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Viscoelastic Relaxation
Mechanism of Inorganic Polymers. V:
Counterion Effects in Bulk Polyelectrolytes

A. EISENBERG, S. SAITO, and T. SASADA

DEPARTMENT OF CHEMISTRY,®
UNIVERSITY OF CALIFORNIA, LOS ANGELES, CALIFORNIA

Synopsis

The viscoelastic properties of an inorganic anionic polymer were studied as
a function of the counterion. It is shown that as the counterion strength (ex-
pressed, for instance, by the ratio of charge to internuclear distance be-
tween cation and oxygen anion) increases, the distribution of relaxation
times narrows in an approximately linear manner. A small effect of the
molecular weight is also observed on the narrowing of the relaxation spec-
trum, but the latter is much smaller than the former.

It is known that ionic forces change the properties of polymeric
materials profoundly (I-7); for instance, the glass transition tem-
perature of one system can be raised by as much as 530°C. In spite
of this the quantitative effects of these forces on the viscoelastic
behavior have not yet been explored extensively. In organic poly-
mers the introduction of ionic groups is possible only within rather
narrow limits, since the materials become unmanageable with
increasing ionic strengths; it is therefore necessary to resort to
inorganic materials in order to obtain a quantitative idea of the
effects involved. The polyphosphates represent perhaps the best
system of a completely ionic polymer (every repeat unit carries
one change) in which the counterion can be varied at will and in
which preparation of homogeneous amorphous samples presents
no difficult problems. Furthermore, the polyphosphates, being
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linear ionic polymers, represent an excellent bridge between the
linear nonionic organic polymers on one hand and the highly
cross-linked ionic inorganic glasses on the other, so that a study
of those polymers may improve our understanding of the interre-
lation of these two large families of materials.

In this work the results of a study of the viscoelastic properties
of a series of anionic polyphosphates as a function of counterion
strength will be reported. The study is limited to monovalent
and divalent cations (Na*, K* and Ca?*) in various proportions,
the glass-transition temperatures of the materials ranging from
210 to 520°C (5). The results of a study involving a trivalent cation
(La**) will be reported separately, because in that instance it was
found (6) that the relaxation mechanism of the polymer changed
from simple molecular flow encountered in pure (NaPOj). (7)
to a superposition of this mechanism and bond interchange upon
addition of even a small percentage of lanthanum. Some results,
however, will be reported here insofar as they have a bearing on
the present discussion. Specifically, the attempt is made here to
see to what extent cation strength (expressed, for instance, by the
ratio of the cation charge to the internuclear distance between
cation and oxygen anion on the phosphate chain) affects the width
of the spectrum of relaxation times, the constants of the WLF
equation, and other parameters that characterize the viscoelastic
properties of a material in the absence of mechanistic complications
represented by bond interchange or by drastic changes in the struc-
ture of the materials.

Before proceeding it is advisable to review briefly the results
of relevant studies that preceded the present work. In addition to
the work on partially or completely neutralized copolymers of
organic acids (I-3) with nonionizable monomers, it was shown
that lithium perchlorate could be dissolved in organic polyethers
(4) with an attendant rise in the glass-transition temperature. With
regard to the polyphosphates, their solution properties have been
studied extensively in several laboratories (8-11). The glass transi-
tions in sodium phosphate polymers were studied both as a func-
tion of the chain length (12) and as a function of the ionic strength
(5), the latter work demonstrating a linear relation between the glass
transition and the ratio of the cation charge to the internuclear
distance between cation and oxygen. A study of the viscoelastic
properties of sodium phosphate polymers as a function of the molec-
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ular weight showed that the behavior of these polymers is quite
similar to that of nonionic materials, except that the dependence
of the maximal relaxation time (13) on molecular weight below the
critical entanglement region was considerably higher, the ex-
ponent of the molecular weight being between 2 and 3, in contrast
to the range of 1 to 2 encountered in nonionic polymers. Finally,
a study of “polysalt,” a stoichiometric adduct of poly(styrene sul-
fonate) and poly(vinylbutyltrimethylammonium), a polyanion-
polycation complex, should be mentioned (14). It was found that
a single master curve could express the relaxation of the material
as a function of swelling, electrolyte concentration, temperature,
etc.

EXPERIMENTAL TECHNIQUES

Sample Preparation

The details of the sample preparation technique have been
given elsewhere (5). In brief, it consisted of preparing dehydrated
polymeric glassy NaPO; or Ca(PO;), or crystalline KPOs, mixing
appropriate amounts to obtain the desired copolymers, heating,
and pouring into molds. The molded samples were further ground
(7) into prisms of precise dimensions.

Stress Relaxation Studies and Molecular Weight

These experimental details also have been reported elsewhere,
as was the design of the instrument with which the experiments
were performed (7).

