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_-_- I. ASAXS from AmorphousandSemi-Crystalline[onomers

Ourrecentinvestigaxionsusinganomaloussmall-ang|ex.rayscattering(ASAXS)arepresentedin

detailin two manuscriptswhichhaveappearedin Macromolectde$. In onesetof experiments,nickel-

neutralizedionomerswithamorphouspolymermatriceswereexaminedbyASAXS atthenickelK-edge.

In a series of sulfonated polystyrene ionomers with varying neutralization level, the intensity of the

ionomerpeakinr.hedifferencepatterns,formedfromSAXSpanernsattwo differentenergies,wasshown

toscalewith thereal (F) andthe fluorescentbackgroundwiththe imaginary.part(f'). NOchangein the

sh.apeof thescatteringpanernswith energywm discernable,andthesingle-energy'aaddifferencepatterns

were foundto be superimposablewi,thappropriatescaling. The samesu.perposabilitywasfound tbr a

polyurethaneionomer,whichalsoexhibitsa high-qshoulderonthemainpeak. Theseobservationsprove

thatthe peak.the upturnne_ zeroangle,and the shoutderaredue to an inhomogeneot_sdis_rributionof

ionic repeatunitsthroughoutthe material, and not to precipitatedneutralizingagentor microvoids.

Debyeplots of the intensitynear zero angle were concavedownward in al| cases,contrary to the

predictionof,:ore-shellmodelsof ionomermorpkologyandto the Debye-Buechedescriptionof this_arge-

scaleheterogeneity.

Inase.conds_ieeof experiments,ionomerswithsemicrystallinematriceswereinvestigated,These

!:hree-,,p.hasematerialsaremorecomplicatedandtypicallyshowtwo SAXS reflections,Aliobserved

features of the scatteringpattern are consistentwith _e generally-_cepted three-phasemodel

: ir_corporatinglamellarcrystallites,interl_anelltrlayersofamorphouspolymericmaterial,and ionic

aggregatesdist1"ibutedwithintheinterlamellarregions,The abilityofASAX$ todeterminethesignof

theelect,ronctensitydifferencebetweenthecrystallineand_norphousphasesina nickel-neutralized
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poly(ethyleoe,co-mmbacryllcacid)ionomerwu demonsu'ated."l'heonlya p_o_ _ow[edge requiredis
.._

which of the p,hu41causingthe reflectionhas a greaterconcentrationof nickel. The change.in the

intensityof the low-q "crysmllite"reflectionwu in reasonableagreementwith that calculatedfrom

experimentzdvaluesof f' for Ni meta], Also,sinceASAXS providesa meaz_to vary the intensityof the

two reflectionsindependently,ii canseparate_vo reflections.bya suitablesubtractionandprovidedata

tor morphologicalmodellinguncontzminatedby other reflections, This wasdemonstratedfor thesame

poly(ethylene-co-methacrylicacid)ionomer.A nickel-neutralizedNationperfluorosulfonateionomerwas
... ........ , , •............ ' , . , ,,

alsostudied,butno ionomerpeakwas visibleduetoa fortuitousequalityof ionicaggregateand

amorphouspolymerelectrondensities.

. II.EffectofMatrixPolarityand AmbientAgingon theMorpho|oll7ofSulfonatedPolyurethane
.,..,..,.,.,,,-"

[onomers

EthyleneoxideunitswereincorporatedintothebackboneofNa" sulfonatedpolyure_zneionomers

in an attemptto induceaggregatedi_ociation at elevated,but observable,temperaturesby reducingthe

= incompatibilitybetweenionsandpolymer.However,nodissociationcouldbeobservedbysmaJl-angle

x-ray scattering (SAXS) before the onset of degradation, evea when the poiyol was pure ethylene oxide.

