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=" 1, ASAXS from Amorp‘hous‘an& Semi-Crystalline lonomérs

| Our recent investigations using ‘anonv:a.lous small-angie x-ray scattering (ASAXS) are presented in
detail in two manuscripts which have appeared in Macromolecules. In one set of experiments, nickei-
ﬁe-utra.‘!ized ionomers with amorphous polymer matrices were examined by ASAXS at the nickel K-edge.
In a series of sulfonated polystyrene ionomers with varying neutralization level, the intensity of the
ivnomer peak in the difference patterns, fqrmed from SAXS patterns at two different energies, was sﬁown
to scale with the real (f") and the fluorescent background with the imaginary part (f*). No change in the
shape of the scattering patterns with energy was discemaﬁle. and the single-energy md difference patterns
were found to be superimposabie with appropriate scaling. Thc‘ same superposability was found for a
polyurethane ionomer, which also exhibits a high-q shoulder on the main peak. These observations prove
that the peak, the upturn near zero angle, and the shoulder are due to an inhomogeneous distribution ér‘
lonic repeat units throughout the material, and not to precipitated neutralizing agent or microvoids.
bebye plots of the intensity near zero angie were concave downward in all cases, contrary to the
prediction of core-shell models of ionomer morphology and to the Debye-Bueche description of this large-
scale heterogeneity.

Ina ;ggom;ﬂseries of experiments, ionomers with semicrystalline matrices were investigated. These
three-phase materials are more complicated and typically show two SAXS reflections, All observed
features of the scattering pattern are consistent with the generally-accepted three-phase nlxodel
incorporating lémeilar crystallites, interlamellar layers of amorphous polymeric material, and ionic
aggregates distributed within the interlamellar regions. The ability of ASAXS to determine the sign of

the electron density difference between the crystalline and amorphous phases in a nickel-neutralized
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poly(uhylm-co»mﬁmiic acxd) ionomer was demonstrated, The only g priori knowledge required is
which of the phm c&usmg the teﬂecuon has a zreater concentration of»nniki[_ The change in the
intensity of the low-q "crystallite” reflection was in reasonable agreemem with that galculated from
expen imental values of f for Ni metal, Alm. since ASAXS provides a means to vary the intensity of the
two retlections independently, it can separate two reflections by a suitabie subtraction and provide data -
for morphological modeiling uncontaminated by other reflections, This was de:mdmtrated for the same
vol y(ethylene-uo-methacryhc acid) ionomer. A nickel-neutralized Naﬁon perﬂuorosulfonate ionomer was
also studied, but no ionomer peak was visible due 10 a fortuitous equality of ionic aggregate and
amorphous polymer electron densities.
IL. Effect of Matrix Polarity and Ambient Aging on the Morphology of Sulfonated Polyurethane
lonoters
Ethylene oxide units were incorporated into the baékbone of Na* suifonated polyurethane ionomers

in an attempt to induce aggregate dissociation at elevated, but observable, temperatures by reducing the
incompatibility between ions and polymer. However, no dissociation could be observed by small-angle
X-ray scantering (SAXS) before the onset of degradation, even when the polyol was pure ethylene oxide.
At 100°C and above, the SAXS patterns for all samples were quite similar, indicating morphological
similarity. However, after annealing for several days at room temperature, two of the specimens
appeared to develop a greater degree of microdomain order as evidenced by a narrowing of the main peak
at q° and the development of a shoulder at 2q°,
II. SANS of Telechelic and Mode! Polyurethane Ionomers

- We have utilized small-angle neutron scattering (SANS) to determine the influence of ionic
aggregation on ionomer chain dimensions in telechelic and model polyurethane ionomers.’ In the tirst
series of experiments, carboxy-telechelic polystyrenes with degrees of polymerization near seventy were

e¢xamined in the Na~ ionomer and methyl ester forms. Small-angle x-ray scattering demonstrated that




the ionomers contained lonic aggregates, yet the chain dimensions were found to be identical for the |
ionomer and the ester. The resuits support the predictions of one set of theories regarding ionic aggregate
but refute those of other theories. Detailed analysis of the data showeq that contacts between two isotopic
types were random, as intended, in contrast to some previous attempts at SANS analysis of ionomer chain
conformation. The data could not be satisfactorily described by a Debye function, but a polydisperse
assembly of worm-like chains provided a good representation.

