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ABSTRACT Carboxylic acid salts, which are compounds involving strong hydrogen bonds between car- 
boxyl and carboxylate groups, have been largely ignored in previous studies of the microstructure of iono- 
mers. In the vast majority of commerical applications of ionomers that are derived from acrylic or meth- 
acrylic acid copolymers, however, the carboxylic acid groups are only partially neutralized and there is a 
stoichiometric excess of carboxylic acid groups to  metal cations present. It is under these circumstances 
that the formation of acid salts becomes particularly significant. In this work we present infrared studies 
of anhydrous partially and fully neutralized ethylene-co-methacrylic acid copolymer samples. Zinc ions 
were introduced into the sample by immersion in a dilute solution of diethylzinc in hexane, which results 
in a material that resembles a "skin-core" composite of a fully neutralized tetracoordinated zinc carboxy- 
late skin and an essentially pure acid copolymer core. This is a quasi-equilibrium situation, since mixing 
of the skin and core is prevented by the restricted mobility of the fully neutralized zinc salt. At elevated 
temperatures, however, the fully neutralized zinc salt and the pure acid copolymer mix and the transfor- 
mation to hexacoordinated zinc carboxylates and zinc acid salts is observed in the infrared spectrum. Sig- 
nificantly, incorporation of a flexible miscible polymer, poly(viny1 methyl ether), reduces the temperature 
at which this transition occurs. The results are discussed in terms of a series of equilibria. Acid salts are 
local structures that need to be considered when developing models of ionomers. 

Introduction 
Ionomers are ion-containing polymers, typically with 

hydrocarbon backbones, that contain a relatively small 
number of acid groups (e.g., carboxylic, sulfonic, or phos- 
phoric acids, etc.). These acid groups are incorporated 
into the main chain or are present as pendant groups 
and may be partially or fully ionized. Research on the 
microstructure of ionomers has been extensive over the 
past two decades because of the unique physical proper- 
ties that these materials possess and their importance as 
commercial materials. Much study has been devoted to 
the determination of the size and structure of the ionic 
domains and the correlation between molecular struc- 
ture and properties, but there are still many open ques- 
tions. The reader is referred to a number of excellent 
books and reviews for detailed discussions of these issues.'-' 

Several models have been proposed to describe the 
microstructure of ionomers, one of the first being the mul- 
tiplet-cluster model proposed by Eisenberg.' Multiplets 
are localized structures describing the arrangement of ion- 
ized acid groups around specific cations. Clusters, on the 
other hand, are defined as groups of several multiplets 
that form a domain in the material which is locally rich 
in ionic species but also contains a significant amount of 
hydrocarbon. Several years ago we reported the results 
of infrared studies of ethylene-co-methacrylic acid (EMAA) 
copolymer films that had been completely neutralized 
with various metal  cation^.^"^ Emphasis was placed upon 
the interpretation of the "fine structure" present in the 
carboxylate asymmetric stretching region of the infrared 
spectra of various metallic salts of an EMAA copolymer. 
From a consideration of the known coordination tenden- 
cies of the different cations, together with a symmetry 
analysis of the most probable structures, we were able to 
show that the experimental infrared results were entirely 
consistent with the presence of specific local structures 
(multiplets). l1 

There are a number of factors that frustrate molecu- 
lar spectroscopists and make the characterization of ion- 
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omers difficult. First, ionomers are hydrophilic and nor- 
mally contain polar sites that are vulnerable to hydro- 
gen bonding by proton donors or acceptors. Thus it is 
not surprising that the presence of water can detrimen- 
tally effect the physical, mechanical, and electrical prop- 
erties of ionomeric materials. From an infrared spectros- 
copist's point of view, water tends to complicate the spec- 
tra of ionomers by broadening the normal vibrations of 
interest." In addition, in the presence of water, salt struc- 
tures established in fully neutralized ionomers can trans- 
form into other species, such as acid salts and carboxy- 
lic acid dimers, depending upon the particular cation 
studied." Accordingly, we believe that the meticulous 
elimination of water is a necessary prerequisite for ini- 
tial experiments if we are to correctly interpret the infra- 
red spectra of ionomers. 

