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with an insulating polymer f h  produces novel conducting 
polymer alloy films in which highly conducting PPy is 
mixed to form continuous conducting paths. The physical 
properties and the morphology were investigated by using 
PVC and PVDF-TrFE as insulating polymer films. The 
conductivity is greatly increased with the PPy amounts 
incorporated in the film. The alloying process does not 
change the mechanical property of the insulating film and 
improves the thermal stability of the film in a high-tem- 
perature region. The structure of alloy films has been 
revealed by SEM observation of extracted film, and the 
physical properties are closely related with the film mor- 
phology. 

Registry No. PPy, 30604-81-0; PVC, 9002-86-2; (TrFE)- 
(PVDF) (copolymer), 28960-88-5. 
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ABSTRACT The thermal and dynamic mechanical properties of random styrene ionomers containing various 
vinylpyridinium groups have been examined. The properties of the materials were found to be independent 
of the structure of the ion. The glass transition temperatures of these ionomers were found to increase regularly 
with increasing ion content, at a rate of about 3.5 OC/(mol % ions). In contrast with styrene ionomers with 
pendant anionic groups studied before, the vinylpyridinium ionomers showed only one peak in their loss tangent 
curves, associated with the TB of the matrix. The absence of a second, higher temperature peak suggests the 
absence of clusters in these ionomers, at least at temperatures above their TB' The storage modulus curves 
are in agreement with this conclusion. 

Introduction 
Over the past few decades, ionomers have been the 

subject of a large number of investigations.25 Early studies 
brought to light the unique properties of these materials 
and suggested a range of applications. This encouraged 
further research in an attempt to understand the phe- 
nomena responsible for these properties and thus enable 
researchers to produce materials capable of answering very 
specific needs. 

Fundamental investigations have focused on relatively 
few types of backbones and even fewer kinds of ionic 
groups; these few systems have been studied extensively, 
using numerous techniques to probe different aspects of 
their behavior. Polyethylene, poly(tetrafluoroethylene), 
and polystyrene, as well as some elastomers, have probably 
been the most widely investigated backbones. A relatively 
new family of ionomers based on the polypentenamer 
backbone has also been investigated! Other systems have 
been examined, although not as extensively. Variation of 
other parameters, such as the nature of the ion and the 
counterion, the ion content, and the position of the ion 
relative to the chain, has provided a better understanding 
of the factors influencing the properties of ionomers. Most 
of the studies have been conducted on salts of carboxylic 
acids, the most common being methacrylic and acrylic 
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acids as well as carboxystyrene. Sulfonic acids have been 
introduced on certain backbones. Investigations of ion- 
omers carrying a positive charge have been limited mostly 
to a few vinylpyridinium systems. 

Ion Aggregation in Ionomers. It is well-known that 
ionic compounds have a tendency to aggregate in media 
of low dielectric constant? A similar, but somewhat more 
complex behavior may be expected in ionomeric systems 
in the bulk, since the majority of the backbones studied 
are of relatively low polarity. 

The first attempt made to describe this phenomenon 
theoretically is probably that of Eisenberg.' Several other 
treatments have been published more recently.%" Briefly, 
Eisenberg suggests that aggregation is governed by two 
opposing tendencies, association between ion pairs (AG < 
0) and stretching of the polymeric chain segments when 
such an association between ion pairs occurs (AG > 0). 
The formation of two different types of aggregates is 
postulated: multiplets and clusters. The association of 
ion pairs into multiplets is shown to be limited solely by 
spatial restrictions, as the electrostatic energy gained is 
much greater than the work done to deform the chains. 
Multiplets are thus considered to be an association of a 
relatively small number of ion pairs (<8) and to be com- 
pletely coated with nonionic chain material. Clusters are 
suggested to result from the aggregation of multiplets; since 
the latter are completely coated with nonionic material, 
clusters are expected to include chain segments. In con- 
trast with the multiplets, the difference between the 
electrostatic and the elastic forces involved in the forma- 
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tion of clusters is smaller, and above a certain critical 
temperature the clusters decompose back to multiplets. 
More recent articles have refined the picture of ion ag- 
gregation considerably. Different models for the structure 
of clusters have been proposed and are discussed in a 
review article by MacKnight and E a r n e ~ t . ~  

Evidence for the occurrence of aggregation, whatever the 
structure of the aggregates, is plentiful. The increase in 
glass transition temperature of ionomers with ion content 
may be directly related to the presence of aggregates which 
are expected to diminish the mobility of the segments in 
a manner similar to that of covalent cross-links. The very 
large increase in the melt viscosity of ionomers with in- 
creasing ion content may be attributed to ionic interactions 
between the chains that persist even a t  temperatures far 
above the glass transition temperature of these systems.12 
The rate of stress relaxation has been found to decrease 
with ion content, and above a certain proportion of ions, 
the breakdown in time-temperature superposition in some 
systems indicates the occurrence of a secondary relaxation 
mechanism that has been related to the presence of clus- 
ters. Dynamic mechanical measurements also display 
features that may be attributed to the presence of aggre- 
gates. The loss tangent curves usually show an additional 
peak at a temperature above the Tg of the system that has 
been associated with a transition of the ion-rich phase. 
There is also a decrease in the slope of the storage modulus 
curves with increasing ion content. 

