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ABSTRACT: The salt-free polyelectrolyte behavior of random ionomers, i.e., partially sulfonated
polystyrene (SPS) (Na salt: MW = 400 000) having less than 5 mol % of ionic groups, dissolved in an
aprotic polar solvent, dimethylformamide (DMF), was studied by angular light scattering measurements.
At low ionomer concentration, “abnormal” Zimm plots, showing negative slopes in reciprocal reduced
scattered intensity vs scattering vector curves, are observed. These effects arise because the scattering
is dominated by external interference arising from strong electrostatic interactions between charged
ionomer chains. The behavior can be explained by using general relations derived by extending the
approach of Doty and Steiner. As concentration is increased, these slopes become less negative and
eventually become positive with some curvatures at small angles, which suggests the existence of large-
scale “heterogeneities” in the solution. As ion content is increased, the initial slopes become more negative
at low concentration and become more positive at higher concentration. Such behavior is suppressed
upon addition of simple salts, suggesting that the observed behavior is ionic in nature. The angular
light scattering experiments confirm previous conclusions drawn from low-angle light scattering
experiments on the salt-free polyelectrolyte behavior of ionomers in polar solvent. The results also seem
to be consistent with the speculation about the presence of large “heterogeneities” in salt-free

polyelectrolyte solutions, suggested by some dynamic light scattering experiments.

Introduction

The solution behavior of polyelectrolytes with added
salts is well explained;!? the solution is treated like a
neutral polymer in a “very good” solvent by using
excluded volume theory® and scaling theory,* originally
developed for understanding the solution behavior of
neutral polymers. However, the solution behavior of
salt-free polyelectrolyte solutions is still not well un-
derstood;? there still exist controversies about the
structure of salt-free solution and the causes of the
characteristic behavior of these solutions. One of the
reasons is the difficulty in obtaining reliable data for
salt-free aqueous polyelectrolyte solutions, since these
solutions are more difficult to handle than their added-
salt counterparts. For example, while light scattering
techniques have been widely used to obtain useful
information for added-salt systems,! little work has been
reported for salt-free solutions. This is because the
excess scattered intensity is very small for salt-free
solutions at very low concentration, needed to obtain
basic information.

Recently, it has been shown that ionomers dissolved
in a polar solvent can be used as good model systems to
study the characteristic behavior of salt-free polyelec-
trolyte solutions.? Ionomers are a class of ion-containing
polymers with a small number of ionic groups, up to 10—
15 mol %, attached to nonionic backbone chains.5-8 It
is now well established that ionomers show two types
of behavior in solution depending mainly on the polarity
of the solvent:® in low-polarity solvents, such as toluene
(e = 2.4), aggregation behavior due to dipolar attraction
is observed,!®11 and in polar solvents, such as DMF (¢
= 37), polyelectrolyte behavior due to electrostatic
interactions is observed;'? here, ¢ is the dielectric
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constant of the solvent. However, it should be cautioned
that the term ionomer is usually more connected with
aggregation behavior, since much of the ionomer work
has been focused on the structure and properties of
ionomer solids.®=8 In the solid state, ionic groups are
dispersed in a medium of low dielectric constant, e.g.,
polyethylene or polystyrene (¢ = 2.5), where counterions
are strongly bound to fixed ions and resulting dipolar
attraction leads to the formation of ionic aggregates. In
this work, we will focus entirely on the polyelectrolyte
behauior of ionomers in a polar solvent, where many of
the counterions are dissociated.!?

In polar solvents, it has been demonstrated that
ionomers show polyelectrolyte behavior. The reduced
viscosity of ionomers increases markedly with decreas-
ing polymer concentration.® This behavior, character-
istic of polyelectrolyte solutions, can be suppressed by
the addition of simple salts.1214 Low-angle light scat-
tering data from ionomer solutions also show a typical
polyelectrolyte behavior: a marked decrease in scat-
tered intensity with increasing ionomer concentra-
tion.18-18 Again, such behavior can be suppressed by
adding simple salts.!* It is interesting to note that
telechelic ionomers, which have only one or two ionic
groups attached to the chain ends, also show similar
polyelectrolyte behavior, observed by viscosity and low-
angle light scattering experiments.!™1® This indicates
the importance of intermolecular electrostatic interac-
tions in the development of this characteristic behavior,
since no intramolecular electrostatic interactions are
available for monofunctional telechelic ionomers. Small-
angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS) on ionomers in polar solvents have
also shown the typical scattering behavior of polyelec-
trolytes in aqueous solution:’®-21 a broad single peak
in scattered intensity vs scattering vector is observed.
In addition, dynamic light scattering!5?%23 and osmotic
pressure measurements!? for ionomer solutions gener-
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ally show similar behavior to that of polyelectrolyte
solutions. The equivalent conductance decreases sig-
nificantly with increasing ionomer concentration, as
typically observed for polyelectrolyte solutions, due to
counterion binding to polyion chains, in contrast to
simple salt analogues, which show slight decrease with
concentration.?* It should be stressed that all of these
observations for ionomer solutions parallel those from
polyelectrolyte/water systems.25-28 A recent review on
the behavior of polyelectrolytes and ionomers in non-
aqueous solution is available.?