Second, although the infrared spectra of anhydrous fully 
neutralized ionomeric materials are easier to intrepret, 
in commercial applications EMAA ionomers are com- 
pounded so as to be only partially ne~tra1ized.l~ This is 
principally due to the extraordinary high melt viscosi- 
ties of fully neutralized materials, which makes them intrac- 
table and precludes fabrication in contemporary process- 
ing equipment. Partial neutralization unavoidably 
increases the number and nature of the local structures 
present, but if studied initially in the absence of water, 
this should not pose an unmanageable problem and merely 
represents the next level of complexity. 

Finally, introducing metal cations into the EMAA copol- 
ymer without at  the same time adding water or some 
unwanted chemical species to the sample is not a trivial 
exercise. Attempts to infuse ions into previously pre- 
pared EMAA films using metal complexes that are solu- 
ble in organic solvents but a t  the same time do not dis- 
solve the EMAA copolymer, such as acetyl acetonates, 
were not very successful. Ligand residues are invariably 
trapped in the films and complicate the interpretation 
of the infrared spectra. In the past, fully neutralized ion- 
omer films were prepared for infrared analysis by press- 
ing at 190 "C the dried precipitate formed during the 
refluxing of an EMAA copolymer with a stoichiometric 
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gram, and a crystalline melting point (T,) of about 50 "C was 
determined at the peak maximum of the highest temperature 
transition. The glass transition temperature (T ) of this 
EMAA[26] copolymer is in the range of 25-32 "C. foly(viny1 
methyl ether) (PVME) was purchased from Polysciences Inc. 
It is an amorphous polymer with a T of -27 "C. 

Thin films of the EMAA[26] copotymer were prepared for 
infrared and thermal analysis by casting from 1% THF solu- 
tion (w/v) onto KBr windows and glass slides, respectively. After 
a majority of the solvent had evaporated, the films were trans- 
ferred to a vacuum desiccator to remove residual solvent and 
were then stored under vacuum over fresh phosphorus pentox- 
ide (P,O,) to minimize moisture adsorption. A similar proce- 
dure was employed to prepare thin films of the EMAA[26] copol- 
ymer blend with PVME (50/50 by weight). A 1.0 M diethyl- 
zinc (ZnEt,) solution in hexane was purchased from Aldrich 
Chemical Co. The ZnEt, solution was diluted further with 2-fold 
anhydrous hexane in a helium-purged dry glovebox. The 
EMAA[26] copolymer (or blend) films, supported on their KBr 
windows or glass slides, were then transferred to the glovebox 
and introduced into the dilute ZnEt, solution. After exposure 
to the ZnEt, solution for different lengths of times (to give vary- 
ing degrees of overall neutralization), the films were removed 
and placed in small vacuum desiccator over P,O, and evacu- 
ated for at least 24 h. 

Infrared spectra were recorded on a Digilab FTS-60 FT-IR 
spectrometer at a resolution of 2 cm-' except otherwise noted. 
A minimum of 64 scans were signal averaged, and the spectra 
were stored on a magnetic disk system. Spectra recorded at 
elevated temperatures were obtained by using a SPECAC high- 
temperature cell mounted in the spectrometer and a Micristar 
heat controller. This device has a reported accuracy of f0.1 
"C. Films used in this study were sufficiently thin to be within 
an absorbance range where the Beer-Lambert law is obeyed. 

Results and Discussion 
Details of the temperature dependence of the infrared 

spectra of EMAA copolymers have been presented in a 
previous paper,14 and here we will only give a brief sum- 
mary. In pure EMMA[26] copolymer at  ambient tem- 
perature the carboxylic acid groups exist predominantly 
as dimers (shown schematically in Figure 1B) and have 
a characteristic infrared carbonyl stretching vibration 
located at  1700 cm-'. The carbonyl stretching vibration 
of the monomeric carboxylic acid group, which becomes 
more apparent with increasing temperature, occurs at  1750 
cm-'. At temperatures above about 140 "C, bands attrib- 
uted to the formation of cyclic and linear anhydrides are 
observed a t  180211764 and 178011735 cm-', respec- 
t i~e1y.l~ In addition, during the synthesis of the EMAA[26] 
copolymer a minor fraction of the carboxylic acid groups 
are converted to esters by transesterification and this group 
is characterized by a relatively weak absorbance at  1735 
cm-'. This latter band appears, a t  best, to be an unfor- 
tunate complication, but we will turn this around and 
use it to  our advantage. 