Styrene ionomers have been 
studied extensively in this laboratory. The majority of the 
studies were performed on the sodium salts of copolymers 
of methacrylic acid.13-16 The dynamic mechanical inves- 
tigations16 revealed a shift of the loss tangent as well as 
the storage and loss moduli (G'and G'? curves to higher 
temperature with increasing ion content, confirming the 
increase in the glass transition temperature with increasing 
ion content detected by DSC.14 This was accompanied by 
a decrease in the slope of the G' and G" curves in the 
transition region and, above a certain ion content, the 
appearance of a second, high-temperature peak in the loss 
tangent curves; these changes were interpreted as evidence 
for the presence of ion-rich phase-separated microdomains 
or clusters. 

The effect of the position of the ion relative to the chain 
on the properties of ionomers has been investigated by 
comparing the properties of the sodium salts of para- 
carboxylated styrene copolymers with those of the meth- 
acrylate system." The effect of the nature of the anion 
carried by the backbone has been the subject of several 
investigations. The melt rheology of sodium salts of sty- 
rene-p-carboxystyrene and styrene-para-sulfonated sty- 
rene copolymers was investigated by Lundberg and Ma- 
k o ~ s k i ; ' ~ J ~  the dynamic mechanical properties of these 
ionomers were measured in this laboratory.2o These studies 
seem to show that while the strength of the clusters is 
related to the nature of the anionic group their size de- 
pends upon the position of the ions relative to the back- 
bone. A recent study of styrene-alkoxide ionomers21 has 
shown that the clusters present in the sodium salts of 
styrene-p-hydroxystyrene copolymers are weaker and of 
smaller size than the clusters found in other anionic sys- 
tems. 

In view of these results it seemed interesting to inves- 
tigate the properties of ionomers bearing a positive charge 
by studying styrene-vinylpyridinium copolymers. Rela- 
tively few investigations have been conducted on vinyl- 
pyridinium ionomers. The viscosity and conductance of 
nitromethane-dioxane solutions of styrene-4-vinylpyridine 
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copolymers quaternized with n-butyl bromide were de- 
termined by Fuoss and cat her^.^^^^^ The mechanical 
properties of butadiene-2-methyl-5-vinylpyridine co- 
polymers quaternized with methyl iodide were studied by 
Otocka and Eirich.%% DSC measurements showed a large 
increase of Tg with ion content, of about 8 "C/(mol% ionic 
groups). Curves of the variation of Young's modulus with 
temperature exhibited the second inflection point at high 
modulus values usually observed in ionomeric systems, as 
well as the decrease in slope with ion content. Finally, 
styrenebutadiene-4-vinylpyridine terpolymers complexed 
with ferric or nickel chloride salts have been studied by 
Meyer and Pineri.26-28 

In view of the paucity of data on ionomers bearing a 
cationic charge, an investigation of a variety of vinyl- 
pyridinium ionomers was undertaken in this laboratory. 
The first investigation is devoted to the influence of the 
structure of the pyridinium ion on the bulk properties of 
styrene-based ionomers. The thermal and dynamic me- 
chanical properties of ionomers of styrene with 4-vinyl- 
pyridinium, 2-vinylpyridinium, and 2-methyl-5-vinyl- 
pyridinium have been investigated and are the subject of 
this publication. The influence of the copolymer archi- 
tecture on the state of aggregation was examined in a study 
of styrene-4-vinylpyridinium ABA block ionomers. This 
investigation is presented in the following paper in this 
issue. Finally, the influence of the Tg and the dielectric 
constant of the matrix was investigated by examining ethyl 
acrylate-, butyl acrylate-, and methyl methacrylate-based 
vinylpyridinium ionomers and will be the subject of two 
future publications. 
Experimental Section 

The desired vinylpyridinium ionomers were obtained by 
quatemization of styrene-vinylpyridine random copolymers with 
methyl iodide. The nonionic copolymers were obtained by bulk 
free-radical copolymerization of the monomers initiated with 
benzoyl peroxide. The rl (vinylpyridine) and r2 (styrene) values 
for the different systems are given in Tables 1-111. The polym- 
erization was stopped below 40% conversion to ensure reasonable 
compositional homogeneity of the samples. Mixtures of different 
monomer ratios were prepared to obtain polymers of different 
vinylpyridine contents, ranging from 2 to 13 mol % , 

Materials. Styrene (Aldrich, 99%, inhibited with 10-15 ppm 
of p-tert-butylcatechol) was washed 3 times with a 5% aqueous 
solution of sodium hydroxide to remove the inhibitor, washed 5 
times with water to a neutral pH, and dried over calcium hydride 
overnight. It was then distilled under reduced pressure (21-22 
mmHg) at 47-48 "C,  discarding the first and last 10% of the 
monomer. 

