 75 minutes at room tempcraturc (22 ·C). 

Doring that time the solution dcvelopcd a pinkish tint. The reaction was stoppcd by 

adding 2S mL of a 1:4 water/methanol (by volume) solution. and stining was continucd 

( for 30 minutes longer. The polymer was rccovcrcd by dilution with chloroform 
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U (180 mL), foUowed by precipitation in !Dethanol. The yield was 20.3 g of 10.3 % 

chloromcthylatcd (moVmol) polystyrene, as evaluatcd by NMR spectroscopy (a :::II 4.49 

ppm, CH2-0). 

~ 
7 . ; 

4.3.8. Lithiation of poly(styrene-co-4-bromostyrene) 
Styrene-4-bromostyrene copolymer (5 1,6.S mmolof bromostyrcne units) was 

loaded inta the pressure-equilibrating addition funnel (b) of Figure 4.1. The three-neck 

tlask was fittcd, for this part of the reaction, with a purging stopcock on the sttaight arm 

side and a rubber septum on the other side. The whole flast assembly with the polymer 

was dried in vaeuo overnight at 60 ·C, together with the rest of the equipment used in the 

procedure. The system was then taken out of the oven and quieldy purged with dry 

nitrogen. The threc-neck flask was loadcd with 500 mL of freshly purified 

tetrahydrofuran and lowered into a dry iee-methanol bath (-77 ·C). A 4O-fold exeess 

(with respect to bromostyrene units) of a 10 M n-butyUithium solution in hexanes 

(26 mL, 260 mmol; Aldrich) was transfcrred with a syringe to the reaetion flask through 

the septum. Dry tetrahydrofuran (500 mL) was added to the funnel, and the polymer 

dissolvcd by bubbling dry nittogen through a long syringe ncedle insertcd into the 

septum of the funnel. The polymcr solution was then very slowly added to the cooled 

n-butyllithium solution at a rate of ca. 1 drop/second with vigorous stirring. Addition 

was completed in 4 to 5 hours. 

4.3.9. Preparation of poly(styrene-co-4-(S-bromopentyl) 
styrene) 

Lithiated polystyrene (5 g) was prepared as described above. When the addition 

of the polymer solution to the flask was eompletcd, stirring was eontinued for about 5 

minutes. Meanwhile, the fetort-type fJask was loadcd with 600 g (2.60 mol) of 

1,5-dibromopentane and quiekly installed, in its lower (retaining) position, on the bent 



(. ann side of the tbree-neck flask in place of the rubber septum. A dry nittogen !ine 

(ca. 30 kPa) was attached 10 the stopcock of the retort, and the reaction flask taken out of 

the da)' ice bath. The 1,S-dibromopentane was then quickly transfcrred to the threc-ncck 

flask by rotating up the retort with its stopcock opened, whüe tcmporarily removing the 

purging stopcock on the other ann of the flask. The color of the solution quickly 

changed from milky to colorless. Stirring was continued at room tcmperature ovemight 

under a nitrogen atmosphere. The solution was then concentrated 10 about ISO mL, and 

the polymer recovered by precipitation in methanol. The yield was 4.91 g of 

Il.5 %-substituted polymer. The NMR spcctrum of the product showed characteristic 

peaks at 8 = 3.36 ppm (CH2-Br) and 2.50 ppm (Ph-CH2)' 

4.3.10. Preparation of poly(styrene-co-4-(10-bromo­
decyl)styrene) 

The procedure was similar to that dcscribed above for the analogous Cs 

dcrivative, with a few minor changes. The lithiation reaction was scaled down to 3.3 g, 

in order to maintain the amount of 1,10-dibromodecane involved at a workable level 

(360 g, 1.20 mol). Also, the compound had to be heated 10 90 ·C in the retort prior to 

addition in order to prevent the solidification of the reaction mixture. The workup was 

complicated by the low volatility and limited solubility in methanol of 

1,10-dibromodecane. Tetrahydrofuran was removed on a rotary evaporator, and the 

nonvolatile fraction precipitated in ca. 10 volumes of methanol. The resulting soft mass 

was soaked for one hour in hexanes to dissolve excess dibromodecane. The polymer was 

then dissolved in tetrahydrofurar. (60 mL) and reprecipitated in Methanol. The yield was 

proportionally lower than for the Cs analogue - typically 2.80 g. Charactcristic NMR 

peaks were observed at ô = 3.38 ppm (CH2-Br) and 2.49 ppm (Ph-CH2)' 
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4.3.11. Preparation of poly(styrene-co-4-cyanomethyl­
st yrene) , poly(styrene-co-4-(S-cyanopentyl) 
styrene) and poly(styrene-co-4-(lO-cyanodecyl) 
styrene) 

These polymers were prepared from the chloromethyl, 5-bromopentyl and 

100bromodecyl styrenes, respectively. The procedure used was derived from that 

suggested by Kusama and Hayatsu25 for a functionalized cross-linked polystyrene resin. 

The halogenated copolymer (2.5 g) was dissolved in 200 ml of N ,N-dimethylfonnamide. 

and a large (24 mL, ca. 25-fold) excess of the 8.0% w/v sodium cyanide solution was 

addcd. The solution was stùred for 24 hours at room temperature, then concentrated to 

about 150 mL and precipitated in methanol. Typical yields were 2.3-2.4 g of nitrilated 

polymcr. The struc~ of the products was confmned by NMR spectroscopy 

(disappearance of the CH2-X protons and appearance of CH2-CN peaks at a = 3.56 ppm 

(cyanomethyl) , 2.25 ppm (cyanopentyl) or 2.29 ppm (cyanodecyl). A sharp nitrile peak 

also appcared in the IR spectra of the products at 2251 cm-1 (4.44~. cyanomethyl) or 

2246 cm-1 (4.45 J.UD, cyanopentyl and cyanodecyl). 

4.3.12. Preparation of the C2 alkyl ester [poly(styrene­
co-4-carbomethoxymethylstyrene)], C6 alkyl 
ester [poly(styrene-co-4-(5-carbomethoxy. 
pentyl)styrene)] and CIl alkyl ester Ipoty 
(styrene-co-4-(lO-carbomethoxydecyl)styrene) ] 

The C2' C6 and CIl alkyl esters were prepared from the corrcsponding nitrilatcd 

polymcrs in idcntical reaction conditions. For example, the cyanomethyl copolymer 

(7.S g) was cfutsolved in 1.2 L of frcshly purified 1,4-dioxane. A small amount (2.0 ml) 

of distillcd water and 150 mL of mcthanol were added, and the flask cooled in an ice­

water bath. Hydrogen chloridc gas (Matheson, tcchnical) was then bubblcd in the 
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(_ solution to saturate it. This process was highly exothermic, and had to be repeated three 

times, alter cooling the tlask. More methanol (75 mL) was added, and the cold solution 

saturated with hydrogen chloride for a last time, befme it was left ta stand for 24 hours. 

The solution was then concencrated until a polymcr mass precipitated out. The solid was 

washed twice with Methanol and redissolved in 200 mL tetrahydrofuran. Distilled water 

(20 mL) was addcd, and the concenttation and washing proccss repeated. 

Tettahydrofuran (100 mL) was used ta redissolve the polymer, and Methanol slowly 

added with stirring until the solution staned to look cloudy. Stirring was continued for 

three days befme the final workup (precipitation in methanol). The yield was about 5.5 g 

of esterified pol ymer. The completion of the conversion reaction was confinned by the 

vinually complete disappcarance of the nitrile peak (2251 cm-l, 4.44 ~) in the IR 

spcctrum of the product. Characteristic NMR peaks werc observed as follows: C2 ester: 

B = 3.64 ppm (O-CH» and 3.50 ppm (CH2-C02)' C6 ester: a = 3.65 ppm (O-CH» and 

(~ 2.28 ppm (CH2-C02)' CIl ester: a = 3.64 ppm (O-CH) and 2.29 ppm (CH2-C02)' 

4.3.13. Preparation of methylil-bromoundecanoate 
The methyl ester of 11-bromoundecanoic acid was not commercially available 

and had to he prcparcd fmm the acid in a simple esterification reaction. Methanol 

(300 mL) was used ta dissolve 100 g (0.377 mol) of ll-bromoundecanoic acid (Aldrich, 

99 %). Concentrated sulfuric acid (1 mL; Mallinckrodt) was added, and the solution 

rctluxed ovemight. The sulfuric acid was then neutralized with 20 mL of a 1.0 N 

solution of sodium hydroxide in methanol, and the excess Methanol removed on a rotary 

evaporator. The liquid residue was fractionally distillcd (bp. 113-116 'C/1.4 mm) to 

yield 77.6 g of the ester (74 % of the theoretical yield). The NMR IIpcctrum of the 

product exhibited peaks at a = 3.63 ppm (s, 3H, Q-CH ), 3.37 ppm (t, 2H, CH2-Br), 2.26 

ppm (t, 2H, CH2-C02), 1.81 ppm (quintet, 2H, CH2-CH2Br), 1.58 ppm (quintet, 2H, 
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ll.,J CH2-CH2C02)' 1.38 ppm (m, 2H, CH2-CH2Q{2Br) and 1.25 ppm (b, 108, alkyl 

chain). 

4.3.14. Preparation of the C2 ether ester [poly(styrene­
co-4-carbomethoxymethyloxystyrene) ] 

Poly(styrene-c0-4-hydroxystyrene), 15 g (21.1 meq -OH) was dissolved in 

300 mL of dry N,N-dimethylformamide, and 23 mL of a nlethanolic 1.0 ri solution of 

sodium methoxide (23.0 meq) added. The solution was stin'ed for 30 minutes, and 4 ml 

(42.3 mmol) of methyl bromoacetate (Aldrich, 98 %) added. Stirring was continued 

ovemight at room temperaturc. The polymer was rrcovered by precipitation in Methanol 

and dried in vacuo for a day; 15.72 g of 11.7 %-substituted polymer (NMR) was thus 

obtained. The whole procedure was repeated two more times, to yield 16.34 g of 

14.7 %-substituted polymer. Partial hydrolysis of the ester groups attached to the 

polymer was observed in the preparation of the ether. The ester was regenerated as 

follows: The copolymer (13.50 g) was redissolved in tettahydrofuran (675 mL). 

Methanol (525 mL) and sulfuric acid (13.5 ml) were added, and the solution refluxed 

ovemight. Distilled water (200 mL) was then added, and the solution concentrated to 

precipitate out the polymcr. The solids were decanted and reprecipitated in Methanol, 

after dissolution in 225 mL tetrahydrofuran. Characteristic peaks were observed on the 

NMR spectrum at a = 4.53 ppm (PhO-CH2) and 3.77 ppm (O-CH3)' 

4 . .3.15. Preparation of the Cs ether ester [poly(styrene­
co-4-(5-carbomethoxypentyl-l-oxy )styrene)] 

The procedure used was similar to that for the C2 ether, except that methyl 

bromoacetate was replaced with 6 ml (42.0 mmol) of methyl 5-bromovalerate (Aldrich, 

97 %). A 14.8%-substituted polymcr (16.2 g) was obtained after three reaction-isolation 
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(~ cycles. Charactcristic NMR pcaks werc obscrvcd at B = 3.87 (phO-CH2), 3.67 ppm 

(O-CH3> and 2.39 ppm (CH2-C02)' 

4.3.16. Preparation of the C Il ether ester [poly 
(styrene-co-4-(lO-carbomethoxydecyl-l-oxy) 
styrene)] 

As in the case of the Cs ether, methyl bromoacetate was replaced with 11.7 g 

(42.0 mmol) of the methyl 11-bromoundecanoate prep~d above. The final yield was 

17.0 g of IS.3%-substituted polymer. Characteristic N'MR peaks were obscrved at 

a = 3.83 (PhO-CH2>. 3.65 ppm (O-CH3> and 2.30 ppm (CH2-C02>' 

4.3.17. Acid hydrolysis of the esters 
Samples (1.S g) of the esters were completely hydrolyzed in acid conditions, in 

1 ( " order to verify the NMR results for acid content by titration with a base. The copolymer 

was dissolved in 105 ml tetrahydrofuran, and distilled water (12 ml) and sulfuric acid 

(0.6 ml) were added, together with 60 mg of 2,6-di-t-butyl-4-methylphenol (BHT) as a 

( 

preservative for the tetrahydrofuran. This mixture was refluxed for 3 week either in 

contact with air or under a nitrogen atmosphere. The solution was then concentrated to 

precipitate out the polymer. The soft mass was washed with Methanol and again 

dissolved in 30 ml tetrahydrofuran, followed by reprecipitation in Methanol. Complete 

hydrolysis was confinned by the disappearance of the methoxy peak in the NMR 

spectrum of the product. 

4.4. Results and discussion 

4.4.1. Sample characterization 
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Gel Permeation Chromatography (GPC) was used to analyze the polymers after 

each rcaction step which could possibly have affected the molecular weight distribution 

of the samples. The pœscnce of functional groups was neglccted in the analysis, given 

their rclatively low concentration (10-15 mole%) and the unavailabUity of correction 

factors for them. The results are summarized in Table 4.1. No general trend seems ta 

emcrge, except perhaps a slight tendency for the polydispcrsity (Mw'Mn) of the samples 

ta incrcase. Considering the multistcp nature and relatively low overall yields of the 

functionalization processes for the alkyl series. it is possible that sample fractionation 

May have contributcd to the variations in molecular weights observed. 
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Nuclear Magnetic Resonance (NMR) spcctroscopy was used whenever possible 

as a quick and easy means to characterize the products. The results obtained by this 

technique are expectcd to he accurate to about S% of the values determined, due to the 

effect of spcctrum phasing errors on the integrated peak intensities. Two exceptions can 

be noted where NMR specttoscopy could not he applicd; in this case, infrared 

spectroscopy was used. The bromostyrene content of poly(styrene-co-4-bromostyrene) 

was, as mentioned before, determined from the ratio of the integrated intensities for the 

peaks at 1007 cm-1 (9.93 ~m) and 1027 cm-1 (9.74 ~m), as suggestcd by Brockman and 

Eisenherg22. The aforementioned ratio was successfully related, in the original work of 

Brockman3S, to 1re bromine content detennined by elemental analysis. Unfonunately, 

the accuracy of this technique was not discusscd. since only 4 data points were used in 

the correlation, and the two IR peaks are not completcly rcsolved. It is nevertheless used 

to give an approximate value of the bromine content of the pol ymer. The other case in 

which IR spcctroscopy was employed was in the nitrile to ester conversion reaction. This 

was necessary because the chemical shift of the R-CH2-CN and R-CH2-C02 protons is 

esscntially the same (3 • 3.6 ppm for R = phenyl and 2.3 ppm for R = alkyl) in the 

polymers as in model compounds. The disappearance of the sharp IR O!N stretch peaJc 

was thus used to confinn the completion of the reaction in this particular case. 



(. 
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Table 4.1. Summary of GPC data collected for the parent and functionalized styrene 

polymers at imponaDt reaction stages. The samples are identified according ta the 

substituent R in the para- position of the styrene units. The values presented are. from 

left ta right, the number- and weight~average molecular weights. polydispersity and peak 

molecular weight evaluated from the chromatograms (Mn. Mw. Mw'Mn and Mp' 

respectively). The 4-bromostyrene copolymer data is repeated for case of comparison. 

Substituent Mo' 10-3 Mw' 10-3 MwlMn Mp.1O-3 

R (g/mol) (g/mol) (g/mol) 

-H 66.5 142 2.14 124 

-CH2C1 84.3 218 2.59 134 

-CH2C02Me 52.8 126 2.38 87.1 

-Br 43.5 131 3.00 124 

-(CH2)SBr 3S.2 129 3.66 114 

-(CH2)SC02Me 42.6 128 3.01 124 

-Br 43.S 131 3.00 124 

-(CH2)1OBl' 69.3 191 2.76 134 

-(CH2) 10COiMe 50.8 194 3.82 134 

-OMc 148 253 1.72 227 

-OCH2C02Mc 128 294 2.30 232 

-O(CH2)4C02Me 161 302 1.87 249 

-O(CH2)1OC02Me IS6 320 2.0S 249 
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4.4.2. Synthesis of the copolymers 
Although data were available to detennine the initiator concentration neœssary 

for a given molecular weight in the case of polystyrene, such was not the case for the 

copolymers. A few attcmpts were, therefore, necessary to dctennine the initiator 

concenttations needed to produce copolymers with the dcsired molecular weight for 

dynamic mechanical measurements (0.5 to 2.5 x lOS g1mol), keeping in mind that the 

molecular weight obtained is inversely proponional to the square root of initiator 

concentration36. 

4.4.3. Chloromethylation reaction 
Chloroform was freshly dricd hefore use in the chloromethylation reaction. It 

was found that differing stocks of chloroform (containing presumably different amounts 

of water) yielded very irreproducible chlommethylation levels under otherwise identical 

reaction conditions. ope analysis of the functionalized pol ymer rcveals a sUght degree 

of cross-linking (Mw increase of 54% versus 27% for Mn)' This may he attributed to the 

cross-linking reaction depicted in Eq. 4.1, given the relatively long reaction time and high 

polymer concentration used 15. 

4.4.4. Lithiation and bromoalkylation reactions 
A 4O-fold excess of n-butyllithium (with respect te the bromostyrene units) was 

used in the metal-halogen exchange reaction. As pointed out in the Introduction, large 

lexcesses of n-butyllithium were found necessary to avoid cross-linking problems20-22. 