Figure 2 shows infrared spectra recorded at  room tem- 
perature in the range of 1500-1800 cm-' of samples of 
pure EMAA[26] (denoted A) and the partially (B-D) and 
fully (E) neutralized EMAA[26]-zinc ionomer films pre- 
pared using ZnEt, in the manner described in the Exper- 
imental Section. For explanatory purposes, the spectra 
are displayed scale-expanded to the absorbance of the 
ester carbonyl band (1735 cm-'1, which we can conve- 
niently use as an internal standard. As expected, the 
pure EMAA[26] spectrum shows only the infrared bands 
attributed to the carboxylic acid dimer (1700 cm-') and 
the ester impurity (1735 cm-l), and there are no other 
significant absorbances in the 1500-1700-cm-' region of 
the spectrum. A t  the other extreme, the spectrum of the 
fully neutralized ionomer (Figure 2E) also reveals the ester 
band, but the dominant band is at  1585 cm-'. Varying 

excess of the relevant metal hydroxide in THF/water 
 mixture^.^*'^ This technique can only be applied to the 
preparation of fully neutralized ionomers, since in the 
partially neutralized counterparts there inevitably exist 
residual un-ionized acid groups that chemically trans- 
form to anhydrides at  the temperatures required to press 
thin films.14 

The above three paragraphs describe an obvious pre- 
dicament. Partially neutralized EMAA copolymers, where 
only a very modest temperature range exists between the 
glass transition temperature (T,) and the onset of chem- 
ical modification (anhydride formation), where the mate- 
rials are hydrophilic and water is known to degrade the 
resolution of infrared spectra and, more importantly, play 
a role in determining the type and distribution of the 
local species present, and where the introduction of cat- 
ions into the material often results in the incorporation 
of unwanted "additives" and the production of an insol- 
uble, intractable material with a higher Tg, are, to state 
the obvious, formidable materials to characterize. While 
we pondered this dilemma it occurred to us that there 
are two different ideas that might help to resolve these 
problems. First, our recently reported studies of EMAA 
blends with p ~ l y e t h e r s l ~ " ~  demonstrate that the EMAA- 
poly(viny1 methyl ether) (PVME) system is miscible and 
that the Tg is significantly depressed in these mixtures. 
We concluded that the introduction of PVME might 
enhance mobility of the partially neutralized ionomers, 
thus eliminating the necessity for studies at  tempera- 
tures in excess of 140 O C ,  albeit at  the expense of added 
complexity. Second, the use of metal alkyls, such as dieth- 
ylzinc (ZnEt,), as the cation source was inspired by the 
recognition that these compounds can only be used under 
strictly anhydrous conditions (ZnEt,, for example, is com- 
monly employed in gloveboxes to detect trace amounts 
of moisture) and that upon reaction with the EMAA copol- 
ymer the byproduct of neutralization is ethane gas, which 
escapes and thus does not complicate the infrared spec- 
trum. 

CH3 CH3 
I I 
I I 

C C 

Zn(C2H5)2 + 2(-CHzC-)  - 2(-CHzC -) + 2C2H64 

0'' ' 0  o+:>o 

Zn 2 +  
I 
H 

In this paper, we initially discuss both the fully and 
partially neutralized anhydrous zinc ionomers of an EMAA 
copolymer containing 26 wt % methacrylic acid 
(EMAA[26]) using ZnEt, as the source of Zn2+ cations. 
We will then turn our attention to a discussion of the 
results of a similar study, but this time using a blend of 
EMAA[26] with PVME. Finally, the ramifications of these 
results will be considered in terms of the local structures 
present in partially neutralized ionomers derived from 
EMAA copolymers and the like. 