4-Vinylpyridine (4VP) (Aldrich, 98%) was dried over calcium 
hydride overnight and fractionally distilled under reduced pressure 
(15 mmHg) at 68-69 ' C ,  discarding the first and last 10% of the 
monomer. 2-Vinylpyridine (2VP) (Aldrich, 97%) and 2- 
methyl-5-vinylpyridine (2Me5VP) (Aldrich 97%) were treated 
similarly but distilled at 75-77 "C (27 mmHg) and 79-82 O C  (29 
mmHg), respectively. 

Benzoyl peroxide (99%, Baker) was used without further pu- 
rification. 

Polymerization. For each mixture, the desired amount of 
vinylpyridine was transferred to an Erlenmeyer flask to which 
100 g of styrene was added. The amount of benzoyl peroxide 
(about 6.66 gL-') necessary to yield copolymers of the desired 
molecular weight ( N 1 X lo6 gmol-') was accurately weighed and 
added to the Erlenmeyer. Each mixture was transferred with a 
syringe into an ampule, the liquid was degassed by three 
freeze-thaw cycles, and the ampules were sealed under vacuum. 
They were immersed in a 60 ' C  bath for 11 h to achieve about 
30-40% conversion. The polymerization mixture was then diluted 
with toluene to  obtain a 5% solution and precipitated into 10 
volumes of rapidly stirred methanol. The white polymer strands 
were soaked in fresh methanol overnight, filtered, dried by suction, 
and freed of residual solvents by heating in a vacuum oven at 70 
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Table I 
Bulk Polymerization of Styrene and 4-Vinylpyridine' 

[4VP] in mixture, [4VP] in polymer, convrsn, 
mol % mol % % 

1.1 
3.0 
4.4 
6.4 

1.9 29 
5.2 33 
7.2 36 
9.7 39 

"Temperature, 60 "C;  time, 11 h; [initiator], 6.66 g/L. r1(4- 
vinylpyridine) = 0.70. r2(styrene) = 0.50. 

Table I1 
Bulk Polymerization of Styrene and 2-Vinylpyridine' 

[2VP] in mixture, [ZVP] in polymer, convrsn, 
mol % mol % 70 

1.1 1.9 39 
2.9 
4.5 
6.2 

4.4 36 
6.6 40 
9.1 43 

"Temperature, 60 "C; time, 11 h; [initiator], 6.66 g/L. r1(2- 
vinylpyridine) = 0.55. r,(styrene) = 0.9. 

Table 111 
Bulk Polymerization of Styrene and 

2-Methyl-5-vinylpyridine" 
[2Me5VP] in [2Me5VP] in convrsn, 

mixture, mol % polymer, mol % % 
1.6 1.9 32 
3.9 4.5 31 
5.2 5.9 33 
7.5 8.5 30 

12.3 13.3 33 

'Temperature, 60 "C;  time, 11 h; [initiator], 6.66 g/L. r1(2- 
methyl-5-vinylpyridine) = 0.91. r,(styrene) = 0.81. 

"C for about 24 h. The relevant polymerization parameters are 
given in Tables 1-111. 

Characterization. (a) Analysis. The vinylpyridine content 
of the copolymers was determined following the procedure de- 
scribed by Burleigh et  a1.29 for the characterization of butadi- 
ene-4-vinylpyridine copolymers involving titration with a per- 
chloric acid solution in glacial acetic acid. 

(b) Molecular Weight. An approximate molecular weight 
was obtained by measuring the intrinsic viscosity of the copolymers 
in toluene solutions and using the K and a values for polyvtyrene 
(K  = 7.5 X gdL-', a = 0.75). The measurements were made 
a t  25 "C (4VP, 2VP) and 30 "C (2Me5VP) with Ubbelohde vis- 
cometers. Five different concentrations were used, ranging from 
0.05 to 0.25 g/dL. The intrinsic viscosities were found to range 
between 0.5 and 0.65 dL/g, corresponding to molecular weights 
of (1.3-1.7) X lo5 gmol-'. 

Quaternization with Methyl Iodide. (a) Materials. The 
polymer was dried at about 70 "C in a three-neck flask overnight, 
in a vacuum oven. Methyl iodide was fractionally distilled under 
nitrogen, a few hours before use. Tetrahydrofuran was dried by 
refluxing over potassium metal until the purple, characteristic 
of the potassium-benzophenone complex, persisted. It was then 
distilled directly into the flask containing the polymer. 