EXPERIMENTAL RESULTS

The stress relaxation master curves (15) for the sodium-potassium
copolymers with T, as the reference temperature for each sample
are shown in Fig. 1; the distribution of relaxation times for the
same samples are shown in Fig. 2. Only the first approximation is
shown here (15), since it had been found before that within experi-
mental error for these materials the second approximation offers
no significant improvement. Finally, Fig. 3 shows the shift factors
(15) for the same samples, plotted as log ay versus T— T, the dotted
line being a plot of the WLF equation (16) with universal constants.
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FIG. 1, Stress relaxation master curves for NaPOy-KPO, copolymers.
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FG. 2. Distribution of relaxation times in stress relaxation for NaPOy-KPO,
copolymers,
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FIG. 3. Time-temperature shift factors for NaPO;~KPO, copolymers. The
dashed line is the WLF equation with universal constants.
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FIG. 4. Stress relaxation master curves for NaPO,~Ca(POj), copolymers.
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FIG. 8. Distribution of relaxation times in stress relaxation for NaPO,;-Ca
(POy); copolymers.

Figures 4, 5, and 6 reproduce the same data for the NaPO,-
Ca(PO,), systems, Fig. 4 showing the stress relaxation master
curves, Fig. 5 reproducing the distribution of relaxation times,

and Fig, 6 giving the shift factors for the various samples.
Finally, Table 1 gives the degrees of polymerization, P,, for the

10"

TABLE 1

Degrees of Polymerization and Calculated Constants?® for the WLF equation (16)
and Derived Values of the “Fractional Free Volume” f; and the Free
Volume Expansion Coeflicient a; for NaPO;s-Ca(POy); Copolymers

Constants
100 X 2 Ca/P P, T,, °C C, C, 5 ay, X 104

0 —_ 287 21 5 0.021 2.8

9 161 290 24 132 0.018 1.4

20 174 300 23 125 0.019 1.5

30 126 315 31 277 0.014 0.5

40 112 330 33 303 0.013 0.4

60 91 380 32 302 0.014 0.5

80 — 430 30 382 0.015 0.4

100 48 520 22 270 0.020 0.7

¢log ar=—C(T—TH(C:, +T—T,).
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FIG. 6. Time-temperature shift factors for NaPOy-Ca(PO;); copolymers. The
dashed line is the WLF equation with universal constants.

-7

NaPO;-Ca(PO,), samples for which these were measured. The
technique of intrinsic viscosity was employed, using the proce-
dures and constants given by Strauss et al. (8,17). Table 1 also
gives other data, which will be discussed.

DISCUSSION

The Stress Relaxation Master Curves

In Figs. 1 and 4 a pronounced inflection point or incipient plateau
can be observed at a modulus of about 107 dynes/cm?. Since this
value lies near the lower limit of detectability for the sample ge-
ometries that had to be employed here, the accuracy in the position
of this plateau is not very high. The plateau itself, however, is
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believed to be real and to reflect molecular entanglements just
like those encountered in organic materials.

The Distribution of Relaxation Times

As can be seen from Figs. 2 and 5, the distribution of relaxation
times narrows appreciably with increasing Na* content in the Na* -
K* copolymers and with increasing Ca’* content in the Na*-
Ca?* copolymers. This can be due to one of two possible causes
or to a combination of both: a decrease of the molecular weight
or an increase in the three-dimensional character of the material
upon the increase in concentrations indicated above, that is, an
increase in electrostatic interactions between chains.

The first possibility emerges from the fact that a decrease in the
number-average chain length below about 200 units has been
observed to lead to a decrease in the width of the relaxation spec-
trum in NaPO; homopolymer (see below). The second emerges
from a prediction made by Tobolsky (18), who showed that a three-
dimensional polymer should have a narrower relaxation-time
spectrum than one that is encountered in the case of a linear
material. Indeed, a very narrow (single-line) spectrum was ob-
served in the case of a low-molecular-weight glass (19), a model
“three dimensional” material. This concept might be applicable
here also, because, as has been pointed out previously in connec-
tion with glass-transition studies in ionic polymers (3), an increase
in the average value of q/a, where q is the cation charge and a
is the internuclear distance between the cation and the oxygen,
leads to an increase in the glass-transition temperature as a result
of an increase in both the barrier to internal rotation and the
“hole-formation energy” or interchain energy, as defined in the
Gibbs-Di Marzio theory (20). An increase in the Na* concentration
in the Na*-K* copolymers or an increase in the Ca®* concentration
in the case of the Na*-Ca?* system leads to an increase in the
average value of g/a, since the g/a values for the pure materials
are 0.37 for K*, 0.42 for Na* , and 0.84 for Ca®*. The increase in
the interchain energy makes the interchain forces more significant
in relation to the primary backbone bonds and tends to give the
polymer an increased three-dimensional character, which might
reflect itself in the width of the spectrum of relaxation times.