Polymers of different molecular weights and bromostyrene contents were uscd in the 

preliminary cesting phase. It was found that the n-butyllithium excess ratio necessary to 

avoid cross-linking problems increased with both the molecular weight and the 
~ 
: ~ bromostyrene content of the polymers. Satisfactory results werc obtained in most cases 
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with a 30-fold excess of n-butyllithium for the polymer uscd in this work. It was 

nevertheless preferred to use a 40: 1 ratio ta provide an error margin for variations in 

other experimental factors such as the addition and stining rates, possibly leading to 

cross-linking in a Wurtz-Fittig type reaction (Eq. 4.4). The condition leading ta cross­

linldng essentially involves a lithiated speci~s meeting an unreacted bro:nostyrene unit in 

solution. It is thcrefore clcarly desirable ta work in dilute solution conditions (10 g/L or 

1 % in this case), use a large excess of n-butyllithium (40-fold) and maintain vigorous 

stining conditions as well as low temperature (-77 ·C). This contrasts with the 

techniques suggested for the lithiation of brominated cross-linked styrene resins 17,19, 

where a slight increase in the degree of cross-linking would not be noticed, apart from the 

fact that the Wurtz-Fittig reaction may itself be somewhat hindered due to the reduced 

mobility of the polymer chains. 

The low temperature aspect is particularly important here because of the extcnded 

addition period (4-5 hours): Although the metal-halogen exchange reaction is kinetically 

favored, it is also known ta be competing with a coupling reaclion37 leading ta the 

thennodynamically more favorable 4-butylstyrene species: 

"-SuU 1 TMF )~ + "-BuBr --1 + uBr (Eq.4.7) 

Br u Bu 

The rate of the couplinr~ reaction is slowed down at low temperatures38. Another 

impottant aspect of the tow temperature approach is that n-butyllithium also reacts with 

tetrahydrofuran (and ethers in generaI) at room tcmperature39: 
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o + n-BuLi 
o 

+ (Eq.4.8) 

It was thus reponcd that the molarity of a 0.79 M n-butyllithium solution in 

tetrahydrofuran decreased to 0.23 M after 1 hour standing at 2S ·C40. 

The quick addition of the dibromoalkane in the preparation of the S-bromopentyl 

and lO-bromodecyl derivatives is justified by the need for a large ex cess of the 

halogenated species comparcd with both lithiated styrcne and n-butyllithium species. 

The dibromoalkyl compounds have two equally reactive ends, and could lead to cross­

linking by coupling with one lithiated styrene unit (from the same or different random 

coils in solution) at each end of the Cs or CIO alkyl chain. Funhermore, it is necessary 

to use a large excess of the dibromoalkyl compound with respect to n-butyllithium and 

not only with respect to the lithiated styrcne species, because of the n-butyl coupling 

reaction aIso occurring al the end of the grafted bromoalkyl chains41, and leading 10 the 

10ss of part of the reactive groups: 

+ n-8uU ) (Eq.4.9) 

The different factors presented above explain the 10ss of part of the active 

bromoalkyl species in the preparation of the 5-bromopentyl- and lO-bromodecylslyrenes. 

The importance of the two butyl coupling reactions discussed above is supported by the 

appearance, in the NMR spcctra of the bromoalkylatcd polymcrs preparcd, of a weak 

methyl peak at 8 - 0.8-0.9 ppm. Even though il is not very well dcfined, bccause of ils 
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weakness and its proximity to the large alkyl chain peaks, its integrated inte"sity can he 

used for a rough evaluation of the extent of both coupling reactions. Thus, in a sample 

containing 11.0 mole% of bromoa1ky1 units, a concentration of 2.1 mole% of terminal 

methyl groups was dctennined. 

The bromide loss which can he attributed to coupling of the grafted bromoalkyl 

chains with the n-butyllithium excess is easy to quantify. It is assumed thllt the reaction 

of the dibromoal.kyl compound with the lithiated styrene species is much faster than with 

the excess of n-butyllithium present, the former bcing presumed to be a better 

nucleophile42. Since a lO-fold excess of dibromoalkane (or a 20-fold excess on a 

functional basis) is used with respect to the n-butyllithium present, 5% of a1l the bromo­

terminated species will be alkylated at either end, assuming a complete reaction. This 

process can therefore account for the disappearance of 5% of the total bromoalkyl groups 

on the copolymer (or 0.7% in absolute tenns) being transfonned to n-nonyl or 

n-tetradecylstyrene units. The l'Cst of the methyl groups present (1.4 mole%) could result 

from the coupling reaction occurring during the slow addition of the pol ymer solution 

(Eq. 4.7). The methyl peak became much more Important for polymers lithiated at room 

temperature according to suggested procedures20,43 before adding 1,5-dibromopentane, 

providing further support for the phenyllithium-n-butyl bromide coupling scheme 

mentioned above (Eq. 4.7), and possibly explaining the lower than expected functional 

yields obtained by these authors. 

The final acid contents determined by titration of the different hydrolyzed alkyl 

and ether esters are given in Table 4.2. The acid content of the C6 and CIl alkyl 

polymers are clearly lower than the corresponding 13.8 mole% bromostyrene determined 

by IR spectroscopy, but in good agreement if the coupling losses evaluated above are 

included. 
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Table 4.2. Acid contents of the final products determined by titration of the hydrolyzed 

esters with methanolic sodium hydroxide. 

Sample mole% 

C2 Alkyl 9.S 

C6 Alkyl 11.4 

Cu Alkyl 11.2 

C2 Ether 14.1 

Cs Ether 14.8 

Cu Ether 14.6 

Although the Cs bromoalkyl pol ymer shows no significant variation in its 

molecular weight distribution, an increase in Mn and Mw is more noriceable for the CIO 

analogue (Table 4.1). One possible reason for this could be the increased mobility of the 

terminal bromoalkyl groups for the longer C 10 compared to the Cs unit, leading to a 

higher cross-linking probability. Another possibility not yet discussed is the occurrence 

of intramolecular, as opposed to intermolecular cross-linking. Although this occurrence 

could not be rigorously verified, it would seem that since dilute solution conditions are 

used, the random polymer coils are presumably isolated from each other, leading to a 

greater probability of intra- than intermolecular cross-linking. 

4.4.5. Nitrile to ester conversion reaction 
Although the conversion of nitriles to esters or ortho esters with the help of 

Methanol and hydrogen chloride has long been suggested for low molecular weight 

compounds26,27, this is apparently the tirst report of the application of this technique to 

a functionalized polymer. One nitrile hydrolysis reaction suggested2S for styrene resins 
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containing niuüe groups was testcd, but yicldcd only insolublc products. The procedure 

uscd hcre involves mildcr (room tempcrature) conditions, and leads to an essentially 

complete conversion of the nibile groups to the mcthyl ester. 

Adding a very small amount (0.17%) of watcr to the solvent (l,4-dioxane) has a 

two-fold pwpose. Fint, it ensures that the conversion is ta the ester, and not to the ortho 

ester formt which is produccd in anhydrous conditions27• Second, since the dioxane 

used to dissolve the polymer is predried, the added water constitutcs a "conaollcd" 

amount. Indccd, it was found that when solvents which had not bccn dricd weœ uscd, a 

large proportion (up to 70%) of the ester groups produced werc actually hydrolyzed to 

the acid fonn. 

The polymer solution used for the reaction was very dilutc (0.625%), to prcvent 

the precipitation of the intcnnediatc iminoether adduct, and conscquently yield a more 

unifonn product. Washing of the polymer was nccessary, even though it is probably the 

main cause for a reduced yield, in arder to remove the ammonium chloride fonncd 

(Eq. 4.5), siDce ionic salt residues arc undesirable in ionomers. 

A three-day postœactiOD stining period accounts for the slower conversion to the 

ester of the intennediate iminocther hydrochloridc (Bq. 4.5), which is itself formed when 

hydrogen chloride is bubblcd in the polymcr solution. The polymers prcparcd without 

the threc-day stirring period, even though mostly convcrted, cross-linked very easlly 

upon heating al 100 ·C for shan pcriods of time, hinting at possible iminocther 

hydrochlorid~ rcsidues. No cross-linking was observed in the same conditions after the 

three-day trcatment. 

Sorne polymer dcgradation was observcd in the reaction, particularly in the case 

of the C2 compound (Table 4.1). The C6 and C Il analogues weœ apparently less 

affectcd, with essentially unchanged Mw and comparable (±20-25% ) Mn values. 

4.4.6. Ethers series synthesis 
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u The procedure suggested gives completely subsdtuted (within error limits) 

products in good yields alter three simple rcacdon steps. The only strict requircment of 

the procedure was the use of frcshly dricd N,N-dimethylfonnamide, in order to avoid, as 

much as possible, the hydrolysis of the ester groups of both the polymer-attachcd and the 

bromo-subsdtuted reagent. Partial hydrolysis of the polymer-attachcd ester groups was 

nevcnheless observcd, in particular after the second and thini reaction steps, but were 

regenerated in an easyesterificadon reacdon. Extensive hydrolysis, as a result of using 

undried N,N-dimethylfonnamidc on the other hand, led to solubility problems in the 

course of the rcaction and nonuniform products. 

4.4.7. Acid hydrolysis of the esters 
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The hydrolysis was rcladvely slow, owing to the low concentration (10%) of 

watcr achievable to keep the polymers in solution in the presence of sulfuric acid. 

Addidon of 2,6-di-t-butyl-4-methylphenol (BHT), in panicular, was round to be crucial 

to the production of the undegraded acid: A sample of the C2 alkyl ester hydrolyzcd for 

6 days in contact with air and without added BRT yielded al: 1 mixture of the C2 acid 

together with the Cl acid (styrenccarboxylic acid). The presence of the Cl acid was 

attribured to clipping of the C2 pendant group by peroxidcs produced in the 

tetrahydrofuran during the extcnded refluxing period. Similarly, l,4-dioxane used in the 

same reaction tested positive in a potassium iodide peroxide test before, but tested 

negative aftcr refluxing for a couple of days with the polymer. T.he preservative (BHT) 

was also added (as a preventive measure) to the sarnples hydrolyzed in a nitrogen 

atmosphere. 
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Chapter 5. Alkylated styrene ionomers with variable 
length spacers. II. Physical properties 

5.1. Abstract 
The dynamic mechanical properties of two analogous series of alkylated styrene 

ionomers werc examined. The samples wcrc PRParcd in the partial base hydrolysis of 

precW'Sors containing 10 to 15 mole% of 4-substituted styrene units with substituents 

R = -(CH2)nC02Me (n = l, 5, 10), or R = -O(œ2)nC~Me (n = l, 4, 10). The 

variation in the mechanical properties was studied as a ... 1 U1ction of ion content for the 

differcnt ionomers, to form a systematic investigation of the effccts of ion spacing from 

the polymer backbone. Three distinct factors werc postulated as having contributed to 

the trends observed among the different series of compounds. These include the 

bulkiness and rigidity of the units to which the ionic groups are attached, and the 

( . immobilizing effcct of the ionic groups on the polymer backbone. In the ether 

derivatives, the presence of alkyl aryl ether linkages led to solvation effects and rcduced 

clustering. 

5.2. Introduction 
The incorporation of ions ioto organic polymers has been shown, on occasion, to 

cause dramatic changes in their physical propertïes l. It is not a1ways clear, however, 

what are ~e exact causes for thc variations in properties observed between distinct 

ionomcr systems. The systematic variation of the structural characteristics of polymers 

represents a very valuable way to get somc iosight ioto the cffeets of ccrtain parameters 

on the physical properties of ionomcrs. Examples of molecular parameters which were 

varied in previous studies are the type of counterïon2, and thc placemcnt3 and nature4 of 

pendant ionic groups. More rccently, thc effccts of the matrix polarity and glass 

( _ transition tempcrature5 on ionic aggregation were also examined in styrene ionomers. 

114 



The imponance of polymer structure variation, and notably of the -length of the 

side chains, is underlined by the industriaUy imponaDt pertluorinated membrane 

materials6. Therc exists currendy severa! different types of pertluorinated ionomen 

which are commercially available. Apart from the original sulfonated Nafion (R) 

products introduced by duPont' in the early 1970's, another type of pertluorosulfonate 

membrane material recently developed by Dow8 bas a sborter side chain length than the 

Nafion(R) products. Analogous carboxylated ionomers are available, among others, 

!rom the Asahi Glass Co. (Flemion(R»9 and the Asabi Chemical Co. 10, as weIl as mixed 

sulfonate-carboxylate pertluorinated matcrials (Neosepta-F(R~ from the Tokuyama Soda 

Co. 1 1 Even though the different ionomers were all found to operate satisfactorily as 

membrane materials in the chlor-alkali industry. significant morphological differences 

were observed between some of them. Comparative studies of the se materials to date 

have been oriented more towards comparing sulfonate vs. carboxylate pendant ions 12, 

and ooly 10 a much smaller extent towards examining the effects of the differcnt chain 

lengths13 on the physical properties of the membranes. Even tbough a study of chain 

length effects in the perfluorinated ionomers would be of considerable interest, it would 

be of somewhat limited generality. This is because only very few different types of 

pertluorinated ionomers are available, and their synthesis is higbly involved. Moreover, 

it bas been shown that the degrec of crystallinity of these materials depends on different 

factors sucb as their ion content6. The crystallinity, in tum, would have a profound effect 

on the mechanical properties of the ionomers. 

Ionomers based on styrene have already been the subject of much work. Their 

amorphous character gives them a distinct advantage over polyolefm ionomers, in that 

they are making the interpretation of the results correspondingly simpler. Styrene 

copolymerizes with a variety of functional comonomcrs, and the homopolymer can 

undergo a number of functionalization reactions. Consequently, styrene ionomers werc 

preferred over the perfluorinated materials for this work. It is the purpose of the present 
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study to explCR the effects of systematic sidc chain length variation on the dynamic 

mechanical propcrties of carboxylated styrcne-based ionomers. 

One example of previous work dcaling with systcmatic sidc chadnlength variation 

is that of Vogi and coworkers14, who reported the synthesis of analogous poly(alkylene 

oxidc)-based ionomers with variable chain length spacers from methyl co-epoxyalkanoatc 

homopolymers and copolymers with various cyclic ethers and epoxides. Unfortunately. 

physical propenies measurements of interest to the field of ionomers, namely X-ray 

diffraction and dynamic mechanical measurements. were limited ta very few of the 

materials prepared. Ionomers dcrived from ethylene or propylene oxide-methyl 

1O,11-epoxyundccanoate copolymers were also charactcrizcd more recentlylS. The early 

stages pf the investigations donc on systematic ion spacing in this group were bascd on 

ionomers of styrene-4-hydroxyscyrene and styrene-4-hydroxymethylstyrene 

copolymers 16. 

Some of the problems involvcd in systematic structure-properties relations studies 

bccome apparent from the examples given above. The main limitation of such 

investigations is the difficulty of varying a single structural parameter at a time. without 

affecting others at the same time; otherwise, the effects observed mal' not always be 

clearly assignable to the variation in the parameter of primary interest. Idcally. such a 

systematic study should be based on the same polymcr maaix, with a single. well-dcfmed 

characteristic uscd as a variable parameter. 

The synthesis of styrene ionomer precursors with methyl alkanoate side chains in 

the para- position and varying in length from 2 to Il carbon atoms was dcscribed in a 

previous paper17. Thesc materials represent an excellent opportunity to examine the 

effects of the variation of spacing of the ionic groups from the polymer backbone on ion 

aggregation. and the consequent variations in the mechanical properties of the ionomers. 

Six diffcrent parent (esterified) copolymers were preparcd, falling into two distinct 

families of compounds, according to the mode of attachment of the alkyl chain to the 
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styrCne ring. One family (alkyl derivatives) involved the direct attachment of the 

co-carboxylated alkyl chain in the para- position. In the other family of eompounds (ether 

derivatives), the a1kyl chain was attached to the ring through an alkyl aryl ether linkage. 

This should allow the exploration of not only the ion spaeing effects, but also of the 

presence of solvating groups (the ether linkages) on the properties of the rcsulting 

ionomen. 
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The six esterified ionomer prccurson prcparcd werc poly(styrcne-co-

4-carbomethoxymethylstyrene) [C2 alkyl1, poly(styrene-eo-4-(S-earbomethoxypentyl) 

styrCne) [C6 alkyl], poly(styrCne-co-4-(IO-earbomethoxydccyl)styrcne) [Cil alkyl] , 

poly(styrene-c0-4-carbomethoxymethyloxystyrene) [C2 ether], poly(styrene-co-

4-(S-carbomethoxypcntyl-I-oxy)styrene) [CS ether], and poly(styrene-co-4-(lO-carbo­

methoxydecyl-1-oxy)styrcne) [Cil ether]. For the sake of simplicity, the nonsystematie 

names of the compounds, given above bctwcen square brackets aftcr each systematic 

name, will bc used throughout the rest of this paper. The alkyl derivatives had a pendant 

carboxyl group concentration of the order of 10 mole%; the ether derivatives, 

approximatcly 15 mole%. lonomers of different ion contents were prepared for each 

series by hydrolysis with a base according to a procedure given here. This approach also 

insured that within a given series, on1y the proportion of ionized groups varied, the rest of 

the carboxylate moieties remaining as ester groups, thus resulting only in minimal global 

composition variations. A sample identified as C2 ether 10% Na would thercfore refer to 

an ionomer derived from the C2 ether esterified precursor, with 10 mole% of sodium 

carboxylate moieties, and approximately 5 mole% of residual ester groups. 

The present work deals with the dynamic mechanical and the differential 

seanning calorimetry analysis of these ionomers. It is the fU'st of a series of 

investigations of the physical properties to bc perfonned on these compounds; future 

work will involve small-angle X-ray scattering measUR:ments and diffusion studies. 



(. S.3. Experimental 
The synthesis of the esterified ionomer precunors wu described in a previous 

paperl7. A brief summary of the preparation of these materials follows, for the 

convenience of the reader. The C2 alkyl ester was prepaœd via chloromethylation of 

polystyrene, followed by nucleophilic displacement of the chloride ion by sodium 

cyanidc in a N,N-dimethylfonnamidelwater solvent mixture. The nitrile was converted 

ta the methyl ester under mild conditions with methanoVHCl gas via an iminoether 

hydrochloride intennediate. The C6 and Cil alkyl compounds werc similarly prepared 

from bromoalkylated styrcne analogues. These were obtained by lithiation of a styrene-

4-bromostyrene copolymer. followed by the addition of a large excess of 

1,S-dibromopentane and 1,1O-dibromodecane for the Cs and CIO dcrivatives, 

respectively. The ether compounds (C2, CS, and Cu methyl carboxylates) werc 

obtained in a Williamson ether synthesis reaction from a styrene-4-hydroxystyrene 

copolymer and the corresponding (1)-brominated aliphatic acid methyl ester in anhydrous 

DMF and in the presence of sodium methoxidc. 