(b) Procedure. The quaternization procedure adopted was 
a combination of the methods described by Selb and Gallot% and 
Otocka and Eirich.2" The 4VP copolymers were quaternized by 
adding a 5-fold excess of methyl iodide to a 5% solution of the 
polymer in dry THF and refluxing under nitrogen for 1.5 h. Since 
only about 20% quaternization of the 2VP units was achieved 
when the above procedure was followed, more severe conditions 
were required to quaternize the 2Me5VP and 2VP copolymers 
fully. A 7-fold excess of methyl iodide was used for the 2Me5VP 
copolymers, and the solutions were refluxed for 4 h. The 2VP 
copolymers were quaternid with a 25fold exceas of methyl iodide 
and refluxing overnight. For all three types of polymers, the 
solution turned yellow a few minutes after the addition of methyl 
iodide. This yellow is also encountered with monomeric 4-sub- 
stituted pyridinium dts.3' Colorless quaternized copolymers were 
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obtained by Gallot's groups2 by conducting the quaternization 
reaction under vacuum with solvents and reagents that had been 
purified and stored under vacuum. As only traces of the side 
product responsible for this coloration should be present3' and 
were not expected to influence or interfere with the measurement 
of the mechanical properties of these polymers, it was judged 
unnecessary to follow the more elaborate procedure described by 
Gallot to obtain colorless materials. Clouding of the solution 
occurred during quaternization of the samples of highest vinyl- 
pyridine content due to some precipitation of the polymer which 
was redissolved by adding small amounts of absolute ethanol to 
the THF solution while the quaternization was progressing. 

It was found that even slight exposure of the reaction mixture 
to the air deepened the coloration of the solution and yielded 
highly colored polymers. The quaternized materials were thus 
recovered by aspirating the cooled reaction mixture in a syringe 
and allowing the solution to drop in a fine stream into 20 volumes 
of rapidly stirred hexanes to precipitate the polymer. The strands 
were filtered and dried by suction; complete removal of solvents 
was achieved by heating in a vacuum oven at  about 80 " C  ov- 
ernight. 

(c) Analysis. The extent of quaternization was determined 
by FTIR of thin films of the materials. The disappearance of 
the pyridine band a t  1414 cm-' for 4VP, a t  1472 cm-' for 2VP, 
and at  1527 cm-' for 2Me5VP was taken as evidence for complete 
quaternization of the vinylpyridine units. The extent of qua- 
ternization could not be determined by elemental analysis due 
to the very small weight percentage of nitrogen present. A sample 
containing 10 mol % of quaternized 4VP units, for example, 
contains only about 1 % by weight of nitrogen, a value well within 
experimental error. In addition, the reproducibility of iodine 
analyses was found to be very poor. The infrared technique was 
thus judged to be the most sensitive and reliable method. 

Physical Properties. (a) Thermal Properties. The glass 
transition temperature of polystyrene and either poly(4VP) or 
poly(2Me5VP) differ by about 40 "C. A study of the composition 
dependence of the Tgs of the nonionic copolymers was thus 
conducted. The glass transition temperatures of the nonionic 
materials were measured by differential scanning calorimetry on 
a Perkin-Elmer DSC 11. The samples were heated on the DSC 
head at  a temperature of about 150 "C for 5 min, cooled rapidly 
to 50 "C, and scanned a t  a rate of 20 OC/min. Duplicate de- 
terminations were made for each sample. Because the Tg of 
poly(2-vinylpyridine) is about the same (100 "C) as that of 
polystyrene (106 "C), the thermal properties of the nonionic 
copolymers were not studied as there should be no change in the 
g k  transition temperature of these copolymers with 2VP content. 

The glass transition temperatures of the ionomers were also 
determined on the DSC. Aluminum pans were filled and the 
materials dried under vacuum a t  80 "C for 3 days before mea- 
surement. They were heated on the DSC head at  about 150 "C 
for 5 min, cooled to 50 "C, and scanned at  20 "C/min. Duplicate 
determinations were made for each sample. When these mea- 
surements were performed on the 2VP ionomers, it was found 
that these readily undergo dequaternization at  around 135 "C. 
The Tg of these samples was thus determined without prior drying 
or annealing. The f i s t  scans were stopped about 10 "C after the 
appearance of the transition; the samples were immediately cooled 
to 50 "C and scanned again to obtain duplicate determinations. 

(b) Dynamic Mechanical Properties. The dynamic me- 
chanical properties of the ionomers were measured on a torsion 
pendulum. Because of the occurrence of dequaternization a t  
relatively low temperatures, the dynamic mechanical properties 
of the 2VP ionomers were not studied. A polystyrene sample was 
also measured as a reference. 

