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ABSTRACT: Viscometry and dynamic light scattering experiments have been used to characterize model
polyurethane ionomers in dimethylacetamide (DMAc). The structures in solution are studied as a function
of concentration and ionic content. These ionomers have regularly spaced ionic groups and form good
model systems to study the effect of ionic interactions on the properties of polymers. These ionomers in
DMAc are found to exhibit characteristic behavior of salt-free polyelectrolyte solutions. Viscometric
measurements show an upturn in reduced viscosity at very low concentrations. Analysis of dynamic
light scattering data by CONTIN indicates the existence of two diffusive modes, a fast mode and a slow
mode, differing by 2 orders of magnitude. The diffusion coefficient of the fast mode increases slightly
with concentration, whereas the diffusion coefficient corresponding to the slow mode is independent of
concentration within the concentration range studied. The rate of increase of the diffusion coefficient of
the fast mode with concentration increases with increasing ionic content. The fast mode arises from
intermolecular electrostatic interactions while the slow mode is due to motions associated with the
formation of domains of associated polymer chains. Both modes do not show any time dependence,
suggesting that the solution structures are at equilibrium. The slow mode persists even after filtration
through filters with pore sizes that are small compared to the size of domains and therefore the formation
of domains is due to reversible interactions in solution. These results indicate that free polyions and
associated species coexist in dilute solutions of polyurethane ionomers in polar solvents.

Introduction

Ionomers contain a small number of ionic groups, up
to 15 mol %, attached to nonionic backbone chains. The
presence of the ionic groups results in improved proper-
ties in all physical states of the material. It is generally
accepted that the improvement in material properties
originates from the aggregation of ions. Though exten-
sive studies have been performed in the bulk, solution
properties of ionomers have only recently been inves-
tigated.1,2 Solution studies allow a more thorough
understanding of how ionic groups associate and thereby
affect the morphology and properties of ionomers.
It has been well established that ionomer solutions

show two types of behavior depending on the polarity
of the solvents used,3 namely (1) aggregation due to
dipolar attractions between chain segments in nonpolar
or low-polarity solvents and (2) polyelectrolyte behavior
due to Coulombic interactions in high-polarity solvents.
Comparison of the solution behavior exhibited by the
ionomer solutions to that observed by the corresponding
nonionic form of the polymer provides evidence of the
unique structure of the ionomer solutions. The associa-
tion of ionomer molecules in nonpolar solvents results
from strong dipole-dipole interactions among the ionic
groups.
In highly polar solvents, ionomers behave identically

to aqueous polyelectrolyte solutions3-6 and exhibit a
dramatic increase in reduced viscosity with decreasing
polymer concentration. This effect depends strongly on
the ionic content and is enhanced with increasing ionic
content.7 This is quite surprising considering the large
difference in ionic content that exists between an
ionomer and a polyelectrolyte. While ionomers contain
relatively low ionic content, polyelectrolytes contain very
high ionic content, usually one ionic group per repeat
unit. The identification of polyelectrolyte behavior in

high-polarity ionomer solutions has also been supported
by static and dynamic light scattering5,6,8,9 and small-
angle neutron scattering (SANS) experiments10,11 that
show features that are characteristic of polyelectrolyte
solutions.
The behavior of polyelectrolytes with added salt is

well understood in terms of the screening effect by
simple ions of electrostatic interactions among fixed ions
and can be described by scaling theory developed for
neutral polymer solutions.12 Although the polyelectro-
lyte behavior of salt-free aqueous polyelectrolyte solu-
tions has been extensively studied, its nature is not clear
yet. In the classical explanation based on counterion
condensation and chain expansion, the polar solvent
solvates the ionic pairs due to the high local charge
density. In the dilute limit, where single chains exist
in solution, the repulsion of the like charges on the same
chain leads to chain extension and therefore an increase
in reduced viscosity. However, the results from viscos-
ity, light scattering, small-angle X-ray scattering, and
neutron scattering suggest some ordered distribution in
these solutions even at low concentrations.13-15 Several
models have been proposed to explain the formation and
structure of ordered clusters; however, the molecular
structure and thermodynamic driving force of such
ordered structures is not yet understood. Polyelectro-
lyte behavior also occurs for polymer latex particles that
have a fixed size16 and for monochelic ionomers that
have only one charged group at the end of the chain.17
In both cases, the explanation of the polyelectrolyte
effect due to changes in coil conformation through
intramolecular repulsion is impossible, and it has been
argued that this behavior could be attributed to inter-
molecular electrostatic interactions that could lead to
an ordered arrangement of the latex particles or poly-
mer chains in solution.18 Recently, it has been verified
that electrostatic interactions, as opposed to phase
separation arising out of the hydrophobic backbone, are
solely responsible for the appearance of two modes of
diffusion in polyelectrolyte solutions, and it was also
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found that a fivefold change in dielectric constant did
not affect the electrostatic interactions.19