Before attempting the correlation between the width of the spec-
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trum and either the g/a value or the molecular weight it is necessary
to find a quantitative measure of the width of the relaxation spec-
trum. This is done by the following means. On a plot of H(r)
versus log 7 a perpendicular is dropped from the point at which
H(r) reaches the maximum down to the log 7 axis. Halfway between
the maximum and the log 7 axis a line is drawn parallel to the axis,

H{t)m

H(t) —

1/2H(0) m

log T —
FIG. 7. Illustration of the method used for determining 4 log 7.

and the length of the line between the perpendicular and the inter-
section with the H(7) plot at high 7 values is taken as a measure of
the width of the relaxation spectrum; it is called A log 7. The
entire half-width is not taken, because the error in H(7) is greatest
at the short 7 side. An illustration of the method of obtaining A
log 7 is shown in Fig. 7, and the plot of A log 7 versus g/a is given
in Fig. 8, indicating a practically linear relationship between these
two variables. It should be pointed out that the point at g/a=0
was obtained from a previous study of the polyphosphoryl dimeth-
ylamides (21) and is believed to be applicable to the correlation
given above, at least approximately, because the backbone is
identical, the “side chains” being —O~Na* in the case of the ionic
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FIG. 8. Dependence of A log 7 on cation strength, expressed by ratio of
charge q to internuclear distance g between cation and oxygen; g/a values
not corrected for molecular weight.

sodium polyphosphates and —N(CHj), in the nonionic case. The
latter is probably somewhat larger than the former, so that the ob-
served linearity down to g/a=0 may be fortuitous; the trend,
though, is clear.

It should be stressed, however, that superimposed on this g/a
effect is the effect of molecular weight. The change of the spectral
width with molecular weight is not large and is shown in Fig. 9
(with an enlarged A log 7 scale) for pure NaPO, terminated by hy-
droxyl groups and for a 1:1 NaPOy-KPO, copolymer. As can be
seen, the effects are comparable in these materials. The linearity,
however, may be fortuitous or due to the small range of molecular
weights that is accessible. In any case, since the effect is not large,
and since the range of molecular weights shown in Table 1 also
is small, the effect of molecular weight on A log 7 was not incor-
porated in the data plotted in Fig. 8.

The Possibility of Bond Interchange

Bond interchange has been observed in the case of La(POg)s-
NaPOj; copolymers (6), whereas none was observed in pure NaPO;
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FIG. 9. Dependence of A log 7 on degree of polymerization for NaPO, poly-
mers and NaPO,-KPO; copolymers.

(7). Since Ca(PQy), or its copolymers with sodium represent an
area midway between NaPO; and La(PQ,);-NaPO,, a careful
study was made to ascertain whether bond interchange was present
in the Ca(PQ;), system. In the lanthanum case the presence of
bond interchange was deduced from the failure of time-temper-
ature superposition to apply over a relatively wide region of the
modulus and from the fact that the shift factors and the maximum
relaxation times had drastically different temperature dependencies
or activation energies. The difference in activation energies is due
to the fact that the shift factors (in those regions where time-tem-
perature superposition does apply) reflect the temperature depend-
ence of “normal” molecular motions which leave the backbone in-
tact, whereas the maximum relaxation time reflects chemical bond
interchange. In “normal” polymers, on the other hand (those in
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which bond interchange is completely absent) both the shift factors
and the maximum relaxation times reflect the same molecular
processes and have the same temperature dependence, at least to a
very good approximation. It should be recalled here that Plazek has
shown (22) that the shift factors for viscosity and for recoverable

fox
[ A A NoPOs-La(POg)s

2Ca/P (%)
e} 0

NOPO;- ® °
® 60
® 10C
o] 1 ] -l 1
ol 10! 108 10° 10°
Tm (sec)

FIG. 10. Plot of shift factors a; and maximum relaxation times 7, illustrating

the absence of bond interchange in the NaPO,-Ca(PO,), copolymers (slope

=1) and the presence of bond interchange in the NaPO;-La(POQ;); co-
polymers (slope > 1).

compliance, although quite similar (both being of the WLF form),
are not identical; their difference, however, is much smaller than
that due to bond interchange versus molecular flow. Thus, if a
log-log plot were made of the shift factors g, against the maximum
relaxation times 7, a line with a slope of about 1 should result; if
bond interchange is encountered, however, the slope should be
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drastically different, the difference reflecting the differences in the
activation energies for the two processes. Figure 10 shows a plot of
log a, versus 7, for the NaPO,-Ca(PO;), copolymers, giving a slope
of 1 over the whole range of compositions. By contrast, the plot
for the two La(PQO;);-NaPO; samples shows a different slope,
indicating the presence of two different mechanisms in those
materials. The dashed line does not imply linearity over very wide
ranges of 7,; it merely illustrates the drastic change in slope.