Rectangular prisms were obtained by compression molding at  
a temperature of Tg + 30 "C. The samples were dried for 3 days 
under vacuum at 80 "C. The measurements were performed under 
nitrogen or helium atmosphere. The dynamic mechanical mea- 
surements on the 4VP ionomers were performed under helium. 
I t  was found subsequently that because of its high thermal con- 
ductivity, the use of helium introduced a 6 "C difference between 
the thermocouple and the sample, at  the heating rates used. For 
example, the glass transition of polystyrene determined from a 
loss tangent curve obtained under helium was 112 "C instead of 
106 "C. The curves obtained under helium are thus shifted by 
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Table IV 
Variation of T, with Ion Content 

ion content, T ion content, T ion content, T 
4VP 2VP 2Me5VP 

mol % 06' mol % 06' mol % 06' 
0.0 106 
1.9 111 1.9 113 1.9 112 
5.2 116 4.4 120 5.8 125 
7.2 125 6.6 128 8.5 135 
9.7 139 13.3 153 

0 4 V P  

2Me5VP 

138 .. 

non-ionic non-ionic 

1 

100 1 I 
0. 8 2. 8 4.8 8. 0 &I ia 0 

ION CONTENT (mole %I 
Figure €. Variation of T with ion content for styrene-vinyl- 
pyridinium copolymers ofdifferent ion contents. 

about +6 O C  on the temperature axis compared to those obtained 
under nitrogen. For this reason, all of the measurements on the 
2Me5VP ionomers were performed under nitrogen, which min- 
imizes this difference. The chamber was heated at a rate of 30 
OC/h, and the values of the loss tangent, C', and G"were de- 
termined at periodic intervals. The frequency of the oscillations 
varied with the modulus of the polymer and ranged from about 
5 Hz below Tg to about lo-' Hz above TB. 
Rssults and Discussion 

Thermal Properties. (a) Glass Transition Tem- 
perature. The DSC results for the 2-, 4-, and 2-methyl- 
bvinylpyridine copolymers quaternized with methyl iodide 
are presented in Table IV and plotted in Figure 1. The 
variation of Tg with ion content is of about 3.5 OC/(mol 
Ti), a value comparable to that found for the anionic 
styrene i o n o m e r ~ ; ' ~ * ' ~ , ~ ~ ~ ~ ~  this is a somewhat surprising 
result. The increase in Tg with ion content has been 
suggested to be proportional to ~ q / a ~ ~ ,  where c is the 
concentration of ions, q is the magnitude of the charge, and 
a is the interionic distance. As the interionic distance in 
the pyridinium system is greater than in the carboxylated 
one, dTg/dc of the pyridinium copolymers was expected 
to be smaller than that of the carboxylated materials. This 
behavior is difficult to explain on the basis of the thermal 
data alone. Dynamic mechanical measurements, however, 
offer an explanation for this high value of dT,/dc. 

(b) Dequaterhization Phenoinenon. In the course of 
the investigation of the thermal properties of the sty- 
rene-vinylpyridinium ionomers, a large endotherm around 
160-190 OC was detected in all cases, in addition to the 
usual change in heat capacity associated with the glass 
transition. An infrared study performed in parallel on the 
4-vinylpyridinium ionomers indicated that substantial 
dequaternization occurred under vacuum at temperatures 
as low as 100 OC when the samples were subjected to this 
heat treatment for time periods of the order of 24 h. The 
dequaternization was monitored by the increase in inten- 
sity of the 1414cm-' pyridine band with prolonged heating. 

In light of these results, a systematic calorimetric study 
of the styrene-based vinylpyridinium iodide ionomers was 

< 
I- 

-2 1 
70 OB 110 198 158 170 1W 210 

TEMPERATURE ('C) 
Figure 2. Variation of loss tangent with temperature for poly- 
styrene, for a styrene-4-vinylpyridinium ionomer (9.7 mol %) and 
a styrene-2-methyl-5-vinylpyridinium ionomer (13.3 mol %). 

4VP- Me1 

-2 1 I 
58 100 150 200 258 

TEMPERATURE ('C) 
Figure 3. Variation of loss tangent with temperature for pyri- 
dinium (10 and 13 mol %) and sodium methacrylate (10 mol %) 
styrene ionomers. 

undertaken, which led to the following observations. When 
the samples were left for short periods of time (e.g., W180 
s) at  a temperature close to that of the endotherm, their 
glass transition temperatures were found to be the same 
as those of the unquaternized materials, indicating the 
essentially complete dequaternization of the materials. In 
the case of the 2-vinylpyridinium ionomers, the endotherm 
was found to be very close to the glass transition of the 
material of highest ion content. It was thus concluded that 
torsion pendulum experiments could not be performed on 
these materials because of the longer time scale of the 
experiments. By contrast, the endotherm for the 4VP 
ionomers was found at a higher temperature. As expected, 
FTIR analysis of the 4VP ionomers after the torsion 
pendulum experiments showed negligible dequaternization 
of the materials. It was assumed, based on these results, 
that the 2-methyl-Bvinylpyridinium ionomers also re- 
mained fully quaternized during the torsional pendulum 
experiments. It is believed that the dequaternization 
process occurs at comparable rates a t  lower temperatures 
for the 2VP ionomers than for the 4VP and 2Me5VP 
systems because the 2VP ion is more sterically hindered. 
This is in agreement with the fact that the 2-vinylpyridine 
unit was much more difficult to quaternize. 