Hara recently reviewed the behavior of polyelectro-
lytes and ionomers in nonaqueous solution and demon-
strated that ionomers offer good model systems to
investigate the characteristic behavior of salt-free poly-
electrolyte solutions.20 Ionomer chains with smaller
number of charges compared with polyelectrolytes have
stronger scattering power because of less destructive
interference. Problems associated with aqueous solu-
tions, such as autodissociation of the solvent, can be
avoided by using an aprotic solvent. Also, ionomers can
have backbone chains compatible with the polar solvent,
so no gelation or phase separation occurs as for weakly
charged polyelectrolytes in water.
Solution studies of ionomers have focused on teleche-

lic and random copolymer ionomers. Telechelic iono-
mers have ionic groups only at the chain ends while
random copolymer ionomers have ionic groups randomly
distributed along backbone chains. Telechelic ionomers
have a drawback in that they are typically of low
molecular weight, which is necessary for achieving a
sufficiently high ionic content. Random copolymer
ionomers lack well-defined architecture that can lead
to a direct correlation between the observed properties
and solution structure. Some basic parameters like the
contour length between ionic groups and the number
of ionic groups per polymer chain are not well defined.
Model polyurethane ionomers form a simple model
system with regularly spaced ionic groups and allow a
direct correlation of ionomer structure and properties.
Polyurethane (PU) ionomers contain alternate ionic

hard segments and nonionic soft segments. The model
polyurethane ionomers are synthesized as a 1:1 copoly-
mer of a diisocyanate and a macroglycol without a chain
extender. The ionic groups in these ionomers are
bonded solely to the urethane nitrogen, resulting in
regular positioning of the ionic groups. These systems
make an excellent model for studying ionomer morphol-
ogy because they allow control of (1) the separation
distance between the ionic groups by varying the polyol
molecular weight and (2) the compatibility of the ionic
groups with the polymer chain by varying the polyol
type. Advantages of these systems are the regular and
well-known distribution of the ionic groups along the
polymeric backbone and the overall molecular weights
larger than 50 000 that can be synthesized.
Aqueous solutions of polyurethane ionomers are of

particular importance. Polyurethane ionomers have
been utilized in applications that require water disper-
sions since the ionic groups act as internal emulsifiers,
which yields better dispersion stability and finer particle
size.21-24 The polyol hydrophilicity also has a strong
effect on the blood contacting response of the water-
soluble sulfonated polyurethanes that show antithrom-
bogenic effects.25-28 Viscometric experiments on poly-
urethane ionomer solutions have focused on the study
of the changes of the behavior of solutions in organic
solvents, such as acetone, upon addition of water. When
water is added in solutions of these ionomers in acetone,
a phase inversion can occur21,29-33 that depends on the
relative amount of the two solvents. Viscosity and
conductometric studies have been performed to study
this phase inversion;21,29-31,34 however, the details of this
process are still unknown.
Though the structure-property relationship of model

polyurethane ionomers has been very well characterized
in the bulk,35-38 ionomer solution characterization has

not been very extensive. The strong effect of solvent
type on the structure and morphology of these ionomers
is illustrated when they are cast using different sol-
vents, which results in a dramatic change in both
thermal and mechanical properties.29,36,39 Therefore,
characterization of the chain conformation and dimen-
sions of these ionomers in solution will lead to a better
understanding of the behavior in not only the solution
state but the solid state as well.
Previous work on polyurethane ionomer solution

properties was mainly in terms of viscometric measure-
ments. The aim of the present study is to study the
structures in solution as a function of concentration and
ionic content so as to get a better understanding of ionic
interactions in solution. This study is focused on the
characterization of the polyurethane ionomer solutions
by viscometry and dynamic light scattering (DLS) and
the influence of ionic content on structures in solution.
DLS studies were done over a broad range of delay times
and identify two relaxation modes confirming the poly-
electrolyte behavior demonstrated by viscometric mea-
surements.