At IO0_Candabove, the SAXS patterns for ali samples were quite similar, indicating morphological

simil_ity. However, after annealingfor severaldays at room temperature,two of the specimens

appearedto develop a greater degree of micro<lomainorder as evidenced by a narrowkngof the mainpeak

__ acq"andthe developmentof a shoulderat 2q'.

............III,SANS ofTeleete|Icand ModelPolyurethanelor_omers

We have utilized small-angleneutron scattering(SANS). to determine_e influence of ionic

" aggregationon ionomerchaindimensionsin teiechelicandmodelpolyurethtneionomers. In _e first

seriesof experiments,carboxy-telecheiicpolystyreneswith degreesof polymerizationnearseventywere I'

"- examinedintheNa" ionomerandmethylesterforms.SmaJl-anglex-rayscatteringdemonstrated,that



the iom:)men com_a_ Lomcaggregates, yet the chem dimemi.ormwere found to be identical for the

ionomer.andthe mta. The re_.ultssupport the predictions of one set of theories regarding ionic aggregate

but refute.thoseof other theofiu. Detailed analysis of the dam showed that contacts between two isotopic

types were random, as intended, in contrast to some previous attempts at SANS analysis of ionomer chain

conformation,Thedatacouldnotbesatisfactorilyd_cribedbya Debyefunction,buta polydisperse

assemblyofworm-likechainsprovidedagoodrepresentation.

Inthenextseriesofexp.etiments,sulfonatedpolyurethaneionomersbeatingvariousfractionsof

deuteratedsoft segments(poly(tetramethyleneoxide))wereexamined. The,so ionomersdiffer from the

telechelie polystyreneionomer discussedabove in rh.rodimport.a_tways. First, the ionic groupsare

distributedalongthe chain, roughly sepaxa.tedby the soft segmentunit-_,rather than solely at the chain

ends. Second,thepolyureth_e ionomerscontainsulfonaterathertharic_boxylate functionalities. Third.

the iotl contentof the polyurethaneionomersismuch.greater_an that of the telec.helics.Analysisof data

using a poiydisporseworm-like chain model indicatedwry small chain expansionof the PTMO solar

segmentsuponaggregation.We wereunabletosynthesizeandmeasurePTMO ofhighenoughmolecular

weight to meet the DeGennes criteria (N,h.,,> > N_,_'"). Assuming the literature value of the segment

length calculated from viscometric studios,_the relative increase in R_: is on the order of only 30%.

it is suggested that the results for sulfonated polyurethane ionomers can be reconciled with the absence

of chain expansion seen for the telechetics by postulating that a corona of extended chains surrounds the

ionic aggregates, l_)cause of the higher ion content in the polyurethane ionomers than in the telechelics,

the fraction of chain segments in the corona surrounding the aggregates and their contribution to the

overall chain expansion is greater. This theory was tested by varying the PrMO molecular weight from

, I000 to 2000, If tb.e corona theory is correct, soft segment :ha in expansion should be larger in the

ionomer based on FTMO-i000. Soft segment chain expansion was larger fbr the FTMO-1000 material,
_
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however _ errordoes not allow exact quar_tificationof this expaz_ion. The increase in Rs2

between these two materialswas on the order of 10%.

........... ,IV,, .Corn!_wisonof Stru_ur_Property Relationships in Carboxyiated and Sulfonated Polyurethane

ionom

Studieshave beencompletedon a series of carboxylaxedandsulfonaxedmodel polyurethaneionomers

in order to.determinethe effect of the pendant ionic groupon ionomer structure-property relationships.

The mechanical propertiesof the model ionomers are strongly dependent on anion used, as well as on

the backbone and cation combination, with the sulfonated ionomers giving stronger polymers than the

carboxylated ionomers. However, Young's moduli for ionomers differing only in the anion type are

approximatelyequivalent. Thermal anddynamic mechanicaltechniquesshowed that the degree of phase

separationwas greater tor the sulfonated ionomers andthataggregatespersist in sulfon_ materialsto

much higher _emperamre,_than the corresponding carboxylate ionomers. Small-angle x-ray scattering

analyses demonstrated the laxger aggregate sizes in the carboxylated [oriomers. R was postulated that

ionic aggregation causes the fbrmation of chain enw,'_glemencsin ionomers, which also act as effective

crosslinks. Since the aggregates in the carboxylated ionomersare larger, the numberof entanglements

formed aregreaterwhich gaverise to higher initialmoduli than aggregatedensityeffectsalonewould

predict.