Dynamic Mechanical Properties. The variation of 
loss tangent with temperature for the materials of highest 
4-vinylpyridinium and 2-methyl-5-vinylpyridinium ion 
contents are shown in Figure 2 along with the curve ob- 
tained for polystyrene. As can be seen, the loss tangent 
curves for these ionomers are very similar to that of 
polystyrene, except for a shift to higher temperatures. 
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E8 100 120 140 160 1 e0 200 

TEMPERATURE ("C) 
Figure 4. Variation of loss tangent with temperature for sty- 
rene-4-vinylpyridinium ionomers of various ion contents. 
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Figure 5. Variation of loss tangent with temperature for sty- 
rene-2-methyl-5vinylpyrid~um ionomers of various ion contents. 

Figure 3 shows a comparison of the variation of the loss 
tangent with temperature for styrene-" methacrylate 
(10 mol 9% ), styrene-N-methyl-4-vinylpyridinium iodide 
(10 mol %), and styrene-N-methyl-2-methyl-5-vinyl- 
pyridinium iodide (13 mol %) copolymers. The styrene- 
sodium methacrylate system had been studied before in 
this laboratory by NavratiP but no high-temperature peak 
had been found at  that time for the higher ion contents, 
due to instrumental limitations. In order to be able to 
compare the pyridinium systems with the well-known 
methacrylate ionomers, it was decided to repeat the ex- 
perimenk with the much improved instrumentation. The 
recently obtained loss tangent curve, which is presented 
in Figure 3, exhibits the additional high-temperature peak 
found for some ionomers. The curves obtained for the 
pyridinium systems are seen to be quite different from that 
of the methacrylate ionomer and do not show this second 
peak. The curves obtained for the 4-vinylpyridinium and 
2-methyl-5-vinylpyridinium ioaomers of different ion 
contents are collected in Figures 4 and 5. 

The variation of the storage, modulus, G', with tem- 
perature for the 4-vinylpyridinium (9.7 mol 7%) and the 
2-methyl-5-vinylpyridinium (13.3 mol % ) ionomer is 
presented in Figure 6 along with the curve obtained for 
polystyrene; the three curves are, again, very similar. The 
variation of the storage modulus with temperature for the 
methacrylate (10 mol % ) and vinylpyridinium ionomers 
(10 and 13 mol %) is shown in Figure 7. The G'curves 
obtained for the 4-vinylpyridinium and the 2-methyl-5- 
vinylpyridinium samples of different ion contents are 
presented in Figures 8 and 9. As can be observed from 
these plots, the decrease in slope with ion content generally 
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TEMPERATURE ('C) 
Figure 6. Variation of the storage modulus with temperature 
for a styrene-4-vinylpyridinium ionomer (9.7 mol %) and a sty- 
rene-2-methyl-5-vinylpyridinium ionomer (13.3 mol %). 

Figure 7. Variation of the storage modulus with temperature 
for sodium methacrylate (10 mol %) and vinylpyridinium (10 and 
13 mol %) styrene ionomers containing about 10 mol % ions. 

4 1  . : 

TEMPERATURE ( ' C )  
Figure 8. Variation of the storage modulus with temperature 
for styrene-4-vinylpyridinium ionomers of various ion contents. 
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Figure 9. Variation of the storage modulus with temperature 
for styrene-2-methyl-5-vinylpyridinium ionomers of various ion 
contents. 
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TEMPERATURE ( " C )  
Figure 10. Variation of the loss modulus with temperature for 
styrene-4-vinylpyridinium ionomers of various ion contents. 

observed for ionomers16 is absent in the pyridinium sys- 
tems; the curves are all very similar to that obtained for 
polystyrene, except for a shift to higher temperatures 
brought about by the increase in the glass transition tem- 
perature of the materials with ion content. The variations 
of the loss modulus, G", with temperature for the qua- 
ternized 4VP and 2Me5VP ionomers are presented in 
Figures 10 and 11. 