In the next Series of expctimenﬁ, sulfonated polyﬁrathane ionomers bearing various fractions of
deuterated soft ségments (poly(tetramethylene oxide)) were examined. These ionomers differ from the
telechelic polystyrene ionomer discussed above in three important ways. First, the ionic groups are
distributed along the chain, 'roughly separated by the soft segment units, rather than solely at the chain
ends. Second, the polyurethane ionomers contain sulfonate rather than carboxylate functionalities. Third.
the ion content of the polyurethane ionomers is much greater than that of the telechelics. Analysis of data
using a polydisperse worm-like chain model indicated very small chain expansion of the PTMO soft
segments upon aggregation. We were unable to synthesize and measure PTMO of high enough molecular
weight to meet the DeGennes criteria (N, > > Ny, ""). Assuming the literature value of the segment
length calculated from viscometric studies,' 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 telechelics by postulating that a corona of extended chains surrounds the
tonic aggregates. Because 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 t;) the
overall chain expansion is greater. This theory was tested by varying the PTMO molecular weight trom
1000 to 2000. If the corona theory is correct, soft segment chain expansion should be larger in the

ionomer based on PTMO-1000. Soft segment chain expansion was {arger for the PTMO-1000 material,

‘1.M. Evans and M.B. Hughlin. Makromol Chem, 129, 141 (1969).



however moasurement error does not allow exact quantification of this expansion. The increase in R;?

between these two materials was on the order of 10%.

- IV, Comparison of Structure-Property Relationships in Carboxyiated and Sulfonated Polyurethane

lonomess

Studies have been completed on a series of carboxylated and sulfonated model polyurethane ionomers
in order to. determine the effect of the pendant ionic group on ionomer structure-property relationships.
The mechanical properties of 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
approximately equivalent. Thermal and dynamic mechanical techniques showed that the degree of phase
separation was greater for the sulfonated ionomers and that aggregates persist in sulfonated materials to
much higher remperatures than the corresponding carboxylate ionomers. Small-angle x-ray scattering
analyses demonstrated the larger aggregate sizes in the carboxylated ionomers. It was postulated that
ionic aggregation causes the formation of chain entanglements in ionomers, which also act as effective
crosslinks. Since the aggregates in the carboxylated ionomers are larger, the number of entanglements
formed are greater which gave rise to higher initial moduli than aggregate density effects alone would
predict.

Extended k-ray absorption fine structure spectroscopy (EXAFS) was used to study the cation local
environment in the sulfonated and carboxylated polyurethane ionomers in order to elucidate the degree
of short-range order in the ionomers. A correlation between the degree of local ordering and the tensile
propeniés of the ionomers was observed, with ionomers containing the more ordered local environments
also exhibiting the higher tensile properties. lonomers based on poly(tetramethylene oxide),
poly(propylene oxide), and poly(ethylene oxide) soft segments were studied. Soft segment type was seen

to have little or no infiuence on the local environment of the cation in the ionocmers. Anion type also
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appeared to have no effect on the local environment of the cations. The method of sample preparation,
however, affected both the local environment and the ultimate properties of the samples, for both
carboxylated and sulfonated ionomers.

One final and potentially very attractive feature of the carboxylated materials compared to the
sulfonated materials was the carboxylate ionomers insolubility in many solvents. In order to combine the
favorable mechanical properties of sulfonate ionomers with the insolubility of carboxylate ionomers,
mixed anion ionomers were synthesized and tested. All the properties of the mixed ionomers changed
monotonically as the sulfonate to carboxylate ratio varied, except the tensiie modulus. The behavior of

the tensile modulus was very complicated and the reasons are not clear at this time.
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