In contrast to solutions of neutral polymers that have
only relatively weak, short-range interactions on the one
hand, and polyelectrolytes with 100 mol % ionic groups
that have very strong, long-range electrostatic interac-
tions on the other, ionomers are considered to be an
intermediate system.5 Because of a smaller number of
charges in ionomer chains compared with polyelectro-
lytes, the reduction in scattering power due to destruc-
tive interference is much smaller. For example, the
excess scattered intensity from SPS ionomers dissolved
in DMF 1s (1—20) x 1078 cm™113 while that from sodium
polymethacrylate or sodium poly(styrenesulfonate) with
comparable molecular weight dissolved in water is (0.1~
1) x 108 em~1.2822 If some foreign particles exist in so-
lution, which may be the case even after careful optical
clarification, their scattering contribution is not negli-
gible compared with the scattering from polyelectrolyte
molecules, which is very small. This effect is less
serious for ionomer solutions because of the stronger
scattering power of the solution. In addition, nonaque-
ous solvent, such as DMF, has a closer refractive index
{1.43) than water (1.33) to that of many foreign particles
(1.4—1.6);3% therefore, the scattering contribution from
foreign particles is even smaller, since the scattering
power is proportional to the square of the difference of
refractive index between foreign particles and the
solvent. Also, the scattering problem from the glass cell/
solution interface is less serious, since the refractive
index of DMF is much closer than water to that of the
glass (e.g., 1.50). It should also be added that SPS
ionomers seem to be more stable than poly(styrene-
sulfonate) presumably because of the smaller amounts
of sulfonate groups in the SPS ionomers.3%® Finally, the
use of aprotic solvent prevents problems associated with
aqueous solution, such as autodissociation of the solvent
(water),?

In this work, we extend our previous studies, con-
ducted by low-angle scattering on the salt-free polyelec-
trolyte behavior of random ionomer solutions (SPS
ionomer in DMF), to include angular light scattering
experiments at wide angles. The SPS ionomers, in
which ionic groups are randomly distributed along the
backbone chains, have been used extensively for study-
ing solution behavior.® We previously used these iono-
mers for viscosity,143132 Jow-angle light scattering,3:6
and dynamic light scattering??23 experiments. The
angular measurements would allow us to discuss the
solution behavior of ionomers in terms of the structure
factor, which gives information on the structure of the
solution, in addition to the low-angle scattering results,
which gives information on thermodynamic parameters.
The purpose of the present work is to compare some of
our results with those reported for salt-free polyelec-
trolyte solutions by using light scattering techniques
and to obtain new information concerning characteristic
salt-free polyelectrolyte behavior by using ionomer
solutions.
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Table 1. Molecular Characteristics of Polymers and
the Refractive Index Increment, dn/de, of the Polymers

in DMF
ion content®
M M/ Mnb {mol %) dn/de?
4.0 x 10° 1.06 0 0.165
1.9 0.161
2.7 0.168
4.6 0.171

® Determined by low-angle light scattering measurements.
® Data from Pressure Chemical. ¢ Determined by titration. ¢ De-
termined by differential refractometer.

Experimental Methods

Materials. Lightly sulfonated polystyrene (SPS) was pre-
pared by sulfonation of polystyrene with a sulfonating agent,
acetyl sulfate.?® The starting polymer was polystyrene (PS)
(MW = 400 000) with a narrow molecular weight distribution
(M, /M, = 1.06) (Pressure Chemical). After the reaction was
terminated by adding methanol, polymer (acid form) was
recovered by steam stripping in boiling water. The acid
content of the copolymer samples was determined by titration
of the sulfonic acid groups using a standard sodium hydroxide
solution with phenolphthalein as an indicator in a solvent
mixture, benzene/methanol (90/10 v/v). Acid copolymers were
then converted to ionomers (sodium salt) by adding a calcu-
lated amount of methanolic sodium hydroxide. All the poly-
mers were obtained in a powder form by freeze-drying, followed
by vacuum drying at room temperature for at least 1 week.
Details about the preparation and characterization of SPS
polymers are described elsewhere.'%32 The molecular charac-
teristics of the polymer samples are summarized in Table 1.
Sodium nitrate (NaNOQOs) (Fisher) was used as a simple salt,
since NaNOj; has high solubility in DMF.

Measurements. Polymer solutions were prepared by dis-
solving the freeze-dried ionomer samples in DMF (Fisher:
Spectranalyzed grade) under stirring overnight at room tem-
perature to prepare a stock solution. The polymer was easily
dissolved in DMF. Dilution of the stock solution was con-
ducted inside a dust-free hood (Class 100K Hood: Laminare
Co.) to avoid contamination by airborne dust.