The esterified polymers werc hydrolyzed either by refluxing with sodium 

hydroxide in a benzene/methanoVwater solvent mixture, or with sulfuric acid in 

tetrahydrofuran/water. The acid hydrolysis technique was used to obtain fully 

hydrolyzed samples of the alkyl series, and to check the total carboxylate content of the 

samples. as prcviously describcdl7. This technique was also used to generate fully 

ionized samples of the alkyl series. Samples (1.4 g) of the acid-hydrolyzed materials 

werc thus dissolved in 100 mL of 80/20 v/v benzene/methanol and completely 

neutralized with a predctennined volume of standard 0.05 N methanolic NaOH solution. 

The ionomers werc rccovered by freeze-drying. 

AlI other samples uscd in this study were produced in the base hydrolysis of the 

esterified polymers. In a typical hydrolysis procedure, 1.3 g of polymer was dissolved in 

(. 100 ml of 80110 benzene/methanol solvent, followed by the addition of 2 ml of water. 
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A calculated amount of standard methanolic O.OS H or 0.10 ri NaOH solution, based on 

the desired ionization level, was then added, and the solution retluxed for 3-5 days under 

nitrogen. Completion of the reaction was confirmed by adding a few drops of a 0.1 % 

phenolphthalein indicator solution in ethanol to a 1 ml sample of the hydrolyzed 

polymer solution. The solution remained coloriess if all the base initially added had been 

consumed in the reaction; however, it dcvelopcd a pink coloration upon adding a single 

drop of a 0.01 N NaOH solution. The panly ionized polymer was rccovered by freeze­

drying. Samples with the ion contents given in Table 5.1 were prepared using either the 

&cid hydrolysis-neutralization (alkyl series, ca. 10 mole% ions) or the direct base 

hydrolysis scheme described above (other samples). The total carboxylate content of the 

parent (estcrified) polymers, as detennined by titration of the acid-hydrolyzed materials, 

is also given for comparison. 

Table 5.1. Ionomer samples prepared for each polymer series. Ail the values are in 

mole%. 

Series Parent Samples 

C2 Alkyl 9.5 0; 2.5; 5.0; 7.5; 9.5 

C6 Alkyl 11.4 0; 2.5; 5.0; 7.5; 11.4 

Cu Alkyl 11.2 0; 5.0; 7.5; 11.2 

C2 Ether 14.1 0; 5.0; 7.5; 10.0; 14.0 

Cs Ether 14.8 0; 5.0; 7.5; 10.0; 14.0 

Cn Ether 14.6 0; 2.5; 5.0; 7.5; 10.0; 14.0 
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The extent of ionization of the samples was aIso conflmled by NMR analysis of 

some of the products. The ratio of the integrated intensities of the methoxy peak 



(a = 3.7-3.8 ppm) ta the aromatic peaks (8 = 6.2-7.6 ppm) of a partly hydrolyzed sample 

thus showed a decrcase, compaœd ta the esterified polymcr, which was proponional to 

the extent of hydrolysis. 

Differential Scanning Calorimetry (OSC) was used to determine the glass 

transition temperature of the samples. A Perm-Elmer OSC-2e instrument was uscd for 

this purpose. Calibration was achieved with indium and tin standards. Bach sample was 

initially heated ta ca. 40 degrees above the Tg of the material for S minutes, followed by 

quenching at the maximum rate attained by the insttumcnt. Duplicate scans at 20 "C/min 

were used to insure reproducibility of the results. The agreement between two successive 

nms was gcnerally better than one dcgree. 

The samples for dynamic mechanical analysis were dricd under vacuum at 100 ·C 

for 14 to 17 days prior to molding. The mold was preheated at 180-240 "C (depending on 

the matrix Tg of the sample) before transferring the dried material; a pressure of 20 MPa 

was maintained for 10 minutes at the desired temperature. The pressure was then very 

slowly released, and the mold allowed ta cool down on the press to ca. 10 ·C below the 

matrix Tg of the material as determined from OSC measurements. The sample was taken 

out of the mold and used immcdiately for the dynamic mechanical measurements. 

Approximate sample dimensions were 2.5 mm thickness x 12 mm width x 36 mm length. 

These mechanical measurements were done using a Polymer Laboratories Mark n 

Oynamic Mechanical Thermal Analyzer (DMTA) in the dual cantilever bending mode, at 

frequencies of 1,3, 10, and 30 Hz, and a heating rate of 0.5 ·C/min. The fumace of the 

instrument was continuously purged with a flow of dry nitrogen throughout the run. 

In view of the cross-linking effects obscrved in the samples (particularly in the 

ether compounds), an infrared studyof the nature of thermal dcgradation was attempted 

for the Cil ether 10% Na sample. Films were prepared for infrared spectroscopy by 

compression molding of 0.1 g of the ionomer between plates covered with aluminum foil. 

ln one case, a film was obtained by molding the sample only for a few minutes at 200 ·C. 
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In another case, the same matcrial was maintained at 275 'C for 5 hours. Infrarcd spectra 

were recorded for both films using an Analect AQS-40 Fr-IR spectrometcr with a 

resolution of 4 cm -1. 

5.4. Results 
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In the dynamic mechanical analysis, the storage modulus, loss modulus, and loss 

langent of each sample dcscribed in Table 5.1 was obtained as a function of temperaturc 

at four different frequencies. Because of the sunilar behavior for the differcnt series, 

ooly rcpresentative results will he given here in graphical fonn. Figure 5.1 shows the 

storage modulus curves obtained for the C Il ether series, for ion concentrations varying 

from 0 to 14 mole%. Because of slight scatter observed in the data (maximum log E' 

variations: iO.06), the absolute values of the glassy moduli were adjusted, for case of 

comparison, to the average of all the samples (8.90 x 108 Pa at 35 ·C). The 

corresponding loss tangent curves are given in Figure 5.2. It cao be seen that the gcneral 

features of the system correspond to what has already bcen observed in other clustered 

styrene ionomers such as polystyrene-co-sodium Methacrylate 18. The features of interest 

include a 70 ·C increase in the matrix glass transition temperature, and a large increase 

(ca. 2.5 orders of magnitude) in the ion-associated rubberlike modulus over the ion 

concentration range studied (0-14 mole%). The position of the rubberlike plateau is also 

shifted towards higher temperaturcs. At the same rime, the height of the first loss tangent 

peak (matrix) decreases in favor of the second (cluster) peak with increasing degree of 

ionization. 

The somewhat different results obtained for the C2 ether series are presented in 

Figure 5.3, for comparison. It can be seen that the height of the ion-associated rubberlike 

modulus of these samples is significandy lower than for the corresponding C Il ether 

samples. As before, the absolutc value of the glassy modulus was adjusted to the average 

value ofall samples (log E' = 9.18 at 3S ·C; maximum variations: +0.09, -0.14). 
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Figure 5.1. Dynamic starage modulus curves (1 Hz) for the Cu ether 

series; ion con~.:.nts vary from 0 to 14 mole%, as indicatcd. 
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Figure S.2. Loss tangent curves (1 Hz) for the ionomers of Figure 5.1. 

The scale indicated is correct for the bottom curve; each successive curve 

is shifted up by one half arder of magnitude with respect to the previous 

one, for improved clarity. 
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series; ion contents (mole%) are as indicated. 
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One special featurc of the tan 3 vs. tcmperature curves (Figure S.2) is, however, 

the presence of a third, high temperature loss peak (indicated by arrows in Figure S.2), in 

contrast with the two normally observed for amorphous clustered styrene ionomers 18. In 

fact, the presence of a third peak is characteristic of most of the systems studied here. It 

will he shown later that the third peak is ataibutable to cross-linking of the samples 

occurring in the course of the DMTA nm at high temperatures. The presence of this thini 

peak will therefore be neglected in the subsequent interpretation of the results. The 

modulus increase towaros the end of the runs (starting 8l'ound 225 ·C for the e II ethers, 

as shown in Figure 5.4, and al about 250 ·C for the C2 ethers) is another manifestation of 

cross-linking in that temperature range. 

The dynamic mechanical curves were numerically analyzed on an IBM-XT 

compatible persona! computer to extract aIl the useful information using a previously 

descrihed program5. The infonnation thus obtained includes the position and width al 

half height of the peaks in the tan 8 curves, the magnitude of the ion-related rubberlike 

inflection modulus and the corresponding temperature in the storage modulus curves, as 

well as the activation energies calculated from the frequency shift of the tan 8 maxima. 

These are summarized for each sample in Table 5.2. This presentation fonnat was 

prefelTCd for the results over a graphical approach, because of the quite distinct behaviors 

observed in comparing the different series with each other. The glass transition 

temperatures detennined by DSe analysis are also included for comparison. 

The values presented are the ion content of the samples (mole%), the T g 

determined by DSC [T g(DSC)], the 1 Hz maaix and cluster Tg fT g(ma) and T g(cl), 

respectively] and their cOlTCsponding widths at half-height (W la>. The calculated 

activation energies of the mauix [Ea(ma)] and clustcr [Ea(cI)] peaks are also includcd, 

with the cOlTCsponding correlation coefficients (rl). The experimcntal average molecular 

weight hetween cross-links (Mc) was calculated for each sample from the corresponding 
."'": 
li ~ inflection modulus and tempcrnture. ,..... 
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Figure S.4. Storage modulus increase of the Cil ether 10% Na sample in 

the 200-300 'C range. 
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Table 5.2. Summary of data obtained by DSC and by numerical analysis of the dynamic mechar 

curves. 

EW DSC Matrix WII2 Clust. Wl 

Material (g/mol) Tg(IC) Tg(IC) ('C) Tg(IC) ("( 

C2 Alkyl ester 105 114 13 
C2 AlkyI2.5% Na 4220 115 126 15 167 l' 
C2 Alky15% Na 2150 127 136 15 179 3 
C2 Alkyl 7.5% Na 1450 131 142 19 178 21 

C2 Alkyl 9.5% Na 1110 145 151 18 226 6 

C6 Alkyl ester 81 94 14 
C6 AlkyI2.5% Na 4280 86 102 16 3 
C6 Alky15% Na 2200 100 Ils IS 183 S 
C6 Alkyl 7.5% Na 1510 113 127 17 187 4 
C6 Alkyll1.4% Na 1160 133 139 21 201 3 

Cu Alkyl ester 78 18 
Cu Alky15% Na 2270 8S 100 18 136 2 
Cu Alkyl 7.5% Na 1580 102 117 19 166 4 
Cu Alkyl 11.2% Na 1230 131 132 25 184 3 

C2 Ether ester 96 108 15 
C2 EtherS%Na 2260 114 122 21 160 2 
C2 Ether 1.5% Na 1470 118 131 29 111 1 
C2 Ether 10% Na 1120 139 152 33 184 2 
C2 Ether 14% Na 830 169 172 18 203 2 

Cs Ether ester 80 94 15 
Cs Ether 5% Na 2200 99 108 16 148 4 
Cs Ether 7.5% Na 1510 104 116 19 162 3 
Cs Ether 10% Na 1160 113 125 19 111 3 
Cs Ether 14% Na 870 IS6 139 18 180 2 

Cu Ether ester 71 17 
Cn Ether 2.5% Na 4370 66 82 18 130 2 
Cu Ether 5% Na 2290 78 92 18 138 2 
Cn Ether 1.5% Na 1590 89 104 21 146 2 
Cn Ether 10% Na 1250 101 115 23 173 4 
Cn Ether 14% Na 950 133 140 19 197 4 

( 
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1/2 

·C) 

17 
31 
20 
68 

35 
53 
47 
31 

2S 
49 
32 

26 
19 
20 
23 

40 
39 
36 
29 

27 
28 
22 
42 
41 

Et. 
rn 

7.9E+05 
llE+06 
7.3E+06 
7.4E+06 
1.5E+07 

5.0E+05 
1.1E+06 
2.7E+06 
4.8E+06 
1.6E+07 

2.8E+05 
6.lE+06 
1.4E+07 
2.6E+07 

2.4E+05 
2.4E+06 
4.3E+06 
6.7E+06 
1.4E+07 

3.3E+05 
I.1E+06 
3.0E+06 
4.9E+06 
1.7E+07 

1.7E+05 
1.6E+06 
4.9E+06 
1.5E+07 
2.7E+07 
5.4E+07 

156 
151 
156 
164 
174 

122 
144 
137 
149 
160 

111 
123 
13S 
155 

142 
181 
188 
199 
212 

124 
178 
148 
152 
156 

110 
110 
116 
128 
140 
157 

Mc -Ea<ma) 

(g/mol) (kI/mol) 

14200 480 0.9995 
3560 470 0.995 
1550 SOO 0.998 
1560 SSO 0.990 
790 S90 0.9997 

20600 410 0.996 
10400 430 0.997 
4050 460 0.995 
2280 SOO 0.994 
700 580 0.997 

36300 320 0.9999 
1690 400 0.991 
790 470 1.0000 
430 560 0.997 

44900 470 0.9999 
4910 440 0.996 
2790 420 1.0000 
1850 -.---
890 650 0.993 

31700 430 0.9996 
10700 430 0.995 
3630 400 0.996 
2290 500 0.9990 
650 560 0.998 

58300 320 0.990 
6120 340 0.990 
2090 370 0.997 
700 380 0.997 
400 440 0.998 
210 690 0.995 

-Ea(cl) 

(kJ/mol) 

230 
2S0 
2SO 
190 

180 
200 

260 
190 

230 
200 
300 
310 

260 
220 
270 
230 

170 
200 
220 
2SO 

0.993 
0.998 
O.99S 
0.998 

0.95 
0.998 

O.99S 
0.997 
-.---

0.990 
0.996 
0.994 
0.990 

0.9996 
0.996 
0.9999 
0.9992 

O.99S 
0.998 
0.993 
0.994 

.. .. 
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The cross-linking efficiency of the ionic aggregates may he expressed as the ratio 

Mc(cal)!Mc(exp), where Mc(cal) is the theoretical value calculated for strictly multiplet­

type interactions, and cqual ta the equivalent weight of the sample; Mc(exp) is the 

average molecular weight bctwecn cross-links determincd from the obscrvcd rubbcrlike 

modulus. This is illustratcd in Figure S.S for the diffcrent alkyl and ether series 

compounds. These arc comparcd ta data obtained for styrene-sodium mcthacrylate 19 

and styrene-sodium 4-styrenecarboxylate ionomers20. 

5.5. Discussion 
The following order will he uscd ta discuss the expcrimental observations. The 

variation of the matrix Tg with ion concenttation will he discussed flfSt, becausc it is 

least sensitive to cross-linking effects under the conditions uscd. The expcrimental 

evidcncc for networle formation and the reasons for ascribing the third loss maximum to 

cross-linking will then he considcred. This clarification will lead to a discussion of the 

observcd variation with ion concentration of the cluster-related glass transition 

tempcratures, as well as of the activation energies associated with both the matrix and 

cluster T g's. The discussion will bc concluded by the consideration of the different 

molccular parameters thought ta he responsible for the observed effects. 

5.5.1. Matrix glass transition tempr.rature 
An examination of the data in Table 5.2 reveals a monotonie increase in the 

matrix Tg with ion content (dT idC), as measured by both the DSC and the DMTA 

techniques. This is generally associated with a dcerease in segmental mobility due to 

ionic aggregation21 . The different slopes obtained for all 6 systems are given in 

Table S.3 for comparison. In the dT t/dC ealeulations for the ether scries obtained by 

OSC, the data for the 14% samples was excluded. It is generallyaeeeptcd that as the ion 

content of the samples increases, the width of the transition region of DSC scans 
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Figure S.S. Comparison of the cross-linking efficiency of the ionic 

aggregates in the different families of sodium ionomers. The 

experimental points and the corresponding curves are idcntified as • (no 

curve): C2 alk.yl; +, C6A: C6 alkyl; X, CHA: Cu alkyl; 0, C2E: 

C2 ether; . , CSE: Cs ether; x, CllE: Cu ether; 0, MAA: methacrylic 

acid19; Â, CAR: carboxylated polystyrene20. 
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increases, as a result of contributions from both the mattix- and the cluster-related glass 

(~ transitions. This effeet resulted in a significant deviation (rom linearity at 14% ion 

content. No calculations were perfonned for the Cil alkyl samples analyzed by DSC, 

because only three data points were available for the analysis and showed considerable 

seaner (Table S.2). The discussion of the data for the Tg associated with the ion-rich 

domains (clusters) will be postponed to a later stage. Both the DSC and the DMTA 

techniques show a clear tendency for dT idC to increase along the series C2 alkyl < C6 

alkyl < Cil alkyl. However, no significant trend is observed for the ether series. In 

particular, the dT idC values calculated for the Cs ether derivatives is unexpectedly low. 