Extended _c-rayabsorptionfine structurespectroscopy CEXAFS)was used to study the cation local

environmentin thesulfonatedandcarboxylatedpolyurethaneionomersin order to elucidatethedegree

of short-rangeorder in the ionomers. A correlationbetween the degre_ of local orderingandthe tensile

propertiesof the, ionomers was observed, with ionomers containingthe more ordered local environments

also exhibiting the higher tensile pr._perties. Ionomers based on poly(tetra.methylene oxide),

poly(propyleneoxide), and poly(ethyleneoxide) soft segmentswere studied. Soft segment type was seen

to havelittle or r_oinfluenceon the localenvironmentof thecationin the ionomet's.Aniontype also



appearedto haro no eff_ on the local environmentof the cations. The method of sample preparation,

however, affected both the local environment and the ultimate properties of file samples, for both

carboxylatedand sulfonatedionomer$.

One final and potentially very attractive feature of the carboxylated m_¢erialscompared to the

sulfonatedmaterials was the carboxylateionomers insolubility in manysolvents. In orderto combine the

favorable mechanical properties of sulfonate ionomers with the LnsolubUityof ¢arboxylate ionomers,

mixed anion ionomers were synthesized and tested. Ali the propertiesof the mixed ionomers changed

monotonically as the sulfonatetocarboxylate ratio varied, except the tensile modulus. The behavior of

thetensilemoduluswasverycomplicatedandthereasonsarenotclearattELtune.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulnms of any information, apparatus,produ_:t,or
process disclosed, or represenLsthat its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom.
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of at_thors expressed herein do not necessarily state or re[le,ct those of the
United States Government or any agency thereof.



P

ArticlesResultingfrom This Grant

I.R.A.Rogiste¢)M. Fou_ R.Jerome,Y.S.Ding,andS.L.Cooper,"Structure-PropertyRelations
in ElastomericCarboxy-Telechefic Poiyi,.,opreneIonomers', Macromolecules 21, 1009 (1988).

2. D.C. Lee, R.A. Register, C.Z. Yang, andS.L, Cooper, "MDI-Based Polyurethane Ionomers. I.
New Small-Angle X-Ray ScatteringModel', Macromolecules 21, 998 (1988).

3. D.C. Lee, R.A. Register, C.Z. Yang, _ S.L. Cooper, "MDI-BasedPolyurethaneIonomers. II.
Structure-PropertyRelationships", Macromolecules 21, 1005 (1988).

4. R.A. Register, A. Sen, R.A. Weiss, and $.L. Cooper, "Effect of ThermalTreatmenton Cation Local
Structure in Manganese Sulfonated Polystyrene", Macromolecules 7,2, 2224 (1989).

5. Y.S. Ding, R.A. Register, C.Z. Yang, and S.L. Cooper, "Synthesisand Characterizationof "I'DI-
Based PolyurethaneIonoemrs", Polymer 30, 1204 (:989).

6. Y.S. Ding, R.A. Register, C.Z. Yang, and S.L. Cooper, "Small-AngleX-Ray Scattering from TDI-
Based Sulfonated Polyurethane Ionomers", Polymer 30, 1213 (t989).

7. Y.S. Ding, R.A. Register, C.Z. Yang, and S.L. Cooper, "Effect of Cation Local Structure on the
Physical Propertiesof Model Polyurethane Ionomers", Polymer 30, I22I (1989).

8. R.A. Register, A. Sen, R.A. Weiss, andS.L. Cooper, "Morphology and Cation Local Structure in
a Blendof Copper-NeutralizedCa_boxy-Poiybutadieneand Poly(Styrene-co-4 Vinyl Pyridine)",J. Polym.
Sci.: Polym. Phys. Ed. 27, 1227 (1989).