Low-angle light scattering experiments were performed with
a KMX-6 low-angle light scattering photometer (Chromatix)
at a wavelength of 633 nm at 25 & 0.5 °C. The effect of large
dust particles was eliminated by using a flow cell. Since the
absolute scattered intensity is directly calculated from the
geometrical parameters and the ratio of radiant power, the
usual calibration is unnecessary.®* The specific refractive
index increment, dn/dc, was measured at 25 + 0.1 °C by a
KMX-16 differential refractometer (Chromatix). The dn/dc
values of ionomers and polystyrene in DMF are listed in Table
1. The optical clarification of the solutions was performed by
filtration through 0.5 and 0.2 um filters (Millipore) with a
constant flow rate using a syringe pump. The details concern-
ing the low-angle light scattering experiments are described
elsewhere.1®

Angular light scattering measurements were performed
with a BI-200SM photogoniometer (Brookhaven) with a 35 mW
He—Ne laser (632.8 nm) and a BI-2030 digital correlator
(Brookhaven). Each cylindrical sample cell with 24 mm
diameter was cleaned for 2 h with a Thurmond type washing
apparatus; this is a very effective method to remove dust
particles.? The cell was mounted at the center of a vat filled
with toluene (Fisher: Spectranalyzed grade) to match the
refractive index of the glass cell to reduce problems, such as
flare. The vat temperature, controlled by circulating ethylene
glycol through tubes in the vat, was monitored via a thermo-
couple immersed in the index matching fluid surrounding the
sample cell. The calibration of the goniometer was done for
each measurement using the index matching fluid as a
calibration standard, whose Rayleigh ratio is 14.0 x 107°
cm~ 1% The difference in the calibration constant between
different runs was usually less than 1%.

A sample cell was first filled with filtered solvent (DMF),
and intensity data were collected. This not only gave values
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Figure 1. Reduced scattered intensity vs scattering angle for
pure DMF.

for the background scattering but also was used to check the
alignment of the instrument each time it was used. After this
measurement, the cell was removed and cleaned again in the
Thurmond apparatus. Then a stock solution was filtered into
the scattering cell; subsequent solutions with lower concentra-
tions were prepared by serial dilution in the scattering cell
with filtered solvent, and the concentration was determined
by weighing the scattering cell after each addition of the
solvent. Optical clarification of solutions was performed by
filtration through 0.5 and 0.2 um filters in succession in the
dust-free hood. Scattered intensity was measured at each
angle from 30 to 150° in 15° intervals. Since the flow cell
system of the KMX-6 low-angle light scattering instrument
allows us to remove scattering from dust as already described,
the angular data extrapolated to 0° was compared with that
from low-angle measurements to ensure that the angular data
were free from the dust effect and thus reliable for further
analysis.

Standard Tests. To ensure that the photogoniometer used
for angular measurements was properly aligned and appropri-
ate experimental procedure was followed, measurements on
standards were performed. The first standard used was the
pure solvent for checking the alignment of the light scattering
instrument: the scattered intensity of the solvent in the
scattering cell, after the volume correction of sin 6, should be
independent of the scattering angle if the instrument is
properly aligned. A plot of angular dependence of the scattered
intensity from pure solvent showed a deviation from average
value less than =1% for toluene. This test was done for DMF
prior to each scattering experiment. An example of the plot
of the scattered intensity against scattering angle for pure
DMF is shown in Figure 1. The deviation from the average
value is less than +£1.5%, reflecting the proper alignment of
the instrument.

The second standard used was polystyrene standard (MW
= 400 000). The basic parameters obtained from a Zimm plot
of polystyrene in toluene were in good agreement with the
literature values.?” The Zimm plot for polystyrene in DMF is
shown in Figure 2: basic parameters obtained are a weight-
average molecular weight, M, of 3.92 x 105 a radius of
gyration, Rg, of 239 A, and a second virial coefficient, A, of
1.95 x 107% These measurements on polystyrene standards
have demonstrated the reliability of our light scattering
experiments. The results on DMF solutions were also used
as a reference to compare with the results on ionomer
solutions.

Light Scattering Equations
Various forms of equations are used for analyzing
light scattering data. Among the most general is one
given by the following Zernicke—Prins equation.3®
sin(gr)
qr

where Rj is the excess reduced scattered intensity at

R, = KeMPO)1 ~ N [7(1 - otr) a| @
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Figure 2. Zimm plot for polystyrene standard in DMF: closed
symbols, experimental values; open symbols, extrapolated
values.

angle @ from the solution. K is the optical constant,
defined by 472n0%(dn/dc)*/Nalo* for a polarized incident
beam, where ng is the refractive index of the solvent,
dn/dc is the refractive index increment, Ny is Avogadro’s
number, and Ao is the wavelength of the incident light
in vacuo. c is the polymer concentration (g/em?), M is
the (weight-average) molecular weight, and P(6) is the
particle (molecular) scattering factor. N is the number
of molecules in the scattering volume, V, o(r) is the
radial distribution function, and ¢ is the magnitude of
the scattering vector defined by g = (47n/Ao) sin(6/2).
The first bracketed term in eq 1 represents the scat-
tering from a single polymer chain, and the second
bracketed term reflects the effect of external interfer-
ence of light arising from intermolecular interactions.