The following distinctions can be made conceming the two families of compounds. In 

the alkylated ionomers, the degree of functionalization is about 10-11 mole%; the ether 

compounds, however, have a pendant group concentration of ca. IS mole%. Otherwise, 

the only difference between the two familles concems the mode of attachment of the 

(~ 

( 

pendant alkyl chain ta the rings, namely the presence of an alkyl Bryl ether linkage in the 

case of the ether analogs. The slightly higher concentration of ester groups in the ether 

than in the alkyl series appears to be an unlikely cause for the different tendencies 

observed. The lack of trends in the ether analogs could therefore be related ta the ion­

solvating properties of ethers22. Even though solvation effects due to ester 

functionalities have becn linked to their somewhat different aggregation behavior23 

compare<! to styrene ionomers, they do not seem to cause a significant change in the 

dT gldC value: poly(ethyl acrylate-co-sodium acrylate) (3.4 eC/mol%)23 compares to 

poly(styrcne-co-sodium 4-styrenecarboxylate)20 (2.7 eClmol%), poly(styrene-co-sodium 

4-styrenesulfonate) (4 eClmol%24 or 3.3 eClmol%)25, and sodium ionomers of 

poly(styrene-co-4-hydroxystyrene)16 (:'.2 -Clmol%). 
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Table S.3. dT "dC by DSC and from dynamic mechanical data (matrix and cluster 

:( peaks). The values and uncenainties given were obtained by least squares fit of the data; 

the uoits are -Clmole%. 

-

-

Series DMTA DMTA DSC 
(Matrix) (Clusters) 

C2 Alkyl 3.6 ± 0.2 8.7 ± 0.8 4.0 ± 0.3 

C6 Alkyl 4.1 ± 0.2 2.9 ± 0.3 4.7 ± 0.3 

CIl Alkyl 4.9 ± 0.2 8 ± 1 

C2 Ether 4.7 ± 0.4 4.8 ± 0.1 4.0 ± O.S 

Cs Ether 3.2 ± 0.1 3.5 ± 0.4 3.2 ± 0.2 

Cu Ether 4.8 ± 0.2 6.0 ± 0.6 4.6 ± 0.1 

Apart from the Tg increase with the ion content of the samples, the Tg differences 

observed between the different famUies of ionomers (Table 5.2) show the expected 

variations of plasticized systems. Thus, between the different alkyl or ether compounds, 

for identical ion contents, the longer the attached chain, the lower the T g of the sample. 

The Tg of the ether compounds is also lower than those in the corresponding alkyl series, 

presumably because of the higher degree of substitution of the ether derivatives 

(15 mole%) compared 10 the alkyls (10 mole%). 

Similar trends are observed both in the dynamic mechanical and the ose data, 

the two sets of curves heing essentially parallel. There is, however, a systematic 

difference of ca. 10-15 ·C between the two techniques, which becomes slightly larger for 

the longer chain lengths. This is attributed to the frequency effect of the dynamic 

mechanical experimems. It seems reasonablc, however, that the larger samples 

(ca. 1.3 g) used in the dynamic mechanical experiments May also cause a slower thennal 
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response of the material, even though the scanning rate is also slower in that case 

(DMT A: 0 . .5 -Clmin; DSC: 20 -Clmin). 

5.5.2. Cross-Iinking etTects 
It was mentioned previously that three loss peaks were observed in the 

tan &-temperature curves obtaincd by dynamic mechanical analysis of most samples. 

Obvious hints of the occurrence of cross-linking during the DMTA runs could he 

observed. These included, among others, the incœase in the starage modulus with 

temperature in the upper temperature range (Figure 5.4), as weU as the lack of sample 

flow. A second run performed on the same sample displayed an increased matrix Tg 

(tirst run: Tg = 115 -C, second run: Tg = 131 ·C at 1 Hz). AU ionic samples were 

insoluble after the DMTA runs; the nonionic esters, which were heated only to lower 

temperatures, however, remained soluble. 

The cross-linking phenomena observed seemed to be more important for the ether 

than the alkyl compounds. Comparison of IR spectra of the lO%-hydrolyzed C Il ether 

compound before and after prolonged heating showed no clear hints concerning the 

nature of the reactions involved in the cross-linking process. It is suspeeted that the ether 

derivatives May undergo a thennal rearrangement reaetion analogous to those reported 

for certain alkyl aryl ethers at elevated temperatures (200-350 ·C)26 to yield, among 

others, alkylated phenols. The process is known to involve free radicals, at least to some 

extent, whieh couid explain the greater tendency abserved for the ether than for the alkyl 

derivatives to cross-link. This possibility is supparted by the lack of significant changes 

in the IR spectra befare and after heating, already pointed out above. Considering the 

low concentration of ether linkages (lS mole%), it seems reasonable that the thennal 

rearrangement of a fraction of the ether groups in these polymers docs not result in easlly 

detectable changes. The fact that the carbonyl band (1750 cm-1) remain unchanged bath 

in intensity and shape also rules out the occurrence of a decarboxylation reaction. 
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The effeets of "dynamic cross-linking" (network formation during the course of a 

~ thennal scan experiment) on the dynamic mechanical properti~s of epoxy rcsins arc well 

known and have been the subject of a number of papers27 ,28. Of panicular relevance to 

this work is the frequent appearance uf an extra dispersion in the 10ss tangent­

tcmperature curve of uncurcd or partially cured systems. Lee and 00ldfarb28 suggested 

considering the observcd dynamic modulus (0 or E) of curing systems as rcsulting from 

two distinct contributions, due to thermal and curing effects, respectively. The rw:sponse 

of a sample in a temperaturc scan experiment may therefore he expressed as a function of 

these two parameters as 

........ 

dO (n,T) 

dt 

dn 

dt + t :~ ]. dT 

dt 
(Eq.S.I) 

where n is a loosely defined cure parameter such that n = 0 for an uncured sample and 

n -+ - for complete curing, and T is the experimental temperature. The main implication 

of Bq. 5.1 is that the observed modulus May he expanded into an isothennal curing 

contribution (fust tenn), in addition to the conventional thermal scan contribution 

(second term). The relation described by Bq. 5.1 may be further simplified by assuming 

that the extent of cure of the system can he described by the increase in Tg, in the form of 

a reduced parameter (T -Tg) 

dG 

dT 
= 

__ dO __ l" dT 

d(T-T g) dt 

dTg ] 

dt 
(Eq.S.2) 

where dT/dt and dT g/dt describe the thennal and the curing effects, respectively. 

The actually observed response depends on the magnitude of each of the terms of 

Eq. 5.2. The authors distinguished four different possible cases for a temperature scan 

experiment. Type 1 behavior corresponds to dT idt = 0, Le. no curing contribt..lon. 

giving rise to the response normally observed for thermoplastics in the absence of curing, 
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or for fully cured thennoset systems. For dT/dt > dT rdt '* 0 (stage m, (T -Tg) is an 

increasing funetion, since the Tg change due ta curing is small with respect ta the âme 

scale of the experiment. Stage m is idcntified by the condition dT/dt < dT 'dt This 

comsponds ta a fast euring rate on the time scale of the experiment, and (T -Tg) becomcs 

a decreasing function. Finally, stage IV (dT 'dt < 0) is seldom observed, and can he 

related ta polymcr dcgradation or the absorption of diluent by the sample. 

This stage description approach was used by the authors to qualitatively dcscribe 

the dynamic curing of different types of epoxy n:sin systems. It is suggested that the 

same approach May he used to describe the cross-linking effects observed in the 

polymers of interesl to the present study. However, it should he kept in mind that since 

the covalent cro~s-link densily involved in this case is significandy lower than for high­

temperauuc epoxy rcsins, the fealures observed are correspondingly less pronounced. 

For the purpose of the discussion, the behavior of the C Il ether 10% Na sample will be 

considered. It ls as~umed that the rate of cross-linking is negligible on the time seale of 

the experimenl al the lower temperature range (T < 175-200 ·C), corresponding to a type 

1 behavior. This assumption is based on the observation that all the nonionic (estcrified) 

samples of the polymers anaIyzed by the DMTA technique up lO that temperature range 

remained soluble: Likewise, the saIts heated for short periods (ca. 1 hour) at 200 ·C aIso 

remained soluble. The fcalures observed for this part of the curvc are lypical of 

carboxylated ionomer systems: increased mauix Tg' high rubbcrlike modulus, 

appearanee of a second loss tangenl peak (Figures S.I.and 5.2). At temperatures hetween 

175 and 250 ·C, however, then: are two successive changes in slope of the starage 

modulus curve (Figure 5.1, 10 mole% curve), rather than the simple flow behavior 

usually observed. Al around 250 ·C, the modulus curve flattens, hefore increasing in a 

oonlinear fashion from 250 to 300 ·C (shown in Figure 5.4). Calculatioos for the cross­

linking density from rubberlike ' ~asticity (E = 3pRT/Mc> have shown that the rate of 

iocn:ase of E' with the tempera"U'C is mueh more than expccted for a "statie" cross-
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linked system in the 250-300'C noge. Considering also the lack of significant sample 

'Li' deformation, this incrcase was attributed to "dynamic" cross-linking occuning during the 

course of the experiment. The fact that the position of the mini 105S maximum is shifted 

upwards on the temperature scale (Figure 5.2) with the dcgree of ionization of the sample 

suggests that the cross-linking rate may be diffusion controlled, being more limited in 

samples where ionic aggregation is more extensive, because of the increased sample 

viscosity. 
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According to the Lee and Goldfarb model, the increase in modulus would be a 

result of the occurrence of a stage m condition (dT/dt < dT idt), which is cquivalcnt in a 

way to retracing the modulus curve from right to left28. The occurrence of a stage n 
condition (dT/dt> dT 'dt) has to be assumed becausc the system necessarily has ta go 

through it to reach the stage m condition. Both stages n and DI result in the increased 

Tg observed in the second scan (AT g = 16 degrees). The overall behavior of the present 

ionomers may therefore he described as heing of type I-n-UI. 

Independcntly of the justifications brought by the stage description approach, 

other arguments may he uscd to warrant discarding the thinl loss peak as a dynamic 

cross-linking effect. The temperature of the second (cluster-relaled) 1055 maximum falls 

in a range typical of other carboxylated styrene ionomers (e.g. styrene-sodium 

methacrylate18,19, styrene-sodium 4-styrenecarboxylate2~, if the plasticizing effeet of 

the pendant alkyl chains is taken into consideration. This is panicularly wonh noting at 

the lower ion contents (2.5-7.5%), where the second tan a peak is al a much more 

reasonable position than the cross-linking peak, which occurs only approximatcly 50 

degrees higher. Funhermore, the variation in the relative intensities of the fmt (matrix) 

and the second (duster) loss maxima follows the pattern usually observed for increasing 

ion contents, the second peak becoming c1early dominant in the 10-14 mole% interval 

(Figure 5.2). 
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AlI the factors mcntioned above arc believcd to justify the assignmcnts made for 

the loss tangenHemperature peaks, namcly associatcd with the matt'ÏX, clustcrs and 

"dynamic cross-linking", from the low ta the high rempcratwe range, respectively. 

5.5.3. Cluster-related glass transition temperature 
Il was mentioncd earlier that bccause of the proximity of the cross-linking peak ta 

the cluster peak in the tan 8-temperaturc curves, it was nccessary in Many cases ta 

"dcconvolute" the peaks with the help of a numerical analysis procedure describcd 

elsewhere5. Becausc of the somewhat empirical character of baseline selection and the 

broadcr peaks associated with the ion-rich (cluster) domains, the results are expected ta 

he less reliable than for the matrix peak. In the case of the sharper matrix pcaks, 

variations of the order of 1 dcgree were obtained by intcntionally selecting different 

possible baselines. For the cluster peaks;however, variations of the arder of 2-3 degrees 

were observed in the same conditions. Not surprisingly, the cluster peak positions show 

more scaner than the matrix peaks, and approximately linear incrcases with ion contents 

(Tables 5.2 and 5.3) and dTidC values ranging from approximately 3 ·C/mol to 

9 -Clmol. No significant trend secms to emerge from a comparison of the different series 

(Table 5.2). 

5.5.4. Activation energies 
Il can he seen in Table 5.2 that the activation energy of the matrix-related 

transition increases with the iooic group concentration, and tends ta be higher for the 

alkyl than for the ether derivatives. The matrix activation energies are also highest for 

the shoner chain compounds. The clustcr-related activation energies show a similar 

trend; also, more sc alter is present. Some experimcntal results were rejected (Table 5.2) 

on the basis of abnormalloss peak. shapes within a rune The overall average trends for 
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the activation energies may be representcd (in kI/mol) as a function of the ion 

concentration C (in mole%) by 

EaCma) = C15 ± 3)·C + (380 ± 20) (Bq. 5.3) 

and 

EaCcl) = (7 ± 3)·C + (180 ± 20) (Bq. S.4) 

for the matrix- and clustcr-related transitions, respectively. The fact that the clustcr­

related activation energy is significantly lower than that associated with the matrix has 

bœn suggested19 as providing serong support to the presence of two distinct phases (the 

ion-poor matrix and the ion-rich clustersj as detected by dynamic mechanical analysis. It 

was pointed out that if a single phase were present in the system, a dispersion occurring 

at a higher temperature should have a higher activation energy. 

However, one word of caution is necessary, in that the magnitude of the 

uncenainties associated with the activation energies is rather large. Il was explained 

earlier that the accuracy of the values of the matrix- and cluster-related loss maxima were 

expectcd to be of the order of 1 and 2-3 degrees, respectively. The "relative" variations 

expectcd within a set of curves for a given sample at the different frequencies were, 

however, expected to he significandy smaller. This is because the curves obtained at the 

different frequencies are essentially identical in shape. Cansequently, it is possible ta set 

the baseline in a vinually identical manner within a set of curves. The variations rhus 

expectcd for the mattix and clustcr peak. positions were arbitrarily set to 1/3 of the values 

given above, leading to uncenainties of the order of 0.3 and 0.7-1.0 degree, respectively. 

Even though this 1/3 factor is of a very empirical nature, it proved to be consistent with 

the variations observed in the data. The resulting uncertainties in the temperature werc 

included in the linear regression calculatians29 used to obtain uncenainties in the 

calculatcd activation energies. Typical errors for the matrix- and clustcr-related activa­

tion energies werc of about 50 and 100 kJ/mol, respectively. 
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(. 5.5.5. Contributions to ionie aggregation 
The aggrcgation efficiencies of the ions in the diffcrent ionomer series were 

presented as a function of the ionization level in Figure 5.5. As explaincd cadicr-, the 

Mc(cal)IMc(exp) ratio was uscd for this purpose. The advantage of this approach is that 

it provides a simple way of comparing the effect of ionic aggregation in the samples with 

respect ta a rcference state. This refercnce state is a system in which aU ion pairs are 

interacting in the form of multiplets only [Mc(cal)], in the absence of cluster structures. 

This Mc value also cOlTCsponds ta the equivalent weight of the sample. A ratio greatcr 

than one (expcrimental Mc < calculated Mc) implies an enhanced state of aggregation, 

likcly in the form of large-scale ionic aggrcgation (clustering). In contrast, a ratio of less 

than unity points at a reduccd state of aggregation. However, because the detennined 

Mc(exp) resuIt from the average effect of ail the ionic aggregates present in the samples, 

Mc(cal)IMc(exp) < 1 docs not nccessarily exclude the presence of clusters, but is rather 

indicative of a rcduced state of clustering. when comparcd to a system with a larger ratio. 

Several clear-cut trends emcrge from Figure S.S. It can be secn that at low ion 

concentrations. most samples fall in or exttapolatc ta a band of 

Mc(cal)IMc(exp) = (0.6 ± 0.2), showing that the clustcr sttuctures, if present, arc not 

rhcologically significanL Multiplet formation, therefore. seems to dominate at low ion 

concentration in most samplcs. Thc onset of deviation from that behavior. as wcU as the 

trends at high ion contents, howevcr. aIe a function of the type of compound involved. 

The following trend in the ratio is observed for deviations outside the (0.6 ± 0.2) band 

dcscribed above: 

C2 cther < Cs ether < C6 alkyl < Cil alkyl- Cil ether. 

It can be noticed from Figure 5.5 that the Cil alkyl and the CIl cther scrics display very 

similar characteristics. This seems reasonablc, considering thc lcngth of the alkyl chain 

(10 methylcne units) separating the ionic groups from the styrcnc rings in bath cases. For 

thc samc reason. thC prescncc of an cther linka~e docs not secm ta influencc significantly 
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the aggregation behavior of those samples. On the other hand, the C2 ether and the Cs 

ether series also behave very similarly. The C6 alkyl derivatives display aggregation 

eharacteristics which are intermediate between these two groups. The results for the C2 

alkyl compounds, however, canot be explained, and will not be discussed here at peat 

length. It is suspected that the higher matrix and cluster T g'S observed in these 

eompounds may have led to a merging of the cluster- and thermal eross-linking 108s 

tangent peaks, maldng it impossible ta separate the two effects. 
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In arder to rationalize the observed variations in the dynamic meehanical 

properties of the ionomers presently studied, it seemed reasonable ta postulate the 

existence oi three distinct factors affecting the ionie aggregation. These are the bulkiness 

and rigidity of the units to which the ionic groups are attached, the efficiency of the 

pendant ionic groups in immobilizing the polymer backbone, and, finally, in the case of 

the ether compounds, the presence of solvation effects due to the alkyl aryl ether 

linkages. 

In consideration of the last factor, it is possible to argue that the C2 and Cs ether 

derivatives are less clustered than the C6 alleyl series because of the presence of the 

solvating oxygen atom linking the relatively short alkyl chain to the styrene ring. 

Because of their shorter chain length, the incorporation of these ionie groups into the 

cluster sttuctures also brings along solvating groups (the ether linkages), which may lead 

to a less favorable ion-ion interaction energy than in their absence. This solvation factor 

could also explain why the C6 alkyl series is significantly more clustered than the Cs 

ether at the higher (10-11 mole%) ionization level, the total chain length being otherwise 

identical (6 atoms in both cases). The somewhat increased state of aggregation of the Cs 

ether 14% Na sample compared to the C2 ether 14% Na sample could also he talten as 

indicative of more important solvation effeets in the latter case. As mentioned before, the 

very similar behaviors of the Cu alkyl and the Cu ether series compounds could he 

related to the increased distance betwcen the solvating ether linkage and the ionic chain 

l 
~ 
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end. The fact that the characteristics of the different series become more easily 

distinguishable in the higher ion concentration range is not surprizing as such, since it is 

known that the extent of clustering is greatly enhanced in styrene ionomers at ion 

concentrations above 6-7 moleCJ,.18 

ft was already pointed out that the Cs ether 14% Na sample displays a somewhat 

increased state of aggrcgation (Figure 5.5) relative to the analogous C2 ether compound. 