Experimental  Section 
The ethylene-methacrylic acid (EMAA) copolymer used in 

this study was synthesized in the laboratories of the E. I. du 
Pont de Nemours & Co. The EMAA copolymer contains 26 wt  
% methacrylic acid (MAA) and is denoted EMAA[26], follow- 
ing the nomenclature we employed previ~usly.'~ This corre- 
sponds to 10.3 mol % MAA on a molar basis. Assuming a ran- 
dom distribution of MAA units in the copolymer, this yields an 
average number of 19 methylene groups per MAA unit. Results 
obtained from differential scanning calorimetry (DSC) indi- 
cate that the EMAA[26] copolymer crystallizes to  a very lim- 
ited extent. Multiple peaks were observed in the DSC thermo- 
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Figure 1. Schematic representation of local structures: (A) car- 
boxylic acid "monomer"; (B) carboxylic acid dimer; (C) tetra- 
coordinated zinc carboxylate; (D) hexacoordinated zinc carbox- 
ylate; (E) zinc acid salt. 
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Figure 2. Scale-expanded infrared spectra recorded at room 
temperature in the range 1850-1500 cm-' of EMAA[26] copol- 
ymer films with varying degrees of overall neutralization with 
zinc ions: (A) pure EMAA[26]; (B) 13%, (C) 40%, (D) 66%, 
and (E) 100% neutralized (see Table I). 

degrees of partial neutralization in the ionomer films, cor- 
responding to the spectra labeled B-D, are evident as 
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Figure 3. Second derivative spectrum in the range 1500-1630 
cm-I of the partially neutralized sample shown in Figure 2D. 

C kl-' 

the bands attributed to both the carboxylic acid dimer 
(1700 cm-') and the carboxylate band (1585 cm-') are 
present, but in different intensity ratios. In addition, 
there are two further bands at  1536 and 1565 cm-', which 
appear as a shoulder on the 1585-cm-' band and which 
are accentuated by second derivative spectroscopy (Fig- 
ure 3B). 

From a previously reported symmetry analysis we have 
assigned the singlet a t  1585 cm-' to the asymmetric car- 
boxylate stretching vibration of the tetrahedral struc- 
ture of the tetracoordinated zinc carboxylate multiplet" 
(shown schematically in a 2-dimensional representation 
in Figure IC). The pair of bands at 1536/1565 cm-', which 
will become more important and definitive in the forth- 
coming discussion, are assigned to the hexacoordinated 
zinc carboxylate multiplet, also shown schematically in 
Figure 1D. From a consideration of the size of the respec- 
tive ionic radii, zinc carboxylates are predicted to favor 
coordination numbers of 4 or 6 and our previous symme- 
try analysis predicts two infrared active asymmetric car- 
boxylate bands associated with the octahedral structure 
of a hexacoordinated zinc carboxylate." 

Obtaining a quantitative estimate of the degree of neu- 
tralization in partially neutralized ionomers is not a triv- 
ial problem. As we will see later, in addition to the 1585-, 
1565-, and 1536-cm-' bands attributed to zinc carboxy- 
lates, there are other infrared absorbances associated with 
acid salts that have significant absorbances in the 1500- 
1700-cm-l region of the spectra of the partially neutral- 
ized zinc ionomers. Accordingly, the zinc ions are dis- 
tributed over a number of different structural entities 
for which we do not have well-established absorption coef- 
ficients. Thus any infrared analytical method used to 
determine the degree of neutralization based on a cali- 
bration curve derived from a series of EMAA samples of 
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Table I 
Determination of '70 Neutralization for EMMA[26]-Zn 

Ionomers 
~ 

ester C=O acid dimer C=O 
v ,  W l / %  u, W1/2i % 

sample cm-' cm-' Ana cm-' cm- A," neutralization 
A 1737 15 0.49 1699 18 9.3 0 
B 1736 15 1.71 1699 18 28.2 13 
C 1735 15 0.44 1698 21 5.0 40 
D 1735 15 0.75 1699 22 4.9 66 
E 1734 15 0.61 100 

O Arbitary units. 