When the interactions between polymer chains are
relatively weak, as is the case for neutral polymers at
low concentrations, the external interference is small
and the reciprocal reduced scattered intensity can be
expressed in terms of a virial expansion®3?

Ke 1
R_e = 3P + 24,Q(6)c + ... (2)

where Q(6) is the interparticle interference factor and
As is the second virial coefficient. The Zimm equation
is obtained when @(6) is set to be 1, since the Zimm
equation is applicable to poor solvent systems, in which
intermolecular interactions are weak and external
interference is small. 4041 Both P(6) and @(0) reach 1
as 6 goes to zero, leading to the usual equation ap-
plicable to low-angle data:?

Ke_ 1

R, M+2A2c+... (3)
The data from standard PS are analyzed by these
equations (eqs 2 and 3).

When the interactions are strong, as is the case of
salt-free polyion solutions, more general relations than
eqs 2 and 3 are needed to explain the behavior. We
analyzed the concentration dependence of low-angle
scattering data from ionomer solutions!®1® by using
Doty—Steiner equations, which were derived to analyze
light scattering data from ionic hard spheres (e.g.,
bovine serum albumin).#? These relations were derived
from a general relation (eq 1) by using the Born—Green
method*3# to include intermolecular interactions up to
3-body interactions. Although these equations were
used by Doty and Steiner to analyze scattering data at
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90° and the dissymmetry ratio (Z4s = R45/R135), their
approach may also be extended to interpret the angular
dependence of the scattering for ionomer solutions.

To develop more general relations, the second brack-
eted term in eq 1 is written, by using the Born—Green
method, #344 as

T e i 1 ) -1
[1 + %-/;) {1- e rlrkT}_S.l_r_l(q_r dvl (4)

qr

where y(r) is the interparticle potential. Note the
changes in signs by going from eq 1 to eq 4. Therefore,
the reciprocal reduced scattered intensity is

Ke 1

R, MP()

[1 + %7 - g vk, SIGT) du] (5)

qr

By choosing a proper potential function, wir), the
reciprocal reduced scattered intensity, Kc/Ry, can be
expressed for polyion solutions.*? However, we can
derive general relations without assuming any potential
functions. To develop general relations, (sin(qr)Yqr in
the brackets of eq 5 is expanded in a power series of gr,
leading to the following equation:

Ke 1 { N e —y(rvkT
Ke _ + 5l {1 —e
R, mpo)! 2O e
2
%I\V] JAl—e T du+ L (6)

The integrals in the brackets of eq 6 are the moments
of {1 — e v*T} which can be designated with the
shorthand notation

m, = '/0 {1 — e " gy (7)

where m, represents the nth moment. Especially
important for our discussion are the following two
moments:

mg = /(‘)“"{1 . e—A:;‘lr!'kY} dL‘ (7

my = fo {1—e " Tt do (7"

where mg is considered to be the (intermolecular)
excluded volume of the scatterer.®*> The ratio mo/mg
(=£2) is considered to be a radius of gyration (mean-
square radius) of the excluded volume, which is also a
measure of the dimension of the region around a
scattering particle, unoccupied by other particles (i.e.,
exclusion zones). By using these notations, eq 6 is now
written as

&z____{l 1N /PR S
R, mpo " o1 =g 3!(1 A
v

At zero angle,

K / N .
Fz=]\i4{1+—‘7m0) (9)

Here, Kc/Ro is the reciprocal reduced scattered intensity
at ¢ = 0 (zero angle limit), which is a function of c,
initially increasing significantly and leveling off at
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higher concentration, as already shown by low-angle
scattering measurements for ionomer solutions.!316

In addition, the particle scattering factor, P(9), can
be expressed, under the condition of gR, < 1, as*

R? .
]—5%5;:1+—§—q2— (10)

where R, denotes the radius of gyration of the scatterer
(or the polymer coil) in contrast to &, the radius of
gyration of the excluded volume (or exclusion zone)
surrounding the polymer coil.