Apart from the solvation effect postulated abave, il seems that the incrcased local 

bulkiness (proximity of the styrene ring) of the C2 relative to the Cs ether compound 

may have contributed to the dift'erence in aggregation. The factor involved in this case is 

the greater proximity of the stift', bulky styrene ring for the C2 than for the Cs ether 

ionomers. making the incorporation of the bulkier, shorter side chains structures in the 

clusters energetically less favorable. This factor apparendy becomes negligible in the 

case of the Cil compounds, prcsumably again because of the increased distance between 

the ionic groups and the bulky styrene rings. This is probably why the CIl compounds 

show the most efficient clustering. 

The comparison of the present ionomcrs with previously studicd systems 

highlights the effect of what is thought to be the effectiveness of the pendant ions in 

immobilizing the polymer backbone. Two additional curves are shown on Figure S.S for 

comparison, namely for poly(styrene-co-sodium methacrylate) 19 and for poly(styrcne­

Co-SodiUhl 4-styrenecarboxylate)20. The results are direcdy comparable in the fonner 

case, because the samples werc also studied using DldTA, i.e. at a constant frequency. 

The carboxylated styrene analysis was done using a torsion pendulum, whose oscillation 

frequency varies with the stiffness of the sample; a bit more caution may therefore be 

necessary in that case. Once again. it is worth mentioning that the behavior of the 

4-carboxystyrene ionomers is qualitatively quite similar to that of the C6 and CIl alkyl 

compounds, but the C2 alkyl series docs not fit at aU. justifying the omission of these 

results from this part of the discussion. 
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The styrene-sodium mcthacrylatc ionolDers display the characterisnes of a most 

highly clustered system, with a Mc(cal)lMc(exp) ratio increasing very rapidly above ion 

concentrations of about 8 mole%. This contrasts with the p-earboxystyrene system, and 

obviously even more with the ionomers prepared for this study. More specifically, the 

comparison of the Cil alkyl and ether derivatives with the styrene-sodium methacrylate 

polymcrs suggestcd the importance of the chain immobüization effeet. Indeed, it appears 

that in both cases, local bulkiness alone is not a primary factor detennining ionie groups 

aggregation. The incorporation of a sodium methacrylate unit in a cluster structure is, 

however, expected to have a more strongly immobilizing effect on the polymer backbone 

compared to a carboxylate ion at the end of a long, highly flexible alkyl chain. It seems 

that the aggregation of sodium methacrylate units, even though energetically 

approximately as favorable as for the alkylated ionomer, drags more organic material 

from the polymer backbone into the eluster, possibly leading to a larger overall clustcr 

size, compared to the alkylated compound. 

5.6. Conclusions 
It was shown that the incorporation of ionic group spacers of variable chain 

length resulted in significant variations in the dynamic mechanieal properties of 

carboxylated styrene ionomers. The results were compared, among others, in tenns of 

ratios Mc(eal)/Mc(exp), where Mc(eal) represents the calculated molecular weight 

between cross-links, assuming stricdy multiplet-type interactions, and Mc(exp) is the 

experimental moleeular weight between cross-links evaluated from the value of the 

inflection modulus of the ion-related rubbery plateau. Ali the experimental cross-ünk 

dcnsities determined were signifieantly lower than for other previously characterized 

highly clustered systems, such as poly(styrene-co-sodium methacrylate). Three distinct 

factors were postulated as contributing to the variations in properties observed among the 

different series. The bulkiness and rigidity of the units to whieh the pendant ionie groups 



(_ are attached, as weil as the efticiency of the terminal ionic groups in immobilizing the 

polymer backbone could explain the trends observed among both the alkyl and ether 

dcrivatives. The lower clustering tendency of the ether compounds, compared ta the 

alkyl derivatives, could he rationalized in terms of the solvating effcct of the alkyl aryl 

ether linkage of these ionomers. 

(. 
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Chapter 6. General discussion 

6.1. Conclusions and contributions to original 
knowledge 

Systcmatic variations were used ta examine the effec:ts of sorne sttuctural 

parametcrs on the dynamic mcchanieal properties of carboxylated styrCne ionomers. The 

matrix glass transition teD1pCratul'e of a styrene-sodium methacrylate (7 mole% ions) 

copolymer was lowered via alkylation with l-decene in a Friedel-Crafts type reaction. 

Alkylatcd ionomen with 0-100 mole% substitution of the styrene rings were obtained. 

Clustering was enhanced, relative to the nonalkylatcd ionomer. in alkylated 

samples with substitution levels of up to 15-20 mole,*,. At the higher alkylation levels. 

bowever, clustering was highly disrupted. The magnitude of the ion-related rubberlike 

modulus dropped by over an order of magnitude. This disruptive effeet was atttibuted to 

the bulky nature of the grafted alkyl chains. It was seen that the clusters. even though 

still detcctable in the dynamic meehanical data, did not cJnttibute significantly to the 

rheologieal properties of the ionomcrs. 

This plasticization study showed that Tg depression doc! indeed favor clustering. 

However, if the reduction in the glass transition temperaturc is achieved by the inclusion 

of bulky and flexible groups, beyond a certain point, clustering is disrupted, as in this 

case. 

The novel aspects of this work relies on the use of internaI plasticization to lower 

the Tg of the ionomers, rather than the addition of diluents. whicb have already been used 

on a few occasions. Grafting of the plasticizer onto the styrene rings bas a number of 

advantages, of which a stable composition may he the most significant. One of the major 

disadvantages of low molecular weight diluents is tha, they may evaparate at high 

temperature, resulting in a composition drift during the course of the experirncnt. 

Consequendy, the plastieizer content is often reponed as a range in these experiments. 
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The nonvolatile nature of the grafted plasticizer also makes it possible to obtain samples 

quite devoid of moisture, which is known to be very detrimental ta cluster formation. In 

the case of extemaI plasticization, both the nonplasticized ionomer and the diluent have 

to he carefully dried separately. The process involves a number of other manipulations 

which have ta he carried out under strictly anhydrous conditions. 

The same styrene-sodium Methacrylate (7 mole" ions) copolymcr was aIso used 

to examine th~ effect of the dielectric constant (relatcd ta the polarity) of the polymer 

matrix on the aggregation behavior of the ionomers. Minimal composition variations of 

the system studie<! were once more obtained through postpolymerization modification of 

the parent ct!polymer. Reaction conditions were dcveloped for the conttolled nittation of 

the styrene-methacrylic acid copolymer; the synthesis yieldcd materiaIs with a relaxed 

dielcctric constant comparable, at the higher nitration level, ta that of the acrylate 

ionomers. The selection of the nitro group to increase the polarity of the matrix was 

justified by the fact that apan from being very polar, it aIso lacks the capability of 

interacting significantly with ions. This, therefore, malees possible the elear separation of 

effects due ta polarity as opposed to specifie interactions. The results of the dynamic 

mcchanieal analysis showed no changes in the aggregation behavior of the nittated 

derivatives relative to the parent ionomer. 

This trend was confirmed and established more generally in a parallel study of the 

same ionomer plasticized with nitrobenzene. The observcd variations in the matrix and 

cluster-related glass transition tcmperatures were typical of nonpolar plasticizers, two 

essentiaIly parallel curves being obtained in a plot of matrix T g and cluster T g vs. 

nitrObenzene content. The rcsults of the nittation and nitrobenzene plastieization 

experiments showed that the aggregation behavior of ionomers is clearly not related to 

the polarity of the parent polymer. but is more likely related to specifie interactions, i.e. 

solvation effects due ta the ability of the polymer to interact with the ions. 
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A most innovative aspect of the approach used in the polarity effects study is the 

variation of the dielectric constant of an ionomer over a significant range with only 

minimal composition variations. This conb'aSts with prcvious auempts to explore 

dielectric constant effects, which were limited to comparing materials of a very different 

structure and composition. In tbis case, polymers were obtaincd which had a dielecttic 

constant comparable ta the acrylates, by introducing nitro groups on approximately one 

third of the styrene rings. 
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Finally, the effects of the distance of the ionic groups from the polymer backbone 

was studicd, also in carboxylated styrcne ionomers. In this case, however, the ionie 

groups were at the end of an alkyl chain attached at the para- position of the styrene units, 

rather than directly on the bac:kbone as in the two previous cases. The dynamie 

mechanical properties of the ianomers were examined bath as a function of the ion 

content and of the length of the spacer chain. Two analogous families of compounds 

were examined, containing a1kyl chains attached either directly to the styrene rings 

("alkyls") or through an alkyl aryl ether linkage ("ethers"). General synthe tic paths were 

developed for preparing dcrivatives of the alkyl and ether families with spacers of the 

desired length. The polymers prepared for this work contained either ca. 10 mole% of 

C2' C6' or CIl c.o-carboxylated alkyl chains (alkyl derivatives), or ca. 15 mole% of C2' 

CS, or Cil chains for the ether compounds. The trends observed among the different 

series of ionomers suggested that three distinet factors may have contributed to the 

different clustering behaviors. The bulkiness and stiffness of the units supporting the 

ionic groups tend to reduce clustering, presumably because steric effects lessen the 

efficiency of ion·ion and dipole-dipole interactions rcsponsible for cluster formation. 

The efticiency of the pendant ionic groups in immobilizing the polymer backbone was 

suggested to explain the lower ionic cross·link dcnsities obscrved in all the the ionomers 

studied, compared ta other highly clustered ionomer systems. Also. the decreased 

clustcring tendency of the ether dcrivatives relative to the alkyl compounds was 
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rationalized in tenus of ionic solvation effccts due te lÏle presence of the alkyl aryl ether 

linkages. 

Ali but the C2 alkyl and ether derivatives are completely new materials, and none 

of the ionomers had becn characterized in terms of mechanical properties. Given their 

novel charactcr, and the possibility they offer to invcstigatc thoroughly the effccts of 

ionic group spacing in ionomers, these polymen will be the subjcct of a numbcr of 

suosequent investigations. 

6.2. Suggestions for further work 
The studies done here have shown the importance of some molecular parameters 

in detcnnining the aggrcgation behavior of ionomers. A number of experiments could be 

designed to funher generalize and expand thc findings of the present work. Some of 

these were already identified as ongoing in the diffcrent chapten. These and other 

suggested experiments will he summarized here. according to the relation they bear to the 

present studies. 

6.2.1. Glass temperature variation studies 
Small-angle X-ray scanering experiments are currently under way to provide 

funher support to the interpretation presented for the dynamic mechanical data. In order 

to try avoiding the bulkiness effects encountered in the alkylatcd ionomers, it seems that 

it could he advantageous to try an alternate route to dccreasing the Tg of the polyr.1ers. 

This could be possible. for example, if terpolymen containing methacrylic acid, sryrene 

and variable proportions of a third flexible, yet not excessively bulky monomer unit (e.g. 

I-hexene) were prepared. A different polymerization technique (e.g. ionic) may have to 

he used for this purpose, since it seems unlikely that the relative reactivities of the 

monomers would be such as to allow the preparation of these terpolymers whith the more 

common free-radical initiation techniques. 

148 



6.2.2. Matrix polarity and specifie interactions 
It was shown that the dielecaic constant of the matrix alone docs not affect ion 

aggregation. However, it would be possible to explicitly confinn that specifie 

interactions (solvation effects) are mosdy responsible for the variations obscrved among 

differcnt ionomer systems. One way to do this would be through a systematic variation 

of the type of plasticizer used. Different types of diluents could he seleeted in relation to 

their polarity and ability to interact with ionic species. Tables of threc-dimensional 

solubility parameters (sec Chapter 3) could be used to assist in the selection of the 

diluents. Similar effccts eould also possibly he obtained in terpolymers including 

variable proportions of an interacting monomer unit (e.g. acrylamide). 

6.2.3. Ion spacing efTeets 
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The different copolymers prepared for the systematie ionic group spacing study 

are new materials with interesting features justifying a numher of additional propenies 

investigations. The presence of spacers and ether linkages in these derivatives make 

them distantly related to the perfluorinated membrane materials, and warrants swelling, 

ion diffusion and transpon studies accross membranes made of these materials. Il was 

also mentioned that an extensive SAXS investigation of these ionomers is currently under 

way. The aim in this case would he ta draw a parallel between the variations observed 

among the dynamic mechanical propenies of the different series of compounds and the 

characteristic dimensions of each system. The SAXS studies would also, hopefully, 

show significant structural differences among the ionomer series. ta account for the three 

factors postulated above as influencing ion aggrcgation. 

The exact mechanisms leading ta covalent cross-linking cou Id be the subject of 

funher investigations with the help of solid state NMR and/or IR spectroscopy, 

preferably on copolymers with a higher degree of substitution, or on model compounds. 
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Altemate synthetic routes could be used ta prepare the alkyl derivatives, but 

would result in polymers with a structure which is less clearly defined. One possibility 

would he 10 graft methyl esten of unsaturated aliphatic &cids (e.g. methyl 

lO-undeœnoate) dimctly onto the styrene rings with the help of a Friedcl-Crafts reaction 

analogous to the alkylation procedure described in Chapter 2. Rearrangement of the 

carbocationic intermediates would also he possible in this case, resulting likcwise in a 

mixture of isomers. Another approach would not resuIt in rearrangement of the chain, 

but would rather yield a mixture of 3- and 4-alkylated styrene units. In this case, 

polystyrene eould he metalated directly with a TMEDA-n-butyllithium complex 

according to the procedure given in Reference 46 of Chapter 1. The main advantage of 

this technique is that much smaller excesses of dibromoalkyl derivatives would he 

necessary to obtain the bromoalkylated polymerie intermcdiate. 

6.2.4. New ionomer systems 
Apart from the new systems described above, a number of other functional 

polymers could also be suggested as possible new ionomer systems. One example of this 

is the synthesis. currenùy under way. of sulfonated analogues of the styrene derivatives. 

A functionalized styrene polymer containing C4 su!fonate·terminated alleyl units in the 

para· position could he obtained by reacting the lithiated polymer of Chapter 4 with 

butane sultone. Ether derivatives could also be obtained by using tenninally brominated 

aliphatic sulfonic acid esters in the same reaction conditions used for the Williamson 

ether synthesis. 

Amines could be obtained by reacring the bromoalkylated polystyrene inter­

Mediates of Chapter 4 with e.g. dimethylamine. These should be thermally more stable 

than the vinylpyridine and N,N-dimethylaniline analogues (sec Appendix B). 
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It may be possible to obtain systematic chain length variation in the absence of a 

styrene ring (i.e. without bulkiness effects) using a ditTerent approach. This wou Id 

involve the pœparation of a styœne-vinyl alcohol copolymer as a fnt step. The alcohol 

could be ionized by adding a slrong base (e.g. butyllithium), and the polymer could then 

be used in a Williamson ether synthesis reaction to cifeet the coupling œaction as 

described in Chapter 4. 
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Appendix A. Copolymerization calculations 
Structure-properties studies of ionomcrs requirc the synthesis of copolymcrs with 

well-defined characteristics. In particular, it is useful 10 he able 10 predict what 

proportion of monomcrs in the fccd will resuIt in a copolymcr of the desired composition. 

AllO imponaDt to evaluatc is the dcgrcc of randomness of the monomen distribution. 

The random distribution of ionic groups along thc polymcr chain is of utmost importance 

in structure-properties studies of ionomcrs: It is well-known that the propcrties of 

ionomers (and polymcrs in general) with a "blocky" sttuctwe are very different from 

their random countcrpans. 

While calculations for monomer fccd composition tend to he long and repctitive, 

it becomes almost impossible to evaluatc the average copolymcr composition obtained 

since, as will be pointcd out later, numerical intcgration is best suited for that purposc. 

Two programs are suggested here to pcrfonn copolymer composition and comonomer 

sequence length distribution calculations. The relevant mathematical principles are 

rcvicwcd for the convenience of the relder, followed by the program listings and sample 

calculations sessions for the materials prepared for this work. 