WLF Parameters

A study of Figs. 3 and 6 reveals the interesting fact that the shift
factors in NaPOQ; can be fitted by means of constants very similar
to those of the “universal” WLF equation, the deviations increasing
with increasing Ca®* or K* content. No reasonable explanation of
the phenomenon can be offered at this time. Further as Table 1
(which also gives the various WLF parameters for the Ca®* sys-
tem) reveals, both f, and a; (where f, is the fractional free volume
at T, and a5 is the “free volume expansion coefficient”) go through
a minimum in the region in which about half the backbone charges
are neutralized by the Ca**. Since this minimum was observed
in this work (in which it was calculated from the shift factors)
in the study of the glass transitions (5), in which T,Aa was deter-
mined experimentally (where A« is the difference between the
cubic expansion coefficients above and below T,), and in V, (equiv-
alent to f; but calculated from the Gibbs-DiMarzio theory) (5) it is
believed to be physically real. It has, incidentally, also been ob-
served in the case of conductivities of borates and silicates (23)
when two counterions were present in equimolar concentrdtions.
No explanation of this phenomenon can be given at present beyond
that already presented in work on glass transitions (5).

REFERENCES

1. W, E. Fitzgerald and L. E. Bielsen, Proc. Roy. Soc. (London) Ser. A, 282, 137
(1964).

2. R. W. Rees and D. ]. Vaughn, Polymer Preprints, 6, No. 1, 287, 296 (1965).

3. N. Z. Erdi and H. Morawetz, J. Colloid Sci., 19, 708 (1964).

4. J. Moacanin and E. F. Cuddihy, Polymer Preprints, 6, No. 2, 799 (1965).

5. A, Eisenberg, H. Farb, and L. G. Cool, ]. Polymer Sci., in press.



11: 51 25 January 2011

Downl oaded At:

134 A. EISENBERG, S. SAITO, AND T. SASADA

6

. A. Eisenberg, S. Saito, and L. A. Teter, Polymer Preprints, 6, No. 2, 1146 (1965).

7. A. Eisenberg and T. Sasada, “Viscoelastic Relaxation Mechanism of In-

10.

11.

12.

13.
14.

15.

16.

17.

organic Polymers III. The Sodium Polyphosphates,” Preprints of IUPAC
Macromolecular Symposium, Prague, 1965.

. U. P. Strauss and E. H. Smith, J. Am. Chem. Soc., 75, 6186 (1953), and many

other publications.

. E. Thilo, Abhandl. Deut. Akad. Wiss. Berlin, KI. Chem. Geol. Biol., 1955,

No. 7, and many other publications.

J. R. Van Wazer, Phosphorus and Its Compounds, Wiley-Interscience, New
York, 1958, and many other publications.

A. E. R. Westman, “Constitution of Phosphate Glasses,” in Modern Aspects
of the Vitreous State (J. D. MacKenzie, ed.), Butterworth, London, 1960.

A. Eisenberg and T. Sadada, in Physics of Non-Crystalline Solids (J. A. Prins,
ed.), North-Holland, Amsterdam, 1965, p. 99.

A. V. Tobolsky and K. Murakami, J. Polymer Sci., 40, 443 (1959).

Charles A. Gray, Ph. D. thesis, Massachusetts Institute of Technology (Depart-
ment of Chemical Engineering), Cambridge, Mass., 1965.

A. V. Tobolsky, Properties and Structure of Polymers, Wiley, New York 1960;
J. D. Ferry, Viscoelastic Properties of Polymers, Wiley, New York, 1961.

M. L. Williams, R. F. Landel, and ]J. D. Ferry, J. Am. Chem. Soc., 77, 3701
(1955).

U. P. Strauss, E. H. Smith, and P. L. Wineman, J. Am. Chem. Soc., 75, 3935
(1953).

>

18. A. V. Tobolsky, J. Chem. Phys., 37, 1575 (1962).

19. A. V. Tobolsky and R. B. Taylor, J. Phys. Chem., 67, 2439 (1963).
20. ]. H. Gibbs and E. A. DiMarzio, J. Chem. Phys., 28, 373 (1958).
21. A. Eisenberg and L. A. Teter, Trans. Soc. Rheol., 9, 229 (1965).

22
23

. D. ]. Plazek, ONR Tech. Rep. No. 13, Mellon Institute, 1965.
. S. W. Strauss, J. Res. Natl. Bur. Std., 56, 183 (1965).

Received by editor May 27, 1966
Submitted for publication September 6, 1966



