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ABSTRACT: The linear viscoelastic behavior of sulfonated polystyrene ionomers with as few as one sulfonate
group per 1000 styrene repeat units was studied by dynamic mechanical analysis. Interactions of the sulfonate
groups shifted the terminal flow region to lower frequency and produced a new low-frequency relaxation that
was not present in the unmodified polystyrene. The observation of the low-frequency relaxation at very low
sulfonation levels suggests that even for 0.11 mol % sulfonation, ionic clusters-torem though, no SAXS

peak has been resolved for ionomers with that low a sulfonation level. The effect of the ionic groups on the
viscoelastic properties can be varied for a fixed sulfonation level by weakening the ion-dipole strength of the ion
pair. This can be achieved by substituting ammonium {NHations for metal cations such as™Na

Introduction scattering peak below that sulfonation level may be a result of
sufficient contrast or lack of formation of ionic clusters.

In this work, we studied the linear viscoelastic behavior of
sodium and ammonium salts of SPS with sulfonation levedls
mol %. The effects of the ionic pair interactions on the rubbery
plateau and terminal flow regions are discussed.

lonomers, predominantly hydrophobic polymers having small n
amounts of bonded ionic groups-(<15 mol %) are of
technological interest because ionic interactions produce large
changes in the physical, mechanical, and rheological properties.
The changes in the viscoelastic behavior of ionomers are mainly
due to the interactions of the sulfonate groups. The effect of
ionic group association on the melt rheology of ionomers has ) ] ]
been reviewed by Register and Prud’homm8ulfonated Materials. Atactic polystyrer_le (Pressure Chemical Ind,; =
polystyrene ionomers (SPS) have been studied by a variety of400 000 g/mol and polydispersity 1.06) was randomly sulfonated
research groups as a “model” ionord@urprisingly, there have with acetyl sulfate following the procedure described by Makowski

: . et all® The sulfonation level was determined by titration of the
been few studies of the melt rheology of neat SFSThe major sulfonic acid derivative in toluene with a standard solution of NaOH

conclusion of the majority of those studies was that sulfonation j, methanol. NaSPS and NSPS ionomers were prepared by

produces substantial increases in the melt viscosity, and thecompletely neutralizing the sulfonic acid derivative in toluene with

choices of the cation and solvent history influence the viscosity. either NaOH or NHOH in methanol. The solvent was removed

In an earlier study,we described the viscoelastic behavior by steam distillation, and the ionomers were dried at@Cfor 1

of sodium and zinc salts of SPS with sulfonation levels of1.9  day and then dried in a vacuum oven with the temperature raised

5.8 mol %. Sulfonation increased the glass transition temperatureProgressively to 206220 °C for 1 day to remove any possible

(T, of the polymer and produced two new features in the so_Ivent residue. _The drleo! samples were hot-pressed into 2 mm
. - . thick x 27 mm diameter disks.

viscoelastic behavior: (1) a rubbery plateau abdyand (2) a

Viscoelastic MeasurementsDynamic mechanical analyses of
second loss process at elevated temperatures (or at low frequeng, o ionomer melts were performed on a Rheometrics System IV

cies). The rubbery plateau was due to the formation of a physical yechanical spectrometer equipped with a 25.4 mm parallel-plate
network that persisted over a range ®100 °C. The high- fixture. The expansion of the sample thickness from 130 to°240
temperature (or low-frequency) relaxation resulted from the was measured after equilibrating the samples~d5 min, and
formation of an ion-rich nanophase that acted as multifunctional these values were used to correct the sample thickness during the
cross-links. The major effect of the nanophase (sometimesisothermal measurements of the dynamic shear properties of the
referred to as ionic clusters) was to increase the longer time ionomer. The samples were first heated to the highest measuring

relaxation processes, which increased the viscosity and wasfémperature used, and the dynamic shear moGUENdG", were
responsible for the network-like behavior of ionomers above Measured atfrequencies, from 0.02 to 200 rad/s. The temperature
T, In a later paper, Colby et almeasured the diffusion was then lowered by-10 °C, and the rheological properties were

fficient d the t inal relaxation time f di It measured again. This procedure was continued until evidence for
coetlicients an e terminal relaxation ime for a sodium sa slippage of the sample in the shear fixture was observed;180

of a deuterated SPS with a sufonation level of 0.85 mol %. ¢ ‘wModuli~frequency master curves were constructed by shifting