A few styrene copolymers were prepared for this work, either as direct precursors 

for ionomers (mcthacrylic acid copolymers), or as intcrmediatcs uscd in functionalization 

reactions (bromostyrene and methoxystyrCne copolymcrs). The reactivity of substituted 

unsaturated bonds in radical chain polymcrization varies, dcpcnding on the ability of the 

substituents to stabilizc the radicals formed Furthcrmore, the polymerization bchavior of 

monomers in a copolymerl.~tion reaction can bc very different from that in 

homopolymcrization. Odian l , for example, points out that while cenain monomers lite 

malcic anhydride and stilbcne have little or no tendency to homopolymcrizc, they easily 

undcrgo copolymerization with frec-radical initiation. The following is a summary of the 

factors involved in dctcrmining the conditions necdcd to producc copolymers with the 

desircd characteristics, as prescntcd by Odian 1 and Flory2. 
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A.I. Copolymer composition 
The composition of the copolymer formed from a given monomer mixt~ 

("feed") can intuitively be expected to dcpend on the relative concentrations of each 

monomer in the feed, but also on the reactivities of the monomer units with respect to 

each other. Once a polymer chain is initiated (either thermally or by a radical initiator 

added for this purpose). four different types of reactions May occur at the end of the 

chain (R) to propagate il. HM 1 and M2 zepresenl the two comonomers, Ml'" and M2 ... 

the conesponding radicals al the end of the chain. and it is assumed that the reactivity of 

the propagating chain only depends on the last unit added. the se reacdons may he 

described as 

... 
MI 

kll ... 
(Eq. A.l) R-MI + > R-MI 

... k12 ... 
R-MI + M2 > R-M2 (Eq. A.2) 

... 
MI 

k21 ... 
(Eq. A.3) R-M2 + > R-MI 

... 
M2 

k22 ... 
(Eq. A.4) R-M2 + > R-M2 

where kmn is the rate constant for a polymer chain tcnninated by an Mm'" radical and 

propagated by adding an Mn unit. The rates of disappearance of monomers 1 and 2 are 

therefoze 

-d[Mll 

dt 
(Eq. A.S) 

(Eq. A.6) 
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where lM 1 *] and [M2 *] repœsent shon hand notation for the concentration of 

propagating centers. The instantaneous copolymer composition is then given by 

(Bq. A.7) 

The [M 1 *] and [M2 *] factors can be eliminated from Eq. A.7 if it is assumed that 

they are constant (steady-statc assumption), in which case their rates of interconversion is 

equal: 

(Bq. A.8) 

Substituting Eq. A.8 into Eq. A.7, rearranging and dividing both the numerator and 

denominator by k21 [M2 *] [M2]' 

=--------------------- (Eq. A,9) 

is obtained where fI and r2 arc deïmed as the copolymerization reactivity ratios 

(Eq. A.lO) 

and are a meas ure of the ratio of rates of homogeneous as opposed to heterogeneous 

addition of the monomers. Equation A.9 represents the copolymer composition 

expressed as a function of concentration of the monomcrs in the feed. It can also he more 

convcniently expressed in tcrms of molc fractions in thc fecd (fn> and in thc polymcr (Fn> 

as 
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using the idcntities 

fI 1 - f2 
[MI] 

(Eq. A.12) = = 
[MIl + [M21 

FI 1 - P2 
d[MIJ 

(Eq. A.13) = = 
d[M Il + d[M2] 

Equation A.II was used in the BASIC copolymerization calculations program given in 

Appendix A.4. Examples of calculations are also given for the methacrylic acid. 

4-bromostyrene and 4-methoxystyrene copolymers. 

The copolymerization rcactivity ratios are dctcrmined experimcntally from the 

analysis of copolymers fonncd al various comonomer mole fractions. An extensive 

tabulation of comonomer rcactivity ratios is available3 for various polymerization 

conditions. In the event that rt. r2 values arc not available for a given monomer pair. the 

more generaI Q-e scheme suggestcd by Alfrey and Price4 may he uscful. The method is 

esscntially bascd on structure-rcactivity correlations in the copolymerization of a given 

monomer with many different comonomers. The reactivity ratios may he calcuJated from 

tabulatedS Q and e values as 

= (Bq. A.14) 

= (Bq. A.lS) 
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The values thus obtained, Ü not as accurate as the ri' r2 values determined 

experimentally, are nevertheless general1y a quite reliable approximation. 

A.2. Sequence length distribution 
The microstructure of the polymer chains produced in a copolymerization process 

may be expected to vary with the comonomer concentration in the feeci, but also with the 

ri and r2 values, since these control the relative amounts of each comonomer 

incorporated into the chain. Because the ri and r2 values are related to the probabilities 

of forming monomer diads, the type of polymer obtained in a copolymerization process 

will also depend on these values. l'bree limiting cases cao be observeci, leading to either 

purcly random (statistical), altemating or blocky copolymer structures. 

For rl·r2 = l, both monomers get incorporated in the copolymer at rates 

proportional to their reactivity ratios, and result in a truly random copolymer. A special 

case of ideal copolymerization with ri = r2 = 1, refelTCd to as azeotropic 

copolymcrization, yiclds a copolymer with a composition identical to the monomer fced. 

Allemating copolymers are obtained when each propagating monomer radical 

preferentially adds a monomer unit of the other type. This happens when rrr2 tends 

towards zero. On thc conttary, when the propagating radical has more tendency to add to 

a monomer unit of its own type (i.e. rl·r2 » 1), long sequences of the same monomer 

unit May be included in the polymer, leading to a "blocky" structure. 

The actual monomer unit sequence probability May be caiculated statistically, for 

given ri' r2 values and monomer concentrations. The probability of forming an MIMI 

diad sequence, Pli' depends on the rates for the addition of Ml· to MI over the sum of 

rates for the addition of Ml· to Ml and M2' or 

Pu 
RU 

=------
Rn + RI2 

rI 
=-----------------

ri + ([M21/[Ml]) 
(Eq. A.16) 
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Lft Similarly, the probabilities of forming Ml M2' M2M l' and M2M2 diads are 

R12 [M2] 
(Bq. A.17) P12 = = 

Rn + R12 rI [Ml] + [M2] 

R21 [Ml] 
(Bq. A.18) P21 = = 

R21 + R22 r2 [M2] + [Ml] 

R22 r2 [M2] 
(Bq. A.l9) P22 = = 

R21 + R22 r2 [M2] + [Ml] 

The probability of a sequence of MI units of length x to be fonned is therefore 

(Eq. A.20) 

and similarly for the M2 units, 

(Eq. A.21) 

Equations A.16 through A.21 can therefore be used to calculate the expected monomer 

sequence length disttibution for given fi' r2 values and monomer feed composition. A 

BASIC program perfonning this task is given in Appendix A.4, together with sequence 

length disttibution calculations for the three copolymers prepared for this work. 

A.3. Copolymer composition heterogeneity 
It was pointe<! out earlier that for rI = r2 = 1, truly random copolymers are 

obtained, with proportionally equal amounts of each monomer consumed as the 

conversion increases. Consequently, the instantaneous composition of the copolymer 

chains produced is the same regardless of the extent of reaction. However, this is not the 

case when each monomcr is not included in the chains proportionally, i.e. when fi and 
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f2 '* 1. One of the monomers may get incorporated prefeœntially. leading ta a dcpletion 

of this type of monomer unit in the feed, and a resulting decrease in the content of this 

monomer in the chains as the conversion increases. The net result is a drift in the average 

copolymer composition. since the chains formed at a later reaction stage may have a 

composition significandy different from that of thOIe formed at the beginning of the 

polymerization. 

An equation has been proposed6 to relate the dcgree of conversion (1 - MIMa> to 

changes in feed composition as 

M 
1 - = (Bq. A.22) 

with the factors a, ~, Y. and 5 dcfmed as 

~ 
fi 

= a = 
(1- rt) 

(Bq. A.23) 

5 
(1 - r2) 

= 
(2 - rI - r2) 

and monomers 1 and 2 defined 50 that FI> fI' corresponding to a dcplerion of monomer 

1 in the feed as the conversion increase~. Although these calculations were also includcd 

inirially in the ~opolymerization calculations program of Appendix A.4, it was found that 

Eq. A.22 can give rather unpredictable results for cenain combinations of ri' r2 values, 

and panicularly ri and r2 close to 1 and rt < r2 at low concentrations of monomer 1. Il 

was therefore preferred to direcdy integrate the instantaneous copolymer composition 

equation (Eq. A.Il) numerically in the program of Appendix A.4. to obtain the maximum 

conversion pennissible for a specified degree of heterogeneity. 
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A.4. Program listings and examples 
A.4.1. CopolymerizatioD calculatioDs program listing 

The following listing is for a BASIC program dcsigned for the IBM-PC computer 

and runs with the IBM BASIC (BASICA) or the Microsoft Quickbasic compiler. Both 

the source listing and the compüed version of the program are included on Supporting 

Data Disk 12. 

10 REM Copolymerization calculations 
20 REM Program COPOL Y.BAS 
30 REM By Mario Gauthier -- May S, 1984 
40 REM Modified Oct. 17, 1984 
SO CLS 
60 PRINT' COPOLYMERIZATION CALCULATlONS":PRINT:PRlNT 
70 LINE INPUT "Enter heading: ";HS 
80 LPRINT"Copolymerization Calculations -- ";H$:LPRINT:LPRINT 
90 INPUT ". Value of ri (comonomer)";Rl 
100 LPRINT ". Value ofrl (comonomer) = ";Rl 
110 INPUT ". Value of r2 (main monomer)";R2 
120 LPRlNT"· Value ofr2 (main monomer) = ";R2 
130 INPUT ". Molecular weight of comonomer";MWI 
140 LPRlNT"· Molecular weight of comonomer = ";MWl 
ISO INPUT ". Molecular weight of main monomer";MW2 
160 LPRlNT"· Molecular weight of main monomer = ";MW2 
170 INPUT ". Total weightofmonomers used";WTOT 
180 LPRlNT ". Total weight of monomers used = ";WTOT 
190 INPUT'· Degree ofheterogeneity (0 - 1)";H 
200 LPRlNT"· Degree of heterogeneity = ";H 
210 PRINT 
220 LPRlNT 
230 INPUT ". Mole fraction of comonomer (999 to exit)";Fl 
240 IF FI <>999 THEN LPRINT"· Mole fraction of comonomer = ";Fl 
250 IF FI=999 THEN END 
260 F2=l-Fl 
270 IF (Rl=l) AND (R2=I) TIiEN Xl=Fl: GOTO 290 
280 GOSUB 840 : REM Solve for fi 
290 PRINT USING" Comonomer mole fraction in feed = #.####";Xl 
300 LPRlNT USING" Comonomer mole fraction in feed = #.#HI";Xl 
310 XISTART=Xl : REM n(O) for integration 
320 REM Assume 100 g of main monomer used for calculations 
330 T1LMOL=I00/(MW2*(l-XI» 
340 Wl=(TILMOL-l00/MW2)·MWl 
350 Wl=Wl·WTOT/(100+Wl) : REM Now reconvened to proper weight 
360 PRINT USING Il Main monomer weight= IHIH."";WTOT-Wl 
370 LPRlNT USING" Main monomer weight = #IH.H";WTOT-Wl 
380 PRINT USING" Comonomer weight= #H#H.#H#";Wl 
390 LPRINT USING Il Comonomer weight = IHHHt.H";Wl 
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400 IF (RI=I) AND (R2=1) THEN MAXCONV=I : OOTO 560 
410 REM Integrate the copolymerization equation numerically 
420 REM to evaluate the drift in the average copolymer composition 
430 W2=WTOT-Wl : MI=Wl/MWI : M2=W2/MW2 : MTOT=Ml+M2 
440 XI=XlSTART: X2=l-XISTART: AVGCOMP=O 
450 SLICES=200 : REM Resolution of 0.5% conversion 
460 FOR I=l/SLICES 10 1 STEP l/SLICES 
470 FlPOL=(Rl *Xl"2+XI*X2)/(Rl*Xl"2+2*XI*X2+R2*X2"2) 
480 IF (FlPOL<(Fl*(l-H») OR (FlPOL>(FlI(l-H») nŒN 550 
490 AVGCOMP=AVGCOMP+F 1 POL 
500 MGONEl=MTOT/SUCES*FlPOL 
510 MGONE2=MTOT/SUCES*(1-FlPOL) 
520 Ml=Ml-MGONEl : M2=M2-MGONE2 
530 XI=Ml/(Ml+M2) : X2=l-Xl 
540 MAXCONV=I 
550 NEXTI 
560 PRINT USING" Maximum conversion: #.###";MAXCONV 
570 LPRINT USING" Maximum conversion: #.###tI;MAXCONV 
580 IF (RI=l) AND (R2=1) THEN PRINT: PRINT: LPRINT : LPRINT : OOTO 210 
590 A VGCOMP=AVGCOMP/(MAXCONV*SUCES) 
600 PRINT USING" Average composition expected: #.####l'';A VGCOMP 
610 PRINT 
620 LPRINT USINO" Average composition expected: #.####";A VOCOMP 
630 INPUT" Mike calculations for a differcnt conversion (y/n)";A$ 
640 IF ((LEFI'$(A$,I)<>"y") AND (LEFT$(A$,I)<>"Y"» mEN 810 
650 INPUT" Enter the desired conversion: ",CONV 
660 REM Reintegrate the equation over the desired range 
670 W2=WTOT-Wl : Ml=Wl/MWl : M2=W2/MW2 : MTOT=Ml+M2 
680 Xl=XlSTART: X2=1-XlSTART : AVGCOMP=O 
690 FOR I=CONV/SLICES TO CONV STEP CONV /SLICES 
700 FlPOL=(Rl*Xl "2+Xl*X2)/(Rl*Xl "2+2*Xl*X2+R2*X2"2) 
710 AVGCOMP=AVOCOMP+FlPOL 
720 MGONE 1 =(MTOT*CONV)/SUCES *Fl POL 
730 MGONE2=(MTOT*CONV)/SUCES*(1-FlPOL) 
740 Ml=Ml-MGONEl : M2=M2-MGONE2 
750 Xl=Ml/(Ml+M2) : X2=I-Xl 
760 NEXTI 
770 AVGCOMP=A VGCOMP/SLlCES 
780 PRINT USING" Average composition expected: #.####";A VGCOMP 
790 PRINT : PRINT 
800 LPRlNT USL~G" Average composition for ###% conversion: 

#.####t";CONV*lOO;A VGCOMP 
810 LPRINT : LPRINT 
820 GOT021O 
830 REM Subroutine to solve for fI (Called Xl herc) 
840 A=Fl*RI-RI-2*Fl+l+Fl*R2 
850 B=2*Fl-l-2*Fl*R2 
860 C=Fl*R2 
870 XlR=(-B+SQR(B"2-4*A*C»/2/A 
880 X2R=(-B-SQR(B"2-4*A*C»,I2/A 
890 IF «XlR>=O) AND (XIR<=l» TIlEN Xl=XlR 
900 IF «X2R>=O) AND (X2R<=l» TIlEN Xl=X2R 
910 REnJRN 
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A.4.2. Running the program 
The program is staned by simply lyping its name from the currendy logged drive 

(assumed to be drive A in this example): 

A>COPOLY 

It should be noted that the run-lime library module BRUN20.EXE also has to be on the 

same diskette, if the compUed version of the program is to be used. What follows is a 

sample session involving calculations for a styrene-methacrylic acid copolymer with an 

initial composition of 10 mole% acid (Chapters 2 and 3). The screen output used to 

obtain input data trom the user is given first: 

COPOL YMERIZATION CALCULATIONS 

Enter heading: Methacrylic acid copolymer 
,.. Value ofrl (comonomer)? .7 
,.. Value ofa (main monomer)? .15 
,.. Molecuiar weight of comonomer? 86.09 

161 

,.. Molecular weight of main monomer? 104.16 
,.. Total weight ofmonomers used? 100 
,.. Degree of heterogeneity (0 - 1)? .3 

,.. Mole fraction of comonomer (999 to exit)? .1 
Comonomer mole fraction in feed = 0.0181 
Main monomer weight= 98.50 
Comonomer weight= 1.50 
Maximum conversion: 0.085 
Average composition expected: 0.0854 

Malee calculations for a different conversion (yIn)'? y 
Enter the desired conversion: .15 
Average composition expected: 0.0738 

,.. Mole fraction of comonomer (999 to exit)? 999 

The maximum conversion calculated (accurate to ca. 0.005 or 0.5%) is for the degree of 

heterogeneity specified by the user (here 0.3 or 30%). The average copolymer 

composition resulting from changes in monomer fee<! composition is also estimated by 
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numerical integration of the instantaneous copolymer composition equation (Bq. A.ll). 

As can bc seen above, it is possible, however, ta re-do the expectcd composition 

calculations for a different degree of conversion, if the maximum conversion suggested is 

impractical (e.g. too high). A hard copy of the calculations donc is also obtained on the 

printer: 

Copolymerization Calculations -- Methacrylic acid copolymer 

'" Value of ri (comonomer) = .7 
'" Value of r2 (main monomer) = .15 
'" Molecular weight of comonomer = 86.09 
'" Molecular weight of main monomer = 104.16 
'" Total weight of monomers used = 100 
'" Degree of heterogeneity = .3 

'" Mole fraction of comonomer = .1 
Comonomcr mole fraction in feed = 0.0181 
Main monamer weight = 98.50 
Comonomer weight = 1.50 
MWLimum conversion: 0.085 
A verage composition expected: 0.0854 
Average. composition for 15% conversion: 0.0738 

The printouts of the copolymerization calculations for the 4-bromostyrene and 

4-methoxystyrene copolymers prepared in Chapter 4 are also included here. 

Copolymerization Calculations -- 4-Bromostyrene copolymer 

'" Value of ri (comonomer) = .97 
'" Value of r2 (main monomer) = .695 
'" Molecular weight of comonomer = 183.06 
'" Molecular weight of main monomer = 104.16 
'" Total weight of monomers used = 100 
'" Degree of heterogeneity = .3 

'" Mole fractiO'l of comonomer = .165 
ComoJ1omer mole fraction in feed = 0.1271 
Main mODomer weight = 79.63 
Comonomer weight = 20.37 
Maximum conversion: 0.705 
Average composition expected: 0.1443 
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Average composition for 80% conversion: 0.1396 

Copolymerization Calculations -- 4-Methoxystyrene copolymer 

• Value of rl (comonomer) = .93 
• Valueofr2 (main monomcr) = 1.13 
• Molecular weight of comonomer = 134.19 
• Molecular weight of main monomer = 104.16 
• Total weight of monomers used = 100 
• Degree of heterogcneity = .3 

• Mole fraction of comonomcr = .15 
Comonomer mole fraction in fecd = 0.1652 
Main monomer wcight = 79.68 
Comonomer weight = 20.32 
Maximum conversion: 0.980 
Average composition expcctcd: 0.1638 
Average composition for 60% conversion: 0.1548 

A.4.3. Sequence length distribution program listing 
The following BASIC l'rogram pmv~ded here performs sequence length 

disttibution caIculations according to equations A.16 through A.21. The source listing 

and the compiled version of the program can aIso be found on Supporting Data Disk #2. 