Finally, combining eqs 8-~10, we can obtain an
expression for the excess scattering from the solution
of strongly interacting polymers:

/ 2
el ol oo
R, \R, 1+g 3 61 VK- C'q*l (11)

Because both intramolecular and intermolecular scat-
terings are now expressed in a series of ¢2, the following
simple quadratic formula in ¢? will be used for discus-
sion:

Be _ b, + b,g* + byg* (12)

4

=)

where the intercept, by = Kc/R,, is the reciprocal
scattered intensity at zero angle. The initial slope
normalized against the intercept, bi/ho, is

S P
b, 3 6

~ 5\ T ke 13)

Note that, in the case of no intermolecular interference
(¢ = 0) or zero concentration limit (MKc/Ry = 1), the
normalized slope, b1/bg, is simply the true radius of
gyration of the scatterer. At finite concentrations, we
can regard this 61/by value as the square of the apparent
radius of gyration (R;.p,%3), since the second term in
eq 13 cannot be ignored. It is seen from eq 13 that the
normalized slope can even be negative if the negative
contribution of the second term is large, as is the case
of polyion at low polymer concentrations. Experimen-
tally, the b1/bo term in eq 13 is determined from angular
data and the RyMKec term is determined from low-angle
data (or angular data extrapolated to zero angle).

It should be stressed that in this derivation we
consider triplet terms at least to a first approximation
in addition to pair terms by using the Born—Green
method, as pointed out by Guinier and Fournet.*7*
Somewhat similar relations have been used by Burchard
to analyze light scattering data for poly(vinylcarba-
nilate) solution, where ordering of polymer molecules
occurs due to large excluded volume, presumably arising
from solvation.’? Note that these equations are quite
general; it is not difficult to show that eqs 2 and 3 are
special cases of eqs 8 and 9, respectively.

Results

Figure 3 shows the light scattering results for SPS
jonomer with various ion contents in DMF: the scat-
tering data by angular measurements, extrapolated to
zero angle, are shown in addition to low-angle scattering
data. The result for the starting polystyrene is also
included for comparison. It is seen that the reciprocal
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Figure 3. Reciprocal reduced scattered intensity at zero
angle, Kc/R,, for SPS ionomer with various ion contents in
DMF as well as polystyrene: closed symbols, low-angle light
scattering data; open symbols, angular light scattering data
extrapolated to zero angle.

reduced scattered intensity, Kc/Ry, from ionomer solu-
tions rises steeply from the intercept, bends over, and
becomes nearly horizontal at higher polymer concentra-
tions. Furthermore, the curves for ionomer samples
with different ion contents seem to converge to the same
intercept at zero concentration, corresponding to the
inverse of the weight-average molecular weight of the
polymer. These are consistent with the results reported
for SPS ionomers in DMF315.17 ganq for polyelectrolytes
in aqueous solution.284252 Tt should be noted that there
is a good agreement between low-angle data and angu-
lar scattering data extrapolated to zero angle, which
were obtained by independent instruments, indicating
the reliability of our light scattering experiments.

Figure 4 shows a Zimm plot for the SPS ionomer in
DMF. It should be stressed that the reproducibility of
the data, especially that of the low-concentration range,
is very good, since these data were collected by seven
independent experiments using different stock solutions.
As explained above, an extrapolated curve to zero angle
(line connecting open squares) is quite close to that
obtained by low-angle light scattering measurements.
The most noteworthy feature in this figure is the
negative slope of the angular-dependent curves for low-
concentration solutions, as shown in Figure 4b. This
reflects the fact that the reciprocal reduced scattered
intensity increases with increasing scattering angle,
which is opposite to that seen for neutral polymer
solution, where the slope is always positive, as seen in
Figure 2. As the ionomer concentration is increased,
the slope in the angular-dependent curve increases with
increasing polymer concentration and eventually be-
comes positive, somewhat curved at low angles, as seen
in Figure 4a. Due to this curvature, we used a quadratic
relation (eq 12) for fitting the data and determined the
zero-angle value, b, and the initial slope, b;. Although
the by value was also obtained, this is a complex function
of moments higher than the second (i.e., £ and Ry).

To show more clearly the concentration dependence
of each angular-dependent curve in Figure 4a, the
values of the normalized slope, b1/by, are plotted against
polymer concentration in Figure 5. It is seen that, as
the polymer concentration increases, the value of the
normalized slope changes from largely negative, to less
negative, and eventually to slightly positive.

To show that this characteristic behavior of the salt-
free ionomer solution arises from ionic interactions, light
scattering measurements were also conducted for iono-
mer solutions with added salts (0.1 M NaNO3); since
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Figure 4. (a) Overall Zimm plot of ionomer (ion content: 1.9
mol %) in DMF. (b) Zimm plot at low concentrations of
ionomer (ion content: 1.9 mol %) in DMF: closed symbols,
experimental values; open symbols, extrapolated values.
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Figure 5. Normalized initial slope in Kc/Ry vs ¢2 curves, by/
b, against ionomer concentration for ionomer (ion content: 1.9
mol %) in DMF.

simple salts can suppress ionic interactions by screening
ionomer charges, neutral polymer behavior should be
recovered, as observed for viscosity and low-angle light
scattering data, if this characteristic behavior arises
from ionic interactions.l* It was found that the addition
of simple salts indeed suppressed the characteristic
behavior both in low-angle light scattering behavior (i.e.,
a significant reduction in scattered intensity) and in
angular light scattering behavior (i.e., an increased
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Figure 6. Zimm plot for ionomer (ion content: 2.7 mol %) in
DMF: closed symbols, experimental values; open symbols,
extrapolated values.
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Figure 7. Zimm plot for ionomer (ion content: 4.6 mol %) in
DMF: closed symbols, experimental values; open symbols,
extrapolated values.

scattered intensity with increasing scattering angle at
low concentration).