There results also showed two separate relaxations in thethe isothermal moduli curves with respect to a reference temperature

dynamic mechanical behavior. of T, = 140°C along the frequency axis using computer programs
Small-angle X-ray scattering (SAXS) evidence for the thatwere developed by Sha&#No vertical corrections were made.

nanophase separation of ionic clusters (a broad diffuse peak ) )

observed in the SAXS data) in SPS has been reported by aR€sults and Discussion

number of research group’.l” The characteristic dimension The glass transition temperaturdg)(measured by DSC were

associated with the SAXS peakis2—4 nm, and the clusters  similar for all the polymers. For Py = 101°C, and theTy's

for metal neutralized SPS have been observed at sulfonationof the 0.11 and 0.43 mol % salt were the same as that of PS

levels as low as 0.9 mol 9. Failure to resolve an X-ray  within experimental error. Th&, of the 1.71 mol % salts were

Experimental Details
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. 50F 3 of magnitude for 0.11-NaSPS and 0.43-NaSPS, respectively.
O F 3 The 1.71-NaSPS sample did not reach terminal response for
~ 45 — — . .
o4 g ] frequencies nearly 3 orders of magnitude lower than that for
= 40F ° H PS. The rubbery modulus',, increased with increasing
o 1 4 0.11NaSPS p sulfonation level, which is consistent with the idea that the
35 : o 043 NashS b sulfonate groups act as physical cross-links, i.e., classical rubber
30 bbb b T T elasticity predicts an increase @& following the transition
-8 6 -4 2 0 2 4 region (i.e., as frequency decreases) as the cross-link density
L increases.
og (arw) The shapes of th&"'—w curves for the 0.11-NaSPS and 0.43-
Figure 1. Modulus-frequency mastercurves for PS and NaSPS NaSPS are similar to that of the unmodified PS. However, the
ionomers aff: = 140°C: (a)G' and (b)G". 1.71-NaSPS exhibited a distinct peak at lower frequency, which

is consistent with a second relaxation process. A similar result

a little higher,~105°C, due to the suppression of segmental as observed by Weiss et®for NaSPS with sulfonation levels
motion by the interchain association of the ionic groups. petween 1.8 and 5.8 mol % and by Coltfpr 0.85-NaSPS.
However, all of theTy's were considered similar for the rheology  The low-frequency relaxation was attributed to nanophase
experiments, so that only a single reference temperafure ( separation of ionic clusters. The absence of a clear second
140°C) was used for time (frequency}emperature superposi-  relaxation in theG"'—w curves for the 0.11 and 0.43 mol %
tion (TTS). ionomers suggests that such clusters are not present in these

The effects of ionic interactions on the viscoelastic behavior materials. In that case, the effect of the ionic species on the
of SPS are pronounced, as was demonstrated by the study ofjiscoelastic properties may be due to simple ion-dipole interac-
Weiss et aP. where as few as 1.8 Na sulfonate groups per 100 tions of two or a few ionic groups. No evidence of nanophase
styrene repeat units suppressed the terminal relaxations by akeparation was found by SAXS for these ionomers, though, as
least 4 orders of magnitude in frequency and produced a newdiscussed above, that may also be expected if the concentration
peak in the relaxation spectrum above the transition region. of clusters is very low; i.e., the electron density contrast is too
While the Ty of the 1.8-NaSPS was only105 °C, terminal low to resolve the scattering between the two phases. However,
flow behavior was not observed below 240. long-lived pairwise ionic associations may also produce a second