10 REM Sequence-Iength distribution calculations 
15 REM Program DISTR.BAS 
20 REM by Mario Gauthier -- Oct. 31, 1984 
30 CLS 
40 PRINTTAB(lO) "SEQUENCE LENGTHDIS1RffiUTION CALCULATIONS" 
50 PRINT:PRINT 
60 INPUT ". Value ofri (comonomer): Il ,RI 
70 LINE INPUT ". Identification of comonomer: ";11$ 
80 INPUT ". Value ofr2 (main monomer): ",R2 
90 LINE INPUT "* Identification of main monomer: ";12$ 
100 INPUT "* Maximum value of sequence length: ",xMAX 
110 PRINT:PRINT:PRINT 
120 LPRINTTAB(lO) "SEQUENCE-LENGTH DISTRIBUTION" 
130 LPRINT:LPRINT 
140 LPRINT "Comonomer: ";11$;" rI= ";Rl 
150 LPRINT "Main monomer: ";12$;" r2= ";R2 
160 LPRINT:LPRINT:LPRINT 
170 LINES=8 
180 INPUT ". Mole fraction ofcomonomer in feed (0 to END): ",MI 
190 M2=I-Ml 
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200 IF MI=O THEN END 
210 LPRINT .. * Mole fraction of comonomcr in fccd: ";MI 
220 FlPOL=(Rl *M 11\2+M 1 *M2)/(Rl *Ml"2+2*Ml *M2+R2*M21\2) 
230 LPRINT USING .. in polymcr: i.##HI#";FlPOL 
240 LPRINT:LINES=LINES+4 
250 LPRINT" X" TAB(8) "N 1 (X)" TAB(18) "Nl(tot)" TAB(28) ftN2(X)"; 
260 LPRINT TAB(38) "N2(tot)" 
270 Pl l=R lI(R 1 +(M2/M 1» 
280 P12=M2/(Rl*MI+M2) 
290 P21=Ml/(R2*M2+MI) 
300 P22=R2* M2/(R2* M2+M1) 
310 NTOTl=O: NTOT2=O 
320 FOR X= 1 TO XMAX 
330 IF UNES <= 55 THEN 360 
340 FOR J=LINES TO 66:LPRINT:NEXT J 
350 LINES=O 
360 NIX=P11"(X-I)*PI2 
370 N2X=P22"(X-I)*P21 
380 NTOTl=NTOTl+NIX: NT0T2=NT0T2+N2X 
390 LPRINT USING "#### #1.##### #.##### #.1##### u;X;NIX;NTOTl;N2X; 
400 LPRINT USING "#.##### u;NTOT2 
410 LINES=LINES+ 1 
420 NEXTX 
430 LPRINT:LPRINT:LlNES=LINES+2 
440 PRINT:PRINT 
450 GOTO 180 

A.4.4. Running the program 
As before. the program is staned by typing its name from the currently logged 

drive: 

A>OISTR 

The following information is requested from the user on the console (using the styrene­

methacrylic acid copolymer as an example. as before): 

SEQUENCE LENGTH DISTRIBUTION CALCULATIONS 

* Value of rI (comonomer): .7 
* Identification of comonomer: Methacrylic acid 
* Value ofr2 (main monomer): .15 
* Identification of main monomer: Styrene 
* Maximum value of sequence length: 20 

)je Mole fraction of comonomer in feed (0 to END): .0181 
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• Mole fraction of comonomer in fced (0 to END): 0 

The printcr output providcs the probabilities of 6nding sequences of X 

consecutive monomer units (X=l to the upper boundary specified by the user; here 20 

was uscd) along the chain. These arc denotcd Nl(X) and N2(X) for the comonomer and . 
the main monomer, respective1y. The cumulative probabilities Nl(tot) and N2(tot) arc 

also given, as a measure of the total amount of monomers 1 and 2 accounted for so far in 

the analy~is. 

SEQUENCE-LENGTH DISTRIBUTION 

Comonomer: Methacrylic acid rl= .7 
Main monomer: Styrene r2= .15 

Ile Mole fraction of comonomer in feed: .0181 
in pol ymer: 0.0998 

X Nl(X) Nl(tot) N2(X) N2(tot) 
1 0.98726 0.98726 0.10944 0.10944 
2 0.01258 0.99984 0.09746 0.20691 
3 0.00016 1.00000 0.08680 0.29370 
4 0.00000 1.00000 0.07730 0.37100 
S 0.00000 1.00000 0.06884 0.43984 
6 0.00000 1.00000 0.06130 0.50114 
7 0.00000 1.00000 0.05460 0.55574 
8 0.00000 1.00000 0.04862 0.60436 
9 0.00000 1.00000 0.04330 0.64766 
10 0.00000 1.00000 0.03856 0.68622 
Il 0.00000 1.00000 0.03434 0.72056 
12 0.00000 1.00000 0.03058 0.75114 
13 0.00000 1.00000 0.02724 0.77838 
14 0.00000 1.()()()OO 0.02425 0.80263 
IS 0.00000 1.00000 0.02160 0.82423 
16 0.00000 1.00000 0.01924 0.84347 
17 0.00000 1.00000 0.01713 0.86060 
18 0.00000 1.00000 0.01526 0.87586 
19 0.00000 1.00000 0.01359 0.88944 
20 0.00000 1.00000 0.01210 0.90154 
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( . It can he seen that the comonomcr units are obtained mostly (98.7%) as isolated species 

along the chain, satisfying the requirements for randem (as opposcd to blocky or 

altemating) microstructure. This is also the case of the 4-bromostyrene and 

4-melhoxystyrene copolymers: 

(. 

( 

SEQUENCE-LENGTH DISTRIBUTION 

Comonomer: 4-Bromostyrene rl= .99 
Main monomer: Styrene r2= .695 

... Mole fraction of comonomer in feed: .1268 
in polymer: 0.1650 

X Nl(X) NI (tot) N2(X) 
1 0.87431 0.87431 0.17283 
2 O.l098Q 0.98420 0.14296 
3 0.01381 0.99801 0.11825 
4 0.00174 0.99975 0.09781 
5 0.00022 0.99997 0.08091 
6 0.00003 1.00000 0.06693 
7 0.00000 1.00000 0.05536 
8 0.00000 1.00000 0.04579 
9 0.00000 1.00000 0.03788 
10 0.00000 1.00000 0.03133 
11 0.00000 1.00000 0.02592 
12 0.00000 1.00000 0.02144 
13 0.00000 1.00000 0.01773 
14 0.00000 1.00000 0.01467 
15 0.00000 1. ()()()()() 0.01213 
16 0.00000 1. ()()()()() 0.01004 
17 0.00000 1. ()()()()() 0.00830 
18 0.00000 1. ()()()()() 0.00687 
19 0.00000 1.00000 0.00568 
20 0.00000 1. ()()()()() 0.00470 

N2(tot) 
0.17283 
0.31579 
0.43404 
0.53185 
0.61276 
0.67969 
0.73505 
0.78084 
0.81872 
0.85005 
0.87596 
0.89740 
0.91513 
0.92980 
0.94193 
0.95197 
0.96027 
0.96714 
0.97282 
0.97751 
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SEQUENCE-LENGTIi DISTRIBUTION 

,. 
Comonomer: 4-Methoxystyrene rl= .93 
Main monomer: Styrene r2= 1.13 

• Mole fraction of comonomer in fced: .1652 
in polymcr: 0.1500 

X Nl(X) NI (tot) N2(X) 
1 0.84457 0.84457 0.14903 
2 0.13127 0.97584 0.12682 
3 0.02040 0.99624 0.10792 
4 0.00317 0.99942 0.09184 
5 0.00049 0.99991 0.07815 
6 0.00008 0.99999 0.06650 
7 0.00001 1.00000 0.05659 
8 0.00000 1.00000 0.04816 
9 0.00000 1.00000 0.04098 
10 0.00000 1.00000 0.03487 
11 0.00000 1.00000 0.02968 
12 0.00000 1.00000 0.02525 
13 0.00000 1.00000 0.02149 
14 0.00000 1.00000 0.01829 
15 0.00000 1.00000 0.01556 
16 0.00000 1.00000 0.01324 
17 0.00000 1.00000 0.01127 
18 0.00000 1.00000 0.00959 
19 0.00000 1.00000 0.00816 
20 0.00000 1.00000 0.00694 

A.S. References 

N2(tot) 
0.14903 
0.27584 
0.38376 
0.47560 
0.55375 
0.62025 
0.67685 
0.72500 
0.76599 
0.80086 
0.83054 
0.85579 
0.87728 
0.89557 
0.91113 
0.92438 
0.93565 
0.94524 
0.95340 
0.96034 

(1) Odian, G. Principles of Polymerization, 2nd ed.; Wiley: New York, 1981. 

(2) Flory, P.J. Principles of Pol ymer Chem;slry; Comell University: Ithaca, 1953; p 140. 

(3) Young, L.J. In Polymer Handbook, 2nd ed.; Brandrup, 1., Immergut, E.H., Eds.; 

Wiley: New York, 1974; P 11-105. 

(4) Alfrey, T., Ir.; Priee, c.e. J. Polym. Sei. 1947,2, 101. 

(5) Young, L.I. In Pol ymer Handbook, 2nd ed.; Brandrup, 1., Immergut, E.H., Eds.; 

Wiley: New York, 1974; p 11-387. 

(6) (a) Meyer, V.E.; Lowry, G.G. J. Polym. Sei. A3, 1965, 2843. (b) J. Polym. Sei. C25, 

1968, 11. (c) J. Polym. Sei., Polym. Lell. Ed. 1979, 17, 701. 
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Appendix B. Preparation of poly(styrene-co-
4-N ,N -dimethylaminostyrene) 

B.I. Introduction 
Previous dynamic mechanical studies of styrene-medlylpyridinium iodide 

ionomen 1 have shown no evidcnce of large scale ionic aggregation (clustering). In arder 

to funher the knowledge of styrene-based ionomers containing quatemized amine 

groups, a study of 4-N,N-dimethylaminostyrene (OMAS) ionoDlCrs was undenaken to 

fonn a comparative structure-propenies investigation together widl the vinylpyridinium 

series. Given the very distinct nature of 4-N,N-dimethylaminostyrene (a tertiary amine) 

compared with 4-vinylpyridine (a heterocyclic aromatic amine), it seemed intercsting to 

compare the dynamic mechanical properties of the two series. 

The preparation of 4-N,N-dimethylaminostyrene has been described on a few 

occasions in the chemical literature2-7. Although von Braun and Blessing2 initially 

obtained it by dehydrating trimethyl-p-(4-N,N-dimethylaminophenyl) ethyl ammonium 

hydroxide, the dehydration of 4-N.N-dimethylaminophenylmethyl carbinol is usually the 

preferred synthetic route. The carbinol is prepared in a Grignard reaction from methyl 

iodide and 4-N,N-dimethylaminobenzaldehyde. Oehydration of the carbinol has been 

reported by simple distillation at reduced pressure3, flash distillation in the same 

conditions4,5, and flash distillation6 or passage of the vapors 7 over activated alumina. 

Other carbinols have also been dehydrated over fused potassium acid sulfate in the 

presence of inhibitors8. Of aIl the techniques tested, flash distillation over activated 

alumina gave the highest yield, and was the preferred approach here. 

Copolymers of 4-N.N-dimethylaminostyrene with styrene have been rcponed in 

the literature7,9. In one case9, differential scanning calorimetry (OSe) was used to 

characterize both random and black copolymers with amine contents ranging from 30 to 

100 mole%. No studies of the quatemized amine were found. however. Random 
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.1 " dimethylaminostyrene (DMAS) copolymers containing about 2.S to 10 mole'*> amine 
'i..t..i 

were therefore prepared for this work in a radical bulk copolymerization process with 

2,2'-azobis-isobutyronitrile (AlBN) used as initiator. The ionomers were obtained by 

quatcmization of the amine with methyl iodidc according to a known technique 1. 

Differentiai scanning calorimetry measurements on the ionomers, preliminary ta 

the dynamic mechanical analysis, were unfonunately very dcceptive: dcquatemization of 

the products was observed at about the glass transition temperature of the polymers, 

making them unsuitable for the intended dynamic mechanicaJ analysis. Neverthclcss, 

this may not preclude their study in the form of ionic-ionic blcnds with low Tg materials 

(e.g. ethyl acrylate-sodium acrylate ionomcrs), or particularly as alkylated samples 

(l-decene with aluminum chloridc, see Chaptcr 2), in the light of recent anaJogous 

studies done on 4-vinylpyridinium ionomers 10, 

B.2. Experimental 

B.2.1. Preparation of 4-N,N -dimethylaminostyrene 
The method used was a combination of the techniques suggested by Hall et aI. 5 

and by Sélégny6. A solution of methyl iodide (60 g, 0.21 mol, A&C American 

Chemicals reagent) in anhydrous diethyl ether (Mallinckrodt) was added with stirring ta 

10.0 g (0.412 mol) of dry Magnesium turnings (A&C reagent) contained in a 2 L lhree­

neck flask fittcd with a condenser and in a dry nitrogen atmosphere. The reaction, 

initially vigourous. was moderated by cooling the flask in an ice-water bath. The 

solution was refluxed with stining for 1 hour longer, followed by the slow addition of a 

solution of 4-N,N-dimethylaminobenzaldehyde (A&C reagent. 50 g. 0,17 mol) in 

anhydrous ether (1 L) over about 3 hours. The organomagnesium product was 

decomposed with a saturatcd solution of ammonium chloridc (100 mL) with addcd 

hydrochloric acid (lOM, 10 ml). The organic layer was dried ovcr anhydrous sodium 
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sulfate and the ether rcmovcd, to give the lemon-yellow 4-N ,N-dimethylaminophenyl­

methylcarbinol in 85-9S% yield. 

The substitutcd styrene was obtained in about 8S-90% purity (NMR) by 

dehydration in the flash distillation of the carbinol over activatcd alumina at 

3.3mm/lSS-16S ·C. The product was funher pt!rified by two fractional distillations at 

reduced pressure (b.p. 9S-97 ·CIl.S mm, lit.: 98 ·CI 3mm~. 

B.2.2. Preparation of poly(styrene-co-4-N,N-dimethyl­
aminostyrene) 

Styrene monomer (Aldrich 99%, inhlbited with 10-15 ppm 4-t-butylcatechol) was 

washed three times with a S% aqueous sodium hydroxidc solution in a separatory funnel 

to remove the inhibilor. The organic phase was dried ovemight and distilled over 

calcium hydride (Aldrich, 95+%, 40 mesh) at reduced pressure (bp. 47-48 'C/22 mm). 

The two monomers were mixed in different proportions (Table B.l) for 

4-N,N-dimethylaminostyrene contents in the polymer ranging from about 2.5 to 

10 mole% calculated from copolymerization reactivity ratios ri = (1.015 ± 0.06) and 

r2 = (0.84 ± 0.05) Il. Azobisisobutyronitrile (AIBN) was used as a radical initiator in the 

bulk copolymerization of the monomers. The monomer mixtures were transferred to 

250 ml ampoules which were degassed with three freeze-thaw cycles under vacuum and 

sealed. Polymerization was carried out al 60 "C for the times indicated in Table B.l. The 

polymers were recovered by dilution with 1-2 volumes of toluene followed by 

precipitation in methanol with vigourous stirring. The recovered copolymers were fmally 

dried in a vacuum oven at 60 'C for a few days. 

B.2.3. Copolymers analysis 
The DMAS content of the copolymers was determined in acid-base titrations of 

0.3 to 0.7 g samples (depending on their amine concentration) in chlorobenzene or 
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Table B.l. Monomer feed compositions in the preparation of styrCne-

4-N,N-dimetbylaminostyrene (DMAS) copolymen. The weight of styrene monomer 

used wu 1001 in ail cases; fI represents the mole ûaction of amine in the feed. 

WeightDMAS WcightAIBN fi Polymerization 

(g) (g) time (hours) 

3.69 0.90 0.0255 9.50 

7.61 0.90 0.0511 9.50 

11.76 0.50 0.0768 11.00 

16.18 0.35 0.\027 13.61 

1,2-dichlorobenzcne with perchloric acid in glacial acetic acid, according to a technique 

suggested by Burleigh et al. 12 for butadiene-4-vinylpyridine copolymers. Thc perchloric 

acid solution was standardizcd against anhydrous sodium carbonatc in a 4: 1 

chlorobenzcne/acetic acid solvent. This standardization techniquc was prcfcrred to the 

original approach 12 using only glacial acetic acid, becausc of the much sharpcr end point 

thus obtained. Blank corrections were included in the DMAS content calculations. 
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The molecular weights of the nonquatemized polymers werc dctermined by 

viscomettic measurements in toluene at (25.00 ± 0.02) 'C using Ubbelohde-type 

viscometers. The data were analyzed by neglecting the presence of the amine, and taking 

the average of two values calculated for Mark-Houwink constants of 

k = l.34 x 10-2 mUg, a. = 0.71 13, and k = 1.1 x 10-2 mL/g, a = 0.69 14, rcspectively. 
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8.2.4. Quaternization and dequaternization studies 
The DMAS copolymers WeIe quaternized by retluxing in dry tetrahydrofuran 

with a S-fold excess of methyl iodide, according to the procedure suggested by Gauthier 

et al. 1 for styrene-4-vinylpyridine copolymers. The glass transition temperatures of the 

quatemized and nonquatemized polymers were determined on a Perkin-Elmer OSC-2e 

Differentiai Scanning Calorimeter with a heating rate of 20 0C/min. Triplicate runs were 

done to ensure the reproducibility of the results; the agreement between the second and 

third runs was generally better than 0.5 degree. The tirst run was obtained without 

annnealing of the sample. The second and third scans were obtained after annealin:~ for 3 

minutes at Tg + 40 degrees followed by quick quenching of the sample. 

Given the apparent dequatemization problems observed on the DSC traces, 

further dequatemization studies were undenaken. A sample (1.0 g) of the quatemized 

copolymer containing 10% amine was heated for 1 hour at ISO oC in a flow of nitrogen. 