In amorphous materials, the occurrence of two major 
peaks in the loss tangent curve in the glass transition 
region is usually associated with phase separation, each 
peak being associated with a transition of one of the phases 
present in the material. As mentioned in the Introduction, 
in styrene as well as other amorphous ionomers, the lower 
temperature peak is generally associated with the glass 
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Figure 11. Variation of the loss modulus with temperature for 
styrene-2-methyl-5-vinylpyridinium ionomers of various ion 
contents. 

transition of the matrix while the higher temperature one 
is attributed to a transition of the ion-rich phase-separated 
microdomains. The increase in the matrix Tg with ion 
content is the result of a decrease in the mobility of the 
chains brought about by the formation of ionic aggregates. 
This increase is also observed in the styrene-vinyl- 
pyridinium systems studied here. The absence of a second 
peak, however, seems to indicate that these systems are 
not phase-separated above Tg and therefore devoid of 
clusters. 

As mentioned before, the formation of clusters will occur 
only if this process is energetically fa~orable.~ Thus, if the 
amount of energy spent in the necessary stretching of some 
of the chain segmenb to form clusters is greater than that 
gained electrostatically by aggregation of the multiplets, 
clusters will not form. As the amount of energy spent in 
stretching styrene chain segments is the same whatever 
the ionic group involved, it seems that clusters are not 
formed in the vinylpyridinium systems because the elec- 
trostatic energy gained upon cluster formation would be 
smaller for these ionomers. The main reason for this is 
probably the smaller charge density of both the cation 
(pyridinium) and the anion (iodide) involved. Indeed, the 
interionic distance in 1-methylpyridinium iodide crystals 
has been found to be about 3.8 A,34 while a distance of 1.5 
A7 was suggested for the carboxylate pair. The iodide 
counterion is also very polarizable. In addition, because 
the positive charge is carried by an atom (nitrogen) which 
is part of an aromatic ring, delocalization of the charge 
occurs to some extent. It thus seems quite likely that once 
the ions have aggregated into multiplets, (a process in 
which there is negligible chain stretching7), there would 
be no additional gain in energy in the formation of higher 
aggregates. 

The presence of larger aggregates in the quaternized 
butadiene-2-methyl-5-vinylpyridine system seems clear 
from the data of Otocka and Eirich,24p25 the increase of the 
Young's modulus with ion content being most easily ex- 
plained by the presence of cross-linking by larger aggre- 
gates. This may probably be attributed, however, to the 
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greater stability of the vinylpyridinium aggregates a t  the 
low temperatures a t  which these ionomers were examined. 
Thus, it can be assumed that the absence of clusters in the 
styrenevinylpyridinium copolymers studied in the course 
of this investigation is due to the high glass transition 
temperature of the matrix, above which pyridinium clus- 
ters are thermally unstable. 

More information about the kind of ionic interactions 
involved in these systems could have been obtained by 
stress-relaxation studies. However, the occurrence of de- 
quaternization at  temperatures fairly close to the Tg of 
these materials makes these types of measurements un- 
feasible. 

Conclusions 
The styrene-vinylpyridinium systems studied here can 

be regarded as single-phase materials. As is demonstrated 
by the variation of the storage modulus G'with tempera- 
ture (Figure 8), which parallels that of polystyrene, the 
ionic interactions seem to be thermolabile and do not hold 
together very well a t  the temperatures above Tg. There 
seems to be enough interaction between the ion pairs, 
however, to decrease the mobility of the chain segments 
rather effectively up to Tg, as is demonstrated by the 
relatively large increase in the glass transition temperature 
of the copolymers with ion content. In fact, as mentioned 
previously, it seems that the ions are more efficient a t  
raising the glass transition temperature of the copolymers 
if they are present exclusively in multiplets. This is to be 
expected, as each multiplet in the system can then act as 
a cross-link instead of being incorporated in ion-rich 
phase-separated microdomains, where some ion pairs may 
be less effective in raising the glass transition temperature. 

Acknowledgment. This work was supported in part 
by the US. Army Research Office and the Natural Sci- 
ences and Engineering Research Council of Canada 
(NSERC). S.G. is grateful to the NSERC and the FCAR 
for postgraduate fellowships. 

Registry No. ((Styrene)(4-~inylpyridine))-(methyl iodide) 
(copolymer), 84516-62-1; ((styrene)(2-vinylpyridine)).(methyl 
iodide) (copolymer), 60262-64-8; ((sytrene)(2-methyl-5-vinyl- 
pyridine)).(methyl iodide) (copolymer), 107054-30-8. 

References and Notes 
(1) A preliminary report of one aspect of this study was presented 

at the New York ACS meeting; see: Gauthier, S.; Eisenberg, 
A. Polym. Prepr. (Am. Chem. Soc., Diu. Polym. Chem.) 1981, 
22(2), 293. 

(2) Holliday, L., Ed. Ionic Polymers; Halsted-Wiley: New York, 
1975. 