Figure 1 shows th&'— andG" —frequency mastercurves for  relaxation process in these materials.
NaSPS ionomers with sulfonation levels of 0.11, 0.43, and 1.71  The relaxation timex) distributions,H(z), for the ionomers
mol %. TTS worked well for these materials, which is consistent were calculated from the master curves@fandG" by using
with an earlier finding of the success of TTS for SPS ionomers the second approximation formula of Tschoedel:
over as much as 20 decades of frequeh@iyl.S is generally
expected to fail for a phase-separated or nanophase-separateﬂ .
material. However, for the SPS ionomers, the two characteristic =G

(d log G’) . ;(d log G')2 .
dlogw/ 2\dlogw

relaxation processes, i.e., for the ionic and nonionic phases, are 2 ,
widely separated in time such that the individual isothermal _1 [dlogG 1)
measurements, which cover only-2 decades of frequency, 4.60 d(log w)2 Vo=ti/2
do not access both processes at a single temperature. As a result,
the viscoelastic behavior appears to be rheologically simple. or
Even for the 0.11-NaSPS, which ha4 sulfonate group per . >
1000 styrene units, a shift of the terminal region to lower H(r) _2 G +i1( dG ) 1 d°G @)
frequency is clear in Figure 1. That sulfonate concentration b4 3dinw/ 3 d(In w)Z P

corresponds to an equivalent weight-ef£04 000 g, or about 4

sulfonate groups per chain on average. The PS, 0.11-NaSP3(7) calculated from eqs 1 and Z(and G') were in good
and 0.43-NaSPS samples exhibited terminal behavior at low agreement, and the distributions calculated fi@hare shown
frequencies, i.eG' 0 w? andG" 0 w.2! However, the terminal in Figure 2. TheH(r)—7 curve for PS had the general wedge
region was shifted to lower frequency, abéigtand/, an order and box shape described by ToboKkpr amorphous polymers,



3642 Weiss and Yu Macromolecules, Vol. 40, No. 10, 2007

7 [ T 1T T 1T | T 1T T 1T 1T 1T T 1T ] 1 1 T | T T T T | T T T T | T T T T | T T T T | T
of @ B 10E E
= E POy E 9F 3
C 500 . E ]
_n_. 5 '_..-/,/45?& . ,‘;’\ 8k E
C R < ] © o ]
g C // f(@ OF.>1S1 Na . A 3
8) 4 - £ f&/ ] . E ]
— [1.71Nas / g ] S sE =
3L ! / § . e 6F ]
— . 9 — - .
C 3 0.11NH, 1 — E E
C 1.71NH, e ] St 3
2 C L1l I L1 11 I ) - I L1 11 I 1111 l I 7 4 :_ :
-8 -6 -4 -2 0 2 4 E ]
Lo (a ® 3 i N TR T WY NN AN S SN TN TR Y SN TN Y SO AN TN SO SO M N &
9 (@:0) -6 -4 -2 0 2
65 EI LI ‘ T 1T | L | é L ‘ UL ‘I T IE Log(aTm)
6.0 ;_ _; Figure 4. Complex viscosity-frequency mastercurves for PS and
55 = 3 NaSPS ionomers at = 140 °C.
© Uk E
[a C 7 Table 1. Zero-Shear Rate Viscosities of PS and SPS lonomer Melts
- 5.0 = 3 at 140°C
% 4.5 f_ _f Na salt NH, salt
3 r ] log(n0) Mequivél l0g(170) Mequiva
4.0 E B sample (Pas) (104 g/mol) (Pas) (10* g/mol)
35EF 3 PS 7.7 40 7.7 40
H- A1NH, ] 0.11-SPS 8.2 56 8.3 60
3.0 bt cov e b L 49 0.43-SPS 8.5 69
-8 4 1.71-SPS 10.0 190 9.5 135
Log (aT(D) 3 Mequiv = Mpd(170)spd(170)pd /34