A ponion of this very slightly cross-linked sample (0.3 g) was dispersed by stining 

ovemight in o-dichlorobenzene and titrated to a stable end point (over a few minutes) 

with perchloric acid as described above. A 0.3 g sample of the quatemized amine was 

also dissolved in 100 mL of 4:1 solution by volume of o-dichlorobenzene/glacial acetic 

acid and titrated to evaluate the degree of quatemization, and for comparison with the 

heated sample. 

Films for IR spectroscopy were obtained either by casting over tetlon of 10% 

polymer solutions in tetrahydrofuran (nonquatemized and quatemized samples), or by 

compression molding at 180 ·C for lO minutes at ca. 10 MPa (dequatemized sample). 

SpectrQ were recon1ed in the 400-4400 cm- I range on an Analect AQS-18 Fourier 

Transform spectrometer with a resolution of 4 cm-I. 

B.3. Results and discussion 
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B.3.1. Synthesis 
As mentioned in the inttoduction, of ail the dehydration techniques mentioned.. 

flash distillation over activated alumina (3.3 mm/155-165 ·C) gave the best results. The 

technique suggested by Braun and Stenel' was the only experimcntal approach not 

tested. The tempcratuœ and pressure used also represent optimized conditions fOi' the 

dehydration reaction. Il was found that al very low presswes (less than 1 mm Hg), the 

carbinol had the tendency to volatilize without dccomposition, leading to very impure 

products. At higher pœssures (over 5-10 mm Hg), on the conavy, the 

dimethylaminostyrene momoner fonned apparendy did not get vaporized quickly 

enough, resulting in large losses from polymerization. 

Azobisisobutyronittile (AlBN), rather than benzoyl peroxide, was used as a free­

radical initiator in the copolymerization of dimethylaminostyrene with styrene, because 

the latter is known to undergo a charge transfer reaction with teniary amines, leading to 

undesirable side reactions 15. 
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The results of the titrations and the viscosity measurements, as weIl as the degrees 

of conversion for each copolymer are summarized in Table B.2. Titrant volumes were 

approximately 6 ml, the relatively diffuse end point of the titrations in organic solvents 

leading to CJTOJ'S estimated at 2 drops or 0.05 mL for both the sample and the blank. This 

leads to a relative errer of approximately 1.6% on the DMAS content (F 1) values 

reported in Table B.2. The very favorable rt, r2 values (ft ·r2 = 0.85) are reflected in a 

DMAS content of the copolymers (Ft) very similar to the monomer fced (fI)' The 

variations in the viscosity average molecular weight (Mv) observed are a result of the 

adjustment of the inidator concentration (see Table B.1) ta compensate for the apparent 

lowering in Mv observed in going fmm 2.5 ta 5% amine content, and possibly duc ta 

chain ttansfer 10 the amine. 
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Table B.2. Characterization of the dimethylaminostyœne copolymers prepared. The 

mole fraction of amine in the monomer feeds and the polymers are represented by fI and 

FI' respectively. The viscosity-average molecular weight (Mv) is the average value 

obtained with two different sets of k. a values. as dcscribed abave. 

fI FI Conversion My (glmol 

. 10.3) 

0.0255 0.0261 0.59 114 

0.0511 0.0531 0.57 90 

0.0768 0.0797 0.43 120 

0.1027 0.104 0.48 154 

8.3.2. DSC Analysis 
The fust hints of dequatemization of the ionomers originated from the ose 

analysis done prior to the intended dynamic mechanical studies. The DSe traces 

obtained for samples of similar weight (10 ± 2 mg) in the flrst and second scans for the 

nonquatemized and quatemized PS-0.104DMAS copolymer are compared in Figure B.l. 

It can he seen that the f1l'5t scan of the quatemized material shows a large endothenn at a 

temperature ca. 20 degrees higher than the nonquatemized polymer. The second scans, 

however. are very comparable for the two materials. 

The DSe results are summarized in Table D.3. The onset of dequatemization of 

the ionomers is clearly higher than the Tg of the corresponding nonquatemized materials. 

The average Tg measured in the second and third scans for the nonquatemized and the 

quatemized polymers, on the other hand, are very similar. This suggests that the large 

endotherm observed in the fmt scan of the' ionomers corresponds to the dequatcmization 

of the ammonium salt. 
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Figure B.I. Comparison of the tirst (1) and second (2) ose scans obtained 

for PS-O.lO DMAS copolymers nonquatemized (NQ) and quatemized 

with methyl iodi~ (Q). 
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. J, - Table B.3. Summary of DSC data for the dimethylaminostyrene copolymers 

nonquatemized and quatemized with methyl iodide. The symbols used are T g<NQ): 

average Tg obtained in the second and third nans of the nonquatemized polymers; 

Ton(Q): onset temperaturc of dcquaternization peak in the fU'St run of the quatemized 

polymcrs; T g(Q): average of Tg detcrminations in the second and thùd DSe nans for the 

quatemized polymers. 

DMAS Tg(NQ) Ton(Q) Tg(Q) 

(mol%) ("C) ("C) ("C) 

2.6 106.5 121.5 109.5 

5.3 107.1 125.5 110.5 

8.0 109.2 126.7 108.3 

10.4 109.3 128.3 111.5 

B.3.3. Other dequaternization studies 

176 

Funher support for the nature of the problems observed in the ose analysis was 

obtained from titrations of a dequatemized sample and the comparison of IR spectra of 

the different materials. 

The titration of a quatemized amine sample (10.4 mole% DMAS) yielded a 

residual amine content of 0.9%, corresponding to approximately 90% quatemization, 

comparable with the results of Gauthier et al. in the case of 4-vinylpyridine (4-VP) 

copolymers 1 analyzed by IR spectroscopy. This is not surprising, considcring the very 

similar basicity of model compounds for DMAS and 4-VP (N,N-dimethylaniline: pKa = 

5.15; pyridine: pKa = 5.25 16). The sample which was heated at 150 "C in a flow of 
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nitrogen, on the contrary, gave an amine content of 10.5%, identical, within error limits 

(absolute error ca. 0.2%), with the nonquatemized materia!. 

IR spectra of films of the nonquatemized polymer, and for the quatemized 

material beforc and after heat treatment also continn these results. The spectrum of the 

quaternized 10.4% DMAS copolymer displays a sharp, strong band at 940 cm- l 

(10.64 J.UIl), which has already been attributed ta the C-N+ stretch in 

phenylttimcthylammonium halidcs 17. This band is very weak, however, in both the 

nooquatemized and the dequatemized samples. 

The ioherent instabllity of quatemary ammonium salts of dimethylaminostyrene 

has already been pointed out by a few authors. Ho18 reportcd the easy dcmethylation of 

phenyltrimcthylammonium iodidc by boiling with reagents like thiourea or sodium 

thiosulfatc in N,N-dimethylfonnamide or 1,4-dioxane for 2-3 hours. Petrariu and 

Stambcrg19 showed the grcater ease of degradation of cross-linkcd poly[(4-vinyl­

phenyl)trimethylammonium hydroxide] anion exchangers, compared to the 

poly[(4-vinylbenzyl)trimethylammonium hydroxide] analogue at 9S 'C in aqueous 

sodium hydroxide solutions. Similarly, Snyder and Spcck20 pointed out that 

benzyldimethylphenylammonium chloride is easily cleaved by aqueous sodium sulfide, 

yielding dimethylaniline and benzyl sulfide. Westaway and Poirier21 used sodium 

thiophenoxide at 0 'C in N,N-dimethylformamide to cleave para- substituted 

benzyldimethylphenylammonium nitrates. 

It was already known that the methyl iodide-quatemized styrene-4-vinylpyridine 

copolymers dequatemize rapidly in the 160-190 'C range, and more slowly at 100 'C 

under vacuum 1. It was nevertheless hoped that the thennal stability of the analogous 

N,N-4-dimethylaminostyrene system would be, if not better, at least comparable, which 

tumed out oot ta be the case. In view of the significantly lower stability of these 

ionomers, it therefore became impossible to use them for the intended dynamic 

mechanical measurements. 
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More recent ongoing studies in this laboratory of ionic-ionic blends and internal 

plasticization involving 4-vinylpyridfne copolymers suggest that in spite of their limited 

thermal stability, these approaches could also be useful ta study the 

dimethylaminostyrene ionomers synthesized hcre. One possibUity would thus he the 

blending of the quatcmized copolymcr with a low Tg ethyl (or butyl) acrylate-sodium 

acrylate ionomer followed by extraction of the sodium iodide fonncd. The other 

possibility involves the use of the alkylation procedure describcd in Chapter 2 to lower 

the Tg of the material. This technique has indeed recently heen applied to styrene-

4-vinylpyridinium ionomers 10, and could indirectly provide a more complete picture of 

ionic aggregation in amine-containing ionomers. 

B.4. Conclusions 
The preparation of 4-N,N-dimethylaminostyrcne and its copolymerization with 

styrene was described to produce copolymers with amine contents ranging from 2.5 to 

10 mole%. Corresponding ionomers were prepared by quatemization with methyl 

iodide. Differentiai scanning calorimetrie analysis of both the nonquatcmized and the 

quatemized polymers revealed the unexpected.ly low thermal stability of the quatemized 

materials, making them unsuitable for dynamic mechanical analysis. Dequaternization 

was also confmned by comparison of titrations performed before and after heating the 

quatemized polymer, and by IR spccttoscopy. It is suggested that the polymers prcpared 

May nevenheless he useful if studicd in the form of blends with low Tg ionomers or 

alkylated using a previously described procedure, leading to materials with a glass 

transition temperature hopefully helow the dequatemization temperature of the 

quatemized amine. 
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G Appendix C. Supporting data 
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C.I. Data for the figures 

Figure 2.1. Conversion curves for the Friedcl-Crafts alkylation of the PS-O.07MAA 

copolymer. 

i. Dilute reaction conditions 

Time Conversion 

(min) (mol%) 

145 8.8 

280 16.5 

900 34.0 

ü. Concentrated reaction conditions 

Time Conversion 

(min) (mol%) 

160 27 

445 53 

655 67 

1345 74 

3120 103 
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Figure 2.5. Peak positions of the 1055 tangent maxima associated with the mattix and 

ion-rich domains for the alkylated PS-O.07MAA-Na ionomers. 

Alkylation 

(mol%) 

0 

8.8 

16.5 

34 

S3 

74 

103 

Matrix 

TgeC) 

133 

119 

101 

75 

63 

43 

32 

186 

191 

166 

148 

126 

121 

Figure 2.6. Extent of aggregation observed in the alkylated ionomers expressed as the 

ratio of calculated Mc for multiplet-type interactions to experimental Mc' 

Alkylation 

(mol%) 

0 

8.8 

16.5 

34 

53 

74 

103 

2.42 

3.25 

2.98 

1.45 

l.07 

0.79 

0.62 
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Figure 3.1. Nitration of polystyrenc in a 3: 1 nittobcnzene/l,2-dichloromethane with 

fuming nitric acid at 20 ·C after 60 minutes. 

[HN°3] Nitration 

(moVL) (mol%) 

1.50 3.8 

2.00 7.4 

2.25 12.5 

2.50 16.7 

2.75 19.9 

3.00 26.8 

3.25 36.4 

3.50 44.0 

Figure ~ 1. Matrix and cluster glass transition temperatures of PS-O.OSMAA-Na 

ionomers plasticized with diethylbenzene. 

Diethylbenzene Matrix Clusters 

(mol%) Tg (OC) Tg (OC) 

22.3 9 48 

13.2 38 107 

6.3 93 143 

0 124 163 
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Figuœ 3.4. Peak positions of the dynamic 10ss tangent maxima in PS-O.07MAA-Na 

nitrated and plasticized with nitrobenzene for the mattix and ion-rich domains. 

i. Data for nitrated samples 

Nitration 

(mol%) 

n 
8.0 

20.8 

32.3 

iÎ. Data for nitrobenzene-plasticized samples 

Nittobenzene 

(mol%) 

o 
9.5 

25 

Mattix 

Tg (OC) 

138 

147 

157 

170 

138 

90 

41 

Chlsters 

Tg (OC) 

210 

208 

205 

212 

Clusters 

Tg (·e) 

210 

187 

122 
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Figure S.S. Comparison of the cross-linIdng efficiency of the lonie aggregates in the 

dUJ~ntfaoûliesofsomwnionomen. 

i. Data for the C2 alkyl ionomers. 

Concentration Mc(cal)/ 

(mole%) Mc(exp) 

2.S l.23 

S.O l.42 

7.S 0.94 

9.S 1.48 

ü. Data for the C6 alkyl ionomers. 

Concentration Mc(cal)/ 

(mole%) Mc(exp) 

2.5 0.45 

5.0 0.58 

7.5 0.69 

11.4 1.47 
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iü. Data for the Cil alkyl ionomcrs. 

Concentration 

(mole%) 

5.0 

7.5 

11.2 

iv. Data for the C2 ether ionomers. 

Concentration 

(mole%) 

5.0 

7.5 

10.0 

14.0 

l.48 

2.11 

2.62 

Mc(cal)/ 

Mc(exp) 

0.47 

0.55 

0.63 

0.92 
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v. Data for the Cs ether ionomers. -

Concentration Mc(cal)/ 

(mole%) Mc(exp) 

5.0 0.23 

7.5 0.45 

10.0 0.53 

14.0 1.35 

vi. Data for the C Il ether ionomers. 

Concentration Mc(cal)! 

(mole%) Mc(exp) 

2.5 0.87 

5.0 1.28 

7.5 2.57 

10.0 3.36 

14.0 4.56 
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( vii. Data for the styrene-sodium Methacrylate ionomers. 

Concentration Mc(cal)1 

(mole%) Mc(exp) 

2.3 1.49 

4.9 1.95 

8.0 3.58 

10.0 9.51 

14.0 18.7 

( viii. Data for the styrene-soctium p-carboxylate ionomers. 

Concentration Mc (cal)/ 

(mole%) McCexp) 

1.2 1.79 

4.0 1.62 

7.8 2.44 

13.5 6.19 
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C.2. Torsion pedulum and DMTA data files access 

The data collected in the dynamic mechanical analysis of the polymers studied in 

the present work are included as part of the supporting data in the fonn of two computer 

diskettes. Two types of <Lta files are included. as obtained in the Torsion Pendulum (TP) 

or the Dynamic Mechanical Thennal Analyzer (DMTA) experiments, and are included 

with programs which can he used to display and print the data on IBM-PC compatible 

computers. The data files included and the corresponding programs to read them are as 

follows: 

- Torsion pendulum files (supporting data for Chapter 2) 

Readable with program READTP. The samples are identified according 

to their degree of alkylation, following the nomenclature rules of 

Chapter2. 

CMA7NA.TP PS-O.07MAA-Na 

CMA09D.TP PS-O.088Dec-O.07MAA-Na 

CMA17D.TP PS-O.17Dec-O.07MAA-Na 

CMA34D.TP PS-O.34Dec-O.07MAA-Na 

CMA53D.TP PS-O.53Dec-O.07MAA-Na 

CMA74D.TP PS-O.74Dec-O.07MAA·Na 

CMAI03D.TP PS-1.03Dec-O.07MAA-NA 

- DMTA files (supporting data for Chapters 3 and 5) 

Readable with program READDMTA. The mes are identified as follows: 

MARI04.MFQ PS-O.07MAA-Na 
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MARI07.MFQ 

MARIOS.MFQ 

MARI06.MFQ 

MARI09.MFQ 

MARIOl1.MFQ 

MARI080F.MFQ 

MARI023.MFQ 

MARI021.MFQ 

MARlO22.MFQ 

MARl092F.MFQ 

MARlO20.MFQ 

MARlO89F.MFQ 

MA RI04OF.MFQ 

MARI041F.MFQ 

MARI042F.MFQ 

MARI043F.MFQ 

MARI083F.MFQ 

MARI075.MFQ 

MARI076.MFQ 

MARI077.MFQ 

MARI087F.MFQ 

MARI071.MFQ 

MARI072.MFQ 

8.()tJ, Nitrated PS-O.07MAA-Na 

20.8" Nitrated PS-O.07MAA-Na 

32.3" Nitrated PS-O.07MAA-Na 

PS-O.07MAA-Na + 9.5% Nitrobenzene 

PS-O.07MAA-Na + 32" Nitrobenzene 

C2 Alkyl ester 

~ Alkyl 2.5% Na 

C2 Alkyl S% Na Pan 1 

C2 Alkyl 5% Na Pan 2 

C2 Alky17.S% Na 

C2 Alkyl 9.5% Na 

C6 Alkyl ester 

C6 Alkyl 2.5% Na 

C6 Alkyl 5% Na 

C6 Alky17.5% Na 

C6 Alkyl Il.4% Na 

Cn Alkyl ester 

Cn Alkyl 5% Na 

Cn Alky17.5% Na 

Cn Alkyl 11.2% Na 

C2 Ether ester 

C2 Ether 5% Na 

C2 Ether 7.5% Na 
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MARl073.MFQ 

MARl074.MFQ 

MARl086F.MFQ 

MARlO6O.MFQ 

MARl06lF.MFQ 

MARl062.MFQ 

MARl063.MFQ 

MARI09OF.MFQ 

MARlOSlF.MFQ 

MARIOS2.MFQ 

MARIOS3.MFQ 

MARI054.MFQ 

MARIOSS.MFQ 

C2 Ether 10% Na 

C2 Ether 14% Na 

Cs Ether ester 

Cs Ether S% Na 

Cs Ether 7.S% Na 

Cs Ether 10% Na 

Cs Ether 14% Na 

Cil Ether ester 

Cil Ether 2.5% Na 

Cil Ether 5% Na 

Cil Ether 7.5% Na 

Cil Ether 10% Na 

Cil Ether 14% Na 

The two data reading programs included on the supporting data diskettes are very 

simple ta use. Similarly to the programs describcd in Appendix A, they arc called simply 

by typing the name of the program (READTP or READDMT A) from the currcntly 

logged drive (nonnally drive A). The user is prompted as to whether printer output is 

rcquiœd, and asked ta enter the name of the file to read (as taken from the lists above). 
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