Aggregation in Styrene-Vinylpyridine Copolymers 759 

(3) Eisenberg, A.; King, M. Ion Containing Polymers; Academic: 
New York, 1977. 

(4) MacKnight, W. J.; Earnest, T. R., Jr. J. Polym. Sci., Macro- 
mol. Rev. 1981, 16, 41. 

(5) Longworth, R. In Developments in Ionic Polymers-I; Wilson, 
A. D., Prosser, H. J., Eds.; Applied Science: Essex: 1983; 
Chapter 3. 

(6) Pettit, L. D.; Bruckenstein, S. J. Am. Chem. SOC. 1966, 88, 
478.1. -. 

(7) Eisenberg, A. Macromolecules 1970, 3, 147. 
(8) Forsman, W. C. Macromolecules 1982, 15, 1032. 
(9) Mauritz, K. A.; Hora, C. J.; Hopfinger, A. J. In Ions in Poly- 

mers; Eisenberg, A., Ed.; American Chemical Society: Wash- 
ington, D.C., 1980; Ado. Chem. Ser. 187, p 123. 

(10) Dreyfus, B. In Coulombic Interactions in Macromolecular 
Systems; Eisenberg, A., Bailey, F. E., Eds.; American Chemical 
Society: Washington, D.C., 1986; ACS Symp. Ser. 302, p 103. 

(11) Dreyfus, B. Macromolecules 1985,18, 284. 
(12) Lundberg, R. D.; Makowski, H. S.; Westerman, L. In Ions in 

Polymers; Eisenberg, A., Ed.; American Chemical Society: 
Washington, D.C., 1980; Adu. Chem. Ser. 187, p 67. 

(13) Eisenberg, A.; Navratil, M. J. Polym. Sci., Polym. Lett. Ed. 
1972, 10, 537. 

(14) Eisenberg, A,; Navratil, M. Macromolecules 1973, 6, 604. 
(15) Navratil, M.; Eisenberg, A. Macromolecules 1974, 7, 84. 
(16) Eisenberg, A.; Navratil, M. Macromolecules 1974, 7, 90. 
(17) Brockman, N. L.; Eisenberg, A. J. Polym. Sei., Polym. Phys. 

Ed. 1985, 23, 1145. 
(18) Lundberg, R. D.; Makowski, H. S. In Ions in Polymers; Ei- 

senberg, A,, Ed.; American Chemical Society: Washington, 
D.C., 1980; Adv. Chem. Ser. 187. 

(19) Lundberg, R. D.; Makowski, H. S. Polym. Prepr., (Am. Chem. 
Soc., Diu. Polym. Chem.) 1978, 19(2), 287. 

(20) Rigdahl, M.; Eisenberg, A. J. Polym. Sci., Polym. Phys. Ed. 
1981,19, 1641. 

(21) Clas, S. D.; Eisenberg, A. J. Polym. Sci., Polym. Phys. Ed., in 
press. See also: Polym. Prepr. (Am. Chem. Soc., Diu. Polym. 
Chem.) 1984, 25(2), 111. 

(22) Fuoss, R. M.; Cathers, G. I. J. Polym. Sci. 1949, 4, 97. 
(23) Cathers, G. I.; Fuoss, R. M. J. Polym. Sci. 1949, 4, 121. 
(24) Otocka, E. P.; Eirich, F. R. J. Polym. Sci., Part A-2 1968, 6, 

921. 
(25) Otocka, E. P.; Eirich, F. R. J. Polym. Sci., Part A-2 1968, 6, 

933. 
(26) Pineri, M.; Meyer, C.; Bourrett, A. J. Polym. Sci., Polym. Phys. 

Ed. 1975, 13, 1881. 
(27) Meyer, C. T.; Pineri, M. J. Polym. Sci., Polym. Phys. Ed. 1978, 

16, 569. 
(28) Meyer, C. T.; Pineri, M. Polymer 1976, 17, 382. 
(29) Burleigh, J. W.; McKinney, 0. F.; Barker, M. G. Anal. Chem. 

1959, 31, 1684. 
(30) Selb, J.; Gallot, Y. J. Polym. Sci., Polym. Lett. Ed. 1975, 13, 

615. 
(31) Kosower, E. M.; Skorcz, J. A.; Schwarz, W. M. J., Jr.; Patton, 

J. W. J. Am. Chem. Soc. 1960,82, 2188. 
(32) Selb, J.; Gallot, Y. Makromol. Chem. 1980, 181, 809. 
(33) Matsuura, H.; Eisenberg, A. J. Polym. Sci., Polym. Phys. Ed. 

1976,14,1201. 
(34) Lalancette, R. A.; Furey, W.; Costanzo, J. N.; Hemmes, P. R.; 

Jordan, F. Acta Crystallogr., Sect. B: Struct. Crystallogr. 
Cryst. Chem. 1978, B34, 950. 