The effect of ion content on “abnormal” Zimm plots is
seen in Figures 6 and 7 for the higher ion content
samples (2.7 and 4.6 mol %). The slope of the angular-
dependent curve (i.e., Kc/Rg vs ¢2 curves) is negative at
low concentration and becomes less negative and even-
tually positive as ionomer concentration increases. Both
systems show similar results to those seen for the 1.9
mol % ionomer, but in a more pronounced fashion. This
is yet another example of salt-free polyelectrolyte be-
havior of ionomer solutions, in which the degree of
polyelectrolyte effect increases with increasing ion
content.’

Figure 8 shows the concentration dependence of the
normalized initial slope, b1/bo, for the ionomers with
three different ion contents (1.9, 2.7, and 4.7 mol %) to
show the effect of ion content. It is apparent that the
bi/be values at both low and high concentrations are
more pronounced as the ion content increases. Fur-
thermore, the crossover concentration, where the initial
slope changes from negative to positive, shifts to lower
concentration as the ion content is increased.

Discussion

In this work, we have shown characteristic light
scattering behavior (angular dependence) of SPS iono-
mers in a polar solvent, DMF; at low ionomer concen-
tration, an angular-dependent curve shows a negative
slope, the slope increases with increasing ionomer
concentration, and eventually it becomes positive at
high ionomer concentration. Since a contrasting be-
havior is observed according to the concentration range,
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Figure 8. Normalized initial slope in Kc/R, vs g* curves, by/
by, for ionomers with various ion contents in DMF. (O) 1.9
mol %; (@) 2.7 mol %; (©) 4.6 mol %.

we divide the concentration range into two ranges for
discussion: one is the low-concentration range, where
the slope is negative, and the other is the high-
concentration range, where the slope is positive. The
crossover concentration is designated as ¢* in this
paper.5?

Low Concentrations. Although our results are
most systematic, demonstrating the negative slope of
the angular-dependent curve, some previous work sug-
gested a similar behavior: for example, Doty and
Steiner reported that the dissymmetry ratio (R4s/R135)
of bovine serum albumin (a charged protein) in water
was less than 1, indicating that the scattering at high
angle was stronger than at low angle.*? It was also
reported for salt-free polyelectrolytes in water that the
reciprocal scattered intensity at low concentration de-
creased with increasing scattering angle for sodium
poly(styrenesulfonate) by Sedlak and Amis® and for
poly(2-vinylpyridine) (PVP) (quaternized) by Forster et
al.,% although their data were reported in normalized
reciprocal scattered intensity, Io/Iy, instead of reciprocal
reduced scattered intensity, Kc/Rs, usually used for light
scattering data analysis. As we previously noted,!3 the
excess scattering from ionomers in a polar solvent is
much stronger than that from polyelectrolytes with
comparable molecular weight in aqueous solution; there-
fore, the relative error in scattering data from ionomer
solution is smaller compared with polyelectrolyte solu-
tion. Thus, we can say with more confidence that these
curves are characteristic to ionic polymers in polar
solvents, including polyelectrolytes in aqueous solution.
Probably, most relevant is the result reported by Saka-
moto et al. for PVP (unquaternized) in methanol:% here,
also, “abnormal” light scattering behavior, such as
negative slopes, was observed for PVP in methanol.
Although they correctly attributed this “abnormal”
behavior to external interference arising from nonran-
dom arrangement of polymer molecules, this arrange-
ment was attributed to a strong solvation and resulting
increased repulsion between polymer molecules. How-
ever, they also pointed out that the addition of HCI to
methanol, which can lead to partial ionization of PVP
molecules, enhanced “abnormality” in light scattering
behavior. This suggests that the strong ionic interaction
arising from partial ionization is the cause of abnormal-
ity, as we observe in ionomer solutions, since partially
ionized PVP may be much closer to ionomers of low ion
content. As we indicated, the introduction of very small
amounts of ionic groups (e.g., 1 mol %) can induce
polyelectrolyte behavior.18



Macromolecules, Vol. 27, No. 25, 1994

1200

1000

800

600

& value [A]

400

200 ¢+

0 L A I .
0.0 0.5 1.0 15 2.0 2.5 3.0

Concentration x 10° [g/ml]

Figure 9. Radius of gyration of excluded volume, &, vs
ionomer concentration for ionomer (ion content: 1.9 mol %)
in DMF. Dashed line represents the radius of gyration, R, of
unmodified polystyrene.