Figure 3. Comparison of modulusfrequency mastercurves for 1.71-  a calculation of the equivalent molecular weight of polystyrene
at?dG(,)’.ll-NaSPS and N8PS ionomers af; = 140°C: (a) G’ and that would exhibit a similar value of,. That was calculated
) G using the experimental value g§ for the unmodified polysty-

but the ionomers also exhibited a peak at longer times. This is 'éne and assuming a scaling law P for the zero-shear
thought to be a consequence of the relaxation of the long-lived Viscosity?* Adding as few as 1 sulfonate group per 1000 styrene
ionic interactions, which perturb the rheological behavior even Units (in this case~4 sulfonate groups per chain) acted to
at sulfonation levels as low as 0.11 mol %. The position of the increase the PS equivalent molecular weid#idi) by nearly
peak maximum moves to higher relaxation time as the sulfona- & factor of 2. Increasing the sulfonation level to 17 groups per
tion level increases. 1000 styrene units increaseMleq vy by half an order of
The ammonium (Nh") salts, NHSPS, exhibited similar ~ Magnitude.
rheological behavior as NaSPS (see Figure 3). Little difference  While it has been well-known for decades that sulfonation
was observed in th6&' andG" behavior for the 0.11-NasPS can profoundly affect the rheological properties, it is still
and 0.11-NHSPS. However, the 1.71-NBPS showed its  Surprising that such a significant effect can be achieved at the
terminal region at a higher frequency, and @ was lower very low sulfonation levels reported herein. In fact, the large
than those of the NaSPS. That was a consequence of the weakdPcrease in viscosity of sulfonated polymers, such as SPS, has
ion-dipole interaction of the ammonium sulfonate compared with Previously been seen as a problem in that modest levels of
the sodium sulfonate groups. Previously, Stadtatbowed that ~ Sulfonation (e.g.~~2—5 mol %) increase the viscosity so much
the zero shear viscosity of an SPS ionomer with 1.8 mol % that melt processing and even steady shear rheological measure-
sulfonation could be varied over several orders of magnitude ments are difficult, if not impossible, to achieve. The present
by varying the ion-dipole strength by using NEf8R;" salts, study suggests that much lower sulfonation levels can be
where R, R,, and R were GHg or H. NH,;™ should provide exploited to modify rheological behavior, and presumably some
the strongest ion-dipole interaction among the among of the more desirable physical property modifications, without
NRiR,R3R4+ salts, but a study by Weiss et al. showed that it greatly sacrificing melt processability. Or, such ionomers may
was still much weaker than that of metal salts, such asiNa Pe candidates for compatibilizers without significantly affecting
Figure 4 plots the complex viscosity®) vs shear rate for melt processability of polymer blends. Previous work demon-

the Na- and NHSPS ionomersy* was calculated from the  Strated that SPS ionomers can be used as compatibilizing agents
dynamic moduli data for a variety of polymer blend®.

Conclusions

7* = (Glw) + (G"lw)’ 3) |
As few as one sulfonate group per 1000 styrene repeat units
The zero-shear rate viscosityof was calculated by fitting the  can have a profound effect on the viscoelastic behavior of
Bird—Carreau modéf to the y* —w data and extrapolating to  sulfonated polystyrene ionomers. Interactions of the sulfonate
w — —oo (from a practical perspectivey = 1071% was used). groups shift the terminal flow region to lower frequency and
The values ofjo are given in Table 1. Also given in Table 1is produce a new low-frequency relaxation that is not present in



Macromolecules, Vol. 40, No. 10, 2007

the unmodified polystyrene. The low-frequency relaxation is
believed to arise from long-lived pairwise ionic associations.
No evidence of ionic clusters was found by SAXS analysis.
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