9. C. Li, R.A. Register, and S.L. Cooper, "Direct Observation of Ionic Aggregates in Sulfonated
Polystyrene Ionomers", Polymer 30, 1227 (1989).

10. R.A. Register, Y.S. Ding, M. Foucart,R. Jerome, S.R. Hubbard°K.O. Hodgson, and S.L. Cooper,
"Recent Advances in X-Ray Analysis of Ionomers", L.A. Utracki and R.A. Weiss, eds., ACS Advances
in Chemistry, Series 395, pp. 420-438 (t989).

11. R.A. Register and S.L. Cooper, "Anomalous Small-Angle Scattering from Nickel-Neutralized
Ionomers: 1. Amorphous Polymer Matrices",Macromolecules 23,, 310 (1990).

12. R.A. Reg_J_ and S.L. Cooper, "Anomalous Small-Angle Scattering from Nickel-Neutralized
Ionomers: 2. Sem/crystalline Polymer Matrices", Macromolecules 23, 318 (1990).

13. R.A. Register, P. Thiyagarajan, S. Chakrapani, R. Jerome, and S.L. Cooper, "Effect of Ionic
Aggregation on Ionomer Chain Dimensions: t. Telechelic Polystyrenes", Macromolecules 23, 2978
(l_)O).

14. R.A. Register, G. Pruckm;_yr,and S.L. Cooper, "Effect of Ionic Aggregation on Ionomer Chain
Dimensions: II. Sulfonated Polyurethane Ionomers", Macromolecules 23, 3023 (1990).



!
,t

15. R.A. R_lim_, X.-H, Yu, _ $.L. Cooper, "Effectsof Matrix Polarity _ Ambient Aging on the
Morphologyof h3alfonatedPolyurethane Ionomers', Polymer BuUetln 22, 565 (1990).

16. R.A. Register, "lonomer MorphologyProbed by Small-Angle Scattering', Ph.D. thesis, University
of Wisconsin - Madison, 1989.

IT. S.A. Visser and S.L. Cooper, "Comparison of the Physical Properties of Carboxylated and
Sulfonated Model PolyurethaneIonomers', Macromolecules 24, 2476 (1991).

18. S.A. Visser and S.L. Cooper, "Analysis of Small-Angle X-ray ScatteringData for Model
Polyurethane Ionomers: Evaluation of Hard Sphere Models', Macromekeules 24,,2584 (199!).

19. S.A. Visser and S.L. Cooper, "Eff_-t of Neutralizing Cation Type on the Morphology and
Properties of Model Polyurethane Ionomers', Polymer, in press.

20. $,A. Visser and S.L. Cooper, "EXAFS Analysis of Cation Local Environment in Model
Polyurethane [ono.mers", Polymer, in press.

21. S.A. Visser and S.L. Cooper, "Small-Angle Neutron Scattering Analysis of Model Polyurethane
Ionomers', Macromolecules, submitted for publication.

22. S.A. Visser and S.L. Cooper, "Morphology and Properties of Mixed Anion Ionomers', Polymer,
submitted for publication.

23. S.A. Visser and S.L. Cooper, "Two Dimensional Small-Angle X-ray Scattering Investigation of
[onomer Deformation and Evaluations of Models of Ionomer Morphology", Macromolecules, submitted
for publication

24. S.A. Visser and S.L. Cooper, "Small Angle Neutron Scattering Investigation of the Response of
Model Polyurethane [onomers to Uniaxial Deformation," Polymer, submittedfor publication.

25. S.A. Visser and S.L. Cooper, "Small Angle X-ray Scattering Investigazion of lonomer
Deformation," Polymer, submitted for publication.

26. S.A. Visser, "Morphology-PropertyCorrelations in Model Polyurethane lonomers_, Ph.D. thesis,
University of Wisconsin - Madison, t991.

27. X. Yu, B.P. Grady, R.S. Reiner and S.L. Cooper, "Properties of Amic Acid Ionomers," J. Appl.
Poly[II. S¢t,, submiRedfor publication.