This characteristic scattering behavior of jonomer
solutions may be analyzed by using the equations
developed above. As eq 13 indicates, the normalized
initial slope (or apparent radius of gyration) term, b1/
by, is considered to arise from the competition between
the first term, R %3, reflecting the radius of gyration of
ionomer chains (therefore a positive contribution), and
the second term, (—£%6)1 — RyMKc), reflecting the
excluded volume (therefore a negative contribution).
However, as the neutron scattering experiments have
shown, the increase in the radius of gyration of the SPS
ionomer chain with decreasing ionomer concentration
is rather small,1957 and therefore, to a first approxima-
tion, the change in R, of the ionomer chain is negligible
compared with that of & over the concentration range
studied. Therefore, the change in the b1/bg value (or
normalized slope) can be discussed in terms of the
change in the excluded volume term (the second term
in eq 13). Figure 9 shows the concentration dependence
of £ values calculated from eq 13 with the assumption
of constant R;. The R, value for unmodified polystyrene
(i.e., 239 A) was used for calculation. As expected, the
radius of gyration of the excluded volume, &, decreases
with increasing ionomer concentration.

We can now understand the concentration depen-
dence of the b1/by term in Figure 5: at low concentration,
the value is negative, reflecting the dominant excluded
volume term, because ionomer molecules have a large
excluded volume due to long-range electrostatic interac-
tions between molecules, as seen in Figure 9. As the
ionomer concentration increases, the total ionic strength
of the solution increases, thereby reducing the inter-
molecular electrostatic interactions. Thus, the electro-
static excluded volume term & decreases significantly
(see Figure 9), while (1 — Ry/MKc) increases slightly (see
Figure 3), leading to a small negative value. The slope
is still negative, because the radius of gyration of
ionomer chains is much smaller than the excluded
volume term as far as ionomer concentration is low (see
Figure 9). This is in contrast to the case of neutral
polymer solutions, where the intermolecular interac-
tions are short range (e.g., van der Waals interactions);
thus, the excluded volume is of the same order of R,
and hence £ as well as (1 — Ry/MKe) is small, leading to
a positive slope. However, even in neutral polymer
solutions, the presence of the excluded volume term can
be seen in the scattering data: the slope of Kc/Rg vs g2
plots decreases with increasing polymer concentra-
tion.39:58 This is because as concentration is increased,
(1 — R¢/MKc) increases, and thereby the importance of
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the (—£%/6)(1 — RyMKc) term also increases (the & value
is considered to be roughly constant for neutral poly-
mers).

It has been shown that the polyelectrolyte effect of
ionomer solutions becomes more pronounced as the ion
content is increased.5¢ Therefore, an increase in ion
content should have two opposing effects on the slope
of the Kc/Rg vs g2 curve. First, the electrostatic interac-
tions will become stronger due to a larger number of
ions on the chain, leading to larger electrostatic excluded
volume. Therefore, £, as well as (1 — Ry/MKec) in eq 13,
increases, resulting in a more negative contribution to
the b1/bo term. Second, chain expansion may be more
pronounced, leading to a more positive contribution to
the bi/bo term. However, the change in R; is less
significant!®%” compared with that of . At best, R, can
scale with ion content in a similar degree to £. There-
fore, an increase in ion content leads to a larger negative
contribution than a positive one in eq 13, thereby
producing more pronounced negative slopes, as seen in
Figures 6 and 7.

We can also show that the crossover concentration,
¢*, where the normalized slope (b1/by) becomes zero,
shifts to lower concentration with increasing ion con-
tent.33 Qualitatively, it is expected that higher ion
content leads to larger excluded volume, leading to a
larger contribution of the £ term compared with the R,
term in eq 13, as discussed above; therefore, the
crossover concentration shifts to lower concentration.
More quantitatively, from eqs 9 and 13, the crossover
concentration is obtained as

2 -1
ot~ i( £ 1) (14)

mg 2Rg2

under the condition that MKc¢/Ry > 1, which is the case
for ionomer solutions at relatively high concentration
where the crossover occurs, as seen in Figure 3. The
higher the ion content, the larger the excluded volume
my, and R, and § can scale with ion content in a similar
degree at best; actually, the change in & is much larger
than that of R, as already discussed. Therefore, c*
shifts to lower concentration with ion content.

High Concentrations. At higher concentrations,
the slope of the angular-dependent curve becomes
positive, somewhat curved at lower angles, indicating
that the first term in eq 13, reflecting the radius of
gyration of the polymer, dominates. While the apparent
radius of gyration of the 1.9 mol % ionomer is compa-
rable to that of the unmodified polystyrene (239 A) over
the concentration range studied, the higher ion content
samples (2.7 and 4.6 mol %) show larger values; for
example, the values of apparent radius of gyration for
these samples are over 300 A. However, a true radius
of gyration is even larger compared with such an
apparent radius of gyration because of the excluded
volume term (i.e., the second term) in eq 13. In addition,
the appearance of the curvature at small angles sug-
gests the existence of larger particles in the solution,
as observed for a solution of heterogeneous samples (in
terms of size).5?