' \  Y5 

1735 
I 

1800 1700 1600 1500 c" 

Figure 4. Infrared spectra in the range 1800-1500 cm-' recorded 
at 25, 100, and 180 OC of a completely neutralized zinc iono- 
mer. 

known zinc content using intensity measurements of a 
single carboxylate band (or the total absorbance of a col- 
lection of bands in the 1500-1700-cm-' region) is subject 
to large errors. An alternative method is to simply mea- 
sure the ratio of the absorbance of the carboxylic acid 
dimer to an internal standard such as the 1735-cm-' ester 
carbonyl band AD/AE. From the spectrum of the pure 
EMAA[26] film sample, we can determine the correspond- 
ing absorbance ratio for the completely un-ionized case, 
ADo/AEo, and the degree of neutralization is given by 

% neutralization = 

Note that the absorption coefficients conveniently can- 
cel out in this equation. The degree of neutralization 
for each of the samples depicted in Figure 2 was deter- 
mined, and the results are summarized in Table I. 

Temperature Studies. Figure 4 shows the effect of 
temperature on the infrared spectrum of the completely 
neutralized sample. In brief, little significant change is 
observed in the spectra a t  temperatures up to 180 "C, 
except that the bands a t  1536 f 1565 cm-', assigned to the 
hexacoordinated zinc carboxylate multiplet?" decrease 
in intensity. The original intensity of these bands is not 
recovered upon cooling back to room temperature. This 
we interpret as a transformation of a minor amount of 
the hexacoordinated into the tetracoordinated zinc car- 
boxylate. 

Contrast this behavior with that observed in the spec- 
tra recorded as a function of temperature (up to 140 "C 
and below the onset of anhydride formation) for one of 
the partially neutralized zinc ionomers. This is shown 
in Figure 5, Spectra are labeled A-F and represent those 

Figure 5. Infrared spectra shown on two different absolute 
absorbance scales in the ranges of 1800-1650 and 1650-1500 
cm-' of a partially neutralized zinc ionomer recorded as a func- 
tion of increasing temperature: (A) room temperature; (B) 100, 
(C) 110, (D) 120, (E) 130, and (F) 135 OC. 

recorded on an absolute absorbance scale a t  room tem- 
perature, 100,110,120,130, and 135 "C. The carboxylic 
acid carbonyl (1800-1650 cm-') and carboxylate (1650- 
1500 cm-') stretching regions of the infrared spectra are 
shown separately for expository convenience. Between 
room temperature and 100 "C there are no substantial 
changes observed in the spectra. Above 100 "C, how- 
ever, major infrared spectral changes are observed. First, 
the bands attributed to hexacoordinated zinc carboxy- 
lates (1536/1565 cm-') increase in intensity, while the 
band a t  1585 cm-', associated with tetracoordinated zinc 
carboxylates, decreases. Second, there is a large decrease 
in the relative intensity of the carboxylic acid dimer band 
(1700 cm-') and a small, but significant, increase in the 
relative intensity of the monomeric carboxylic acid band 
a t  1750 cm-', also with increasing temperature. The most 
conspicuous change, however, is the appearance and growth 
of a new absorption band a t  1620 cm-'. This band can 
be assigned to an acid salt stru~ture, '~~' '  which is depicted 
schematically below and, for specifically the zinc acid salt, 
in Figure 1E. 

H" 
-..*- 

acid salt structure 

Acid salts have very short hydrogen bonds, and as the 
strength of the hydrogen bond increases the hydrogen 
atom is not so clearly identified as more strongly associ- 
ated with one atom or the other.""' This causes a very 
large shift in frequency of about 130 cm-' for the car- 
bonyl band of the carboxylic acid group from 1750 to 
1620 cm-'. A second overlapping band associated with 
acid salts also exists in the 1500-1650-cm-' region of the 
spectrum due to the hydrogen-bonded carboxylate group 
and appears a t  approximately 1537 cm-', overlapping the 
doublet due to the hexacoordinated carboxylate near 1565 f 
1536 cm-'. 
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Figure 6. Infrared spectra of the same sample employed in 
Figure 5 recorded as a function of decreasing temperature from 
135 O C :  (A) room temperature; (B) 100, (C) 110, (D) 120, (E) 
130, and (F) 135 "C. 

Now let us consider what happens to the infrared spec- 
trum when we cool the same sample back to room tem- 
perature. This is illustrated in Figure 6. Spectra recorded 
as a function of decreasing temperature on the same abso- 
lute absorbance scale are labeled A-F and correspond 
to the same temperatures as in the heating cycle (Figure 
5). The most striking features are the conspicuous absence 
of the 1585-cm-' band (the tetracoordinated zinc carbox- 
ylate) and the prominent presence of the 1536/1565-cm-' 
doublet (the hexacoordinated zinc carboxylate) and the 
1620- a r d  1537-cm-' bands (zinc acid salt). (Naturally, 
the 1537-cm-' band of the acid salt is superimposed upon 
the 1536-cm-' band of the hexacoordinated zinc carbox- 
ylate, and in these spectra its presence can only be inferred 
by the anomalous intensity behavior of the observable 
doublet. In other spectra, however, especially those 
recorded from samples containing a large excess of un- 
ionized acid groups, it can be clearly observed.) Of equal 
importance is the behavior of the band attributed to the 
hydrogen-bonded carboxylic acid dimer (1700 cm-'). As 
expected from equilibrium considerations, the intensity 
of this band increases with decreasing temperature while, 
concurrently, the relatively weak band associated with 
the carboxylic acid monomer (1750 cm-') decreases. But, 
it is the comparison of the room-temperature spectra before 
(Figure 5A) and after (Figure 6A) the temperature cycle 
that is germane. There is an obvious decrease in the abso- 
lute absorbance of the 1700-cm-l band, revealing a decrease 
in the concentration of carboxylic acid groups. 

Before we attempt to interpret these results let us also 
consider the results of one further experiment. A par- 
tially neutralized EMAA[ 261-Zn ionomer sample, pre- 
pared as described previously using ZnEt, and of com- 
parable degree of neutralization to that employed above 
(Figure 5), was heated rapidly in the FTIR spectrome- 
ter to 110 "C  (close to the temperature where changes 
were initially observed). Spectra were recorded at  110 
"C as a function of time over a period of 20 h and are 
shown in Figure 7. In essence, there is a ponderously 
slow, but inexorable, increase in the absorbance of the 
1620-, 1565-, and 1536-cm-l bands a t  the expense of the 
absorbance of the bands at  1700 and 1585 cm-'. Inci- 
dentally, performing the same experiment at  higher tem- 
peratures (up to 140 O C ,  the onset of anhydride forma- 
tion) increases the rate of the conversion but does not 
affect the outcome. 

Interpretation of the Results. The results described 
in the above three paragraphs strongly imply a transfor- 
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Figure 7. Infrared spectra in the range of 1800-1500 cm-' of 
a partially neutralized zinc ionomer recorded at 110 O C  as func- 
tion of time. 

( ZnEt I Hexane) 

KBr Substrate 

Figure 8. Schematic diagram of the "skin-core" composite 
formed upon immersing the EMAA[26] copolymer into the 
ZnEtJhexane solution. 

mation from a nonequilibrium mixture or "sandwichn of 
essentially tetracoordinated zinc carboxylate salts and car- 
boxylic acid groups (present predominantly as dimers) 
in the original partially neutralized EMAA[ 261-Zn ion- 
omer film to an equilibrium mixture of hexacoordinated 
zinc carboxylates, zinc acid salts, and residual carboxy- 
lic acid groups (mainly dimers). 

I t  should be emphasized that we did not set out to 
prepare nonequilibrium, partially neutralized, ionomers 
using the ZnEt, method described in the Experimental 
Section. Our principal objectives were to eliminate water 
and extraneous ligands in the preparation of partially 
neutralized ionomer films suitable for infrared analysis. 
Thus, the initial formation of the ionomeric sandwich 
material described above was purely serendipitous. None- 
theless, having produced such a material, it was easy to 
conceive of a "skin" being formed as the ZnEt, diffuses 
into the EMAA copolymer. This is depicted schemati- 
cally in Figure 8. The almost instantaneous reaction 
between ZnEt, and the carboxylic acid proton dictates 
that carboxylates are formed at  the interface between 
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Figure 9. Infrared spectra in the range of 1800-1500 cm-': (A) 
"sandwich" of a completely neutralized zinc ionomer film and 
pure EMAA[26] recorded at room temperature; (B) same sam- 
ple recorded at room temperature after annealing overnight at 
110 "C. 