These considerations suggest the existence of “het-
erogeneities” that are larger than the parent polysty-
rene. It should also be noted that the apparent radius
of gyration increases with increasing ion content at high
concentration (see Figure 8). This again indicates that
the “heterogeneities” in the solution become more
pronounced with increasing ion content, suggesting that
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the phenomenon is ionic in nature. It should be added
that the CONTIN analysis of dynamic scattering data
for the SPS ionomers in DMF indicates the existence of
two diffusive modes: a fast mode and a slow mode. The
slow mode may reflect the scattering from these large
“heterogeneities”.%0

The solution is considered to be made of ionomer
chains surrounded by a large exclusion zone. It is
expected that the effective volume of each ionomer chain
begins to overlap at high concentration. This concen-
tration should be much lower for the ionomer compared
with unmodified polystyrene. For example, the effective
(or excluded) volume of 1.9 mol % ionomer at high
concentration is nearly 10 times larger than that of
polystyrene. This can be seen in the ca. 10 times larger
Kc/R;y value of the 1.9 mol % sample compared with
polystyrene at 1.5 x 1078 g/em?, as seen in Figure 3 (also
see eq 9). Therefore, this leads to a decrease in the
critical concentration where overlap of the effective
volume occurs. An analogy may be found in the
condensation of a gas (polymer molecules at low con-
centration) to a liquid (dense arrangement of polymer
molecules) with a decrease in specific volume (increase
in polymer concentration), except that the effective
volume of the ionomer molecule decreases with concen-
tration, while that of the gas molecule is constant. The
“heterogeneities” may reflect larger species formed due
to the fluctuation of particle position at this critical
concentration.

it should be mentioned that somewhat similar light
scattering behavior was reported for salt-free polyelec-
trolyte solutions; a pronounced positive slope has been
reported in the angular light scattering data from
polyelectrolytes (sodium poly(styrenesulfonate)®* and
quaternized PVP%%) in water at high concentrations.
These results, coupled with the dynamic light scattering
results, have been interpreted as arising from large-
scale “domains” in the solution.’! Some explanations
have been proposed to explain the formation of “do-
mains” in salt-free polyion solutions. One explanation
is offered by Ise et al.52 They attributed the origin of
such behavior to attractive interaction between different
polyions through intermediary counterions with op-
posite sign. In their “two-state model”, both free poly-
ions and associated species (corresponding to a “do-
main”) coexist in the solution. Another is the so-called
temporal aggregate model by Schmitz et al.,?3%* which
explains the formation of “domains” due to dipole—
dipole type attractions through the distortion of coun-
terion clouds. However, there are some arguments
against the existence of “domains”.% Tt should also be
added that even neutral polymers in good solvent as
well as polyelectrolytes with added salts show similar
angular light scattering results at high concentra-
tion. 5?6667 Certainly, no attraction due to ionic interac-
tions is expected for the neutral polymer solutions.

It is not our intention in this paper, however, to
identify the origin of “heterogeneities” formed in salt-
free ionomer solutions. More systematic studies to
characterize the “heterogeneities” and experiments
targeted to separate the essential factor causing the
behavior are needed. Future studies will address these
issues. Nevertheless, we have shown that ionomer
solutions clearly show characteristic light scattering
behavior, such as negative angular dependence at low
concentration and positive slope with some curvature
at high concentration, which have been only partly
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indicated before by angular light scattering studies for
salt-free polyelectrolyte solutions.

Conclusions

Angular light scattering measurements were con-
ducted for sulfonated polystyrene ionomers, in which
small amounts (less than 5 mol %) of ionic groups were
randomly distributed, dissolved in an aprotic, polar
solvent, DMF. The angular light scattering results
extrapolated to zero angle are in good agreement with
low-angle light scattering results from the same system.
The data show a decrease in reciprocal reduced scat-
tered intensity with increasing scattering angle at low
polymer concentrations, which is explained in terms of
the large (intermolecular) excluded volume of ionomer
molecules. At higher concentrations, reciprocal reduced
scattered intensity increases with scattering angle, and
a slight curvature is seen at small angles, which is
characteristic of a solution with large-scale “heteroge-
neities”. The presence of large scale “heterogeneities”
found for ionomer solutions is similar to those reported
for salt-free polyelectrolyte solutions, whose structure
and origin are still controversial. Because of the
stronger scattering power and nonaqueous nature of
ionomer solutions compared with polyelectrolytes in
aqueous solution, salt-free ionomer solutions can be
used as a good model system to investigate the charac-
teristic behavior of salt-free polyelectrolyte solutions.
The use of simpler ionomer systems, such as smaller
random jonomers (to eliminate the R, term contribution,
arising from intramolecular interference) and telechelic
ionomers with a single charge per chain (to eliminate
the effect of intramolecular electrostatic interactions)
can further clarify some of the unanswered questions.
These studies are underway and will be reported in the
future.
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