CM 

the skin and core of the material. The skin thus formed 
has a high concentration of zinc and is essentially the 
same as that of the totally neutralized sample. Con- 
versely, the core is practically pure EMAA copolymer. 
Furthermore, as the skin is fully neutralized, its T, is 
elevated and there is insufficient mobility for the skin to 
mix with the core, leading to a nonequilibrium situation. 
In infrared terms, the spectrum of such a material should 
therefore resemble the coaddition of the spectra of the 
fully neutralized zinc ionomer (Figure 4) and the pure 
EMAA[26] copolymer (Figure lA) ,  which it does. When 
the temperature of the sample is increased, a point is 
reached where there is presumably sufficient mobility to 
permit the skin and core to mix. Now there is a stoichi- 
ometric excess of carboxylic acid groups, and the trans- 
formation to hexacoordinated zinc carboxylates and zinc 
acid salts occurs. 

Corroborating evidence for the skin-core model was 
obtained from an additional simple experiment. A fully 
neutralized EMAA[26]-Zn ionomer film was prepared by 
the ZnEt, method (the infrared spectrum being identi- 
cal with that shown in Figure 4). A second film of pure 
EMAA[26] was then deposited on top of the fully neu- 
tralized EMAA[26]-Zn ionomer film from a solution in 
THF. After evaporation of the THF overnight in a vac- 
uum desiccator over fresh PzOs, the infrared spectrum 
shown in Figure 9A was recorded. The spectrum of this 
bilayer film closely resembles that of the original par- 
tially neutralized EMAA[26]-Zn ionomer film (Figure 5A). 
After annealing a t  110 "C overnight, the infrared spec- 
trum shown in Figure 9B was recorded. It is rewarding 
to see that the infrared band attributed to tetracoordi- 
nated zinc carboxylate salts disappears in favor of hexa- 
coordinated zinc carboxylates and zinc acid salts in pre- 
cisely the same manner as the original partially neutral- 
ized EMAA[26]-Zn ionomer film. 

Equilibrium Considerations. A description of the 
chemistry occurring in partially neutralized zinc iono- 
mers may be represented by a series of simple equilibria 
as depicted in Scheme I. 

dH3 

Figure 10. Schematic diagram depicting the carboxylic acid- 
ether interaction. 

There are some important implications of the equilib- 
rium scheme presented in Scheme I. First, in the pres- 
ence of a stoichiometric equivalent or an excess of zinc 
cations, 

Scheme I 

Ki 
2AH [AH-AH] acid dimer 

ZnEt, + 2AH ff: ZnA, + 2EtHt 
tetracoordinated zinc carboxylate 

K3 
ZnA, + AH [ZnAJH' 

hexacoordinated zinc carboxylate 

ZnA, + 4AH = [(AH),...AZnA...(HA),] zinc acid salt 
the tetracoordinated zinc salt will be formed. It  is only 
when there is a stoichiometric excess of carboxylic acid 
groups that zinc acid salts and the hexacoordinated zinc 
salt are formed. Given that partial neutralization is the 
rule in commercial applications of EMAA ionomers, mate- 
rials prepared using zinc cations can be expected to con- 
tain a distribution of species that depend upon the degree 
of neutralization and include carboxylic acids (predom- 
inantly dimers), tetra- and hexacoordinated zinc salts, 
and zinc acid salts. 

EMAA[26]-PVME Blend Neutralized with 
ZnEt,. We have inferred that the skin formed when 
ZnEt, reacts with the EMAA[26] copolymer is intrinsi- 
cally identified with the interactable fully neutralized Zn 
ionomer. Only at  temperatures exceeding about 110 "C 
does there appear to be enough mobility to facilitate mix- 
ing with nearby EMAA[26] carboxylic acid groups. As 
mentioned in the introduction, we surmised that blend- 
ing EMAA[26] with an amorphous miscible polymer hav- 
ing a low Tg,  such as PVME (T,  = -27 "C), might serve 
to "plasticize" the subsequently formed ionomer, thus 
enhancing mobility of the overall system. If true, this 
should result in a lowering of the temperature of the trans- 
formation of the tetracoordinated zinc salts into hexaco- 
ordinated zinc salts and zinc acid salts. In miscible blends 
EMAA-polyether blends,14 the ether oxygen competes 
with the self-association (dimer formation) of carboxylic 
acid groups to establish a hydrogen bond in a manner 
schematically depicted in Figure 10. Spectroscopically, 
we observe this interaction in the infrared spectrum as a 
band attributed to a "free" carbonyl group at  1730 cm-'. 
A secondary point of interest, therefore, pertains to fate 
of the favorable intermolecular interactions that exist in 
a miscible blend of EMAA[26] and PVME upon the intro- 
duction of zinc ions. 

K4 
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Scheme I1 

2AH * [AH-AH] acid dimer 
K1 

Ki' 
AH + E * [AH-E] acid-ether "complex" 

tetracoordinated zinc carboxylate I 
I 

Kz 

Kz' 
ZnEt, + 2AH - ZnA, + 2EtHt 

ZnEt, + 2[AH-.E] - ZnA, + 2EtHt + 2E 
K3 

ZnA, + AH * [ZnA,]-H+ 
Ki 

ZnA,+ [AH-E] =, [ZnA3]-H+ + E 
hexacoordinated zinc carboxylate 

zinc acid salt I 
4 

K4' 
ZnA, + 4AH * [(AH),-.AZnA.-(HA),] 

ZnA, + 4[AH.-E] * [(AH),...AZnA,..(HA),1 + 4E 

1730 
0.6 I 

I /  
0.0 
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Figure 11. Infrared spectra in the range of 1800-1500 cm-' of 
a partially neutralized zinc ionomer derived from a 50/50 wt 
70 blend of EMAA[26] and PVME recorded a t  80 "C as a func- 
tion of time. 

Films of a 50/50 wt '% blend of EMAA[26] and PVME 
were cast from THF solution onto a KBr window and 
thoroughly dried over P,O, in a vacuum desiccator. As 
in the previous experiments involving the pure EMAA 
copolymer, the blend films were handled in a drybox and 
immersed in ZnEt,/hexane solution for the time neces- 
sary to prepare a film in which only a fraction of the 
carboxylic acid groups are neutralized. In a series of sep- 
arate infrared temperature experiments it was deter- 
mined that the onset of the transformation of the tetra- 
coordinated zinc salts into hexacoordinated zinc salts and 
zinc acid salts occurs between 70 and 80 "C. This is some 
30 "C lower in temperature than that observed for the 
film of pure EMAA[26] and appears to substantiate the 
"plasticization" hypothesis mentioned above. Figure 11 
shows a typical example of this transformation as a func- 
tion of time (over a period of 6 h) at  the constant tem- 
perature of 80 "C. Here we see the familiar increase of 
the bands attributed to hexacoordinated zinc carboxy- 
late salts and zinc acid salts a t  the expense of the bands 
associated with tetracoordinated zinc carboxylates. Smaller 
changes are also observed in the band intensities of those 
attributed to acid dimers and acid-ether interactions (the 
free C=O band at  1730 cm-'). As before, we can repre- 
sent the chemistry occurring in partially neutralized zinc 

ionomer blends by a series of simple equilibria as depicted 
in Scheme 11. 

Ramifications of This  Work. We have seen that in 
the case of the fully neutralized zinc ionomer of EMAA 
copolymers a tetracoordinated zinc salt is formed. Since 
zinc is divalent and the tetracoordinated zinc salt has a 
coordination number of 4, this results in a local struc- 
ture that is hydrolytically stable with a balanced charge. 
As we have demonstrated before, immersing the fully neu- 
tralized zinc ionomer film in water does not affect the 
infrared spectrum and there is no evidence for the trans- 
formation of this zinc salt into any other entities." How- 
ever, in the presence of a stoichiometric excess of carbox- 
ylic acid groups (the partially neutralized case), tetra- 
and hexaccordinated zinc salts, zinc acid salts, and car- 
boxylic acid dimers will all exist in concentrations depen- 
dent upon the relevant equilibrium constants. 
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