Experimental Section
Materials. The polyurethanes were synthesized in a solu-

tion-phase two-step condensation polymerization, according to
the method of Hwang et al.40 Oligomers of poly(tetramethyl-
ene oxide) (PTMO) in N,N-dimethylacetamide (DMAc) were
reacted with methylenebis(phenyl isocyanate) (MDI). These
materials were then derivatized by a bimolecular nucleophilic
displacement of the urethane nitrogen using sodium hydride,
followed by a ring-opening reaction with 1,3-propanesultone.
The polyurethanes were derivatized by replacement of 100 mol
% of urethane hydrogens with propyl sulfonate groups. The
polymers were extracted in toluene for 48 h in a Soxhlet
extractor to remove low molecular weight material. Elemental
analysis was performed by Galbraith Laboratories (Knoxville,
TN), and the results were consistent with stoichiometric
calculations.
Infrared (IR) spectroscopy was used to confirm that almost

all the urethane nitrogens were sulfonated. The spacing
between ionic groups was varied by varying the molecular
weight of PTMO. The structure is shown in Figure 1. Sodium
(Na) was used as the counterion since it strongly interacts with
the sulfonate group, which results in strong interactions in
solution. Two different samples were synthesized from PTMO
of molecular weight 1000 and 4500, respectively. The un-
derivatized samples are designated PU-1000 and PU-4500 to
indicate the molecular weight of the PTMO used in the
synthesis. The corresponding sulfonated samples are desig-
nated PU1 and PU4, respectively.
Polymer solutions were prepared by dissolving the ionomer

samples in DMAc (Aldrich: spectrophotometric grade) under
stirring for 1 day at room temperature. Ionomer samples
dissolved easily. Karl Fischer titration was performed after
the experiment to check the water content in the polymer
solutions. In all cases, water content was found to be less than
0.15%.
Measurements. Size exclusion chromatography (SEC) was

performed with a Beckman liquid chromatography unit with
DMAc containing 2.0 g/L LiNO3 as the eluent at a flow rate of
0.5 mL/min at 30 °C. Standard polystyrenes were used for
calibration.
The viscometric experiments were conducted with an au-

tomated AVS 300 Schott-Gerate viscometer measuring station

Figure 1. Structure of model polyurethane ionomer.
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with an automatic dilution control unit, a piston buret, and a
basic unit with computer output. The kinematic viscosity was
measured using KPG-Ubbelohde capillary viscometers (Schott-
Gerate), whose size was selected to be appropriate to the
viscosity range of the sample under study. In all cases, the
flow time was more than 200 s. Kinematic corrections were
applied, depending on the specific viscometer used. The
polymers were dissolved in DMAc, and measurements were
done at concentrations ranging from 0.01 to 3.0 g/dL. The
temperature was maintained at 35 ( 0.1 °C in the thermostat
bath. Samples were stirred and thermally equilibrated for at
least 30 min between dilutions. The measurements were
repeated until the error between subsequent measurements
was less than 1%. Between samples, the viscometer was
cleaned with Chromerge, rinsed with deionized water and then
with acetone, and finally dried for at least 12 h at 120 °C.
Dynamic light scattering measurements were conducted

with a BI-200SM goniometer (Brookhaven) and a BI-9000AT
digital correlator (Brookhaven) at a wavelength of 488 nm from
a 300 mW Ar Lexel laser. Measurements were conducted at
35 ( 0.1 °C. The temperature of the sample was kept constant
through external circulation of water around the sample
holder. The channel numbers were 256, of which 6 data
channels were used to determine the baseline. To eliminate
dust effects, the data were discarded whenever the difference
between measured and calculated baselines was greater than
0.1%. The scattered data from the correlator were transferred
to a microcomputer for analysis. The scattering intensity is
increased by either increasing the laser power or the aperture
size (scattering volume). Angular measurements were made
using a goniometer in the range of scattering angles from 30
to 150°. For ionomer solutions, sample times from 0.1 µs to 1
s were used.

Theory
In a dynamic light scattering experiment, the mea-

sured intensity correlation function G(2)(τ) is related to
the first-order (or field) correlation function g(1)(τ) by the
Siegert relation

where B is the experimentally determined baseline (B
) G(2)(∞)) and the parameter â, 0 < â < 1, is due to
experimental variables. â is used either as a parameter
in the fitting procedure or in normalizing G(2)(τ). The
background count B (count rate at very long times) is
directly measured by the correlator. The electric field
correlation function g(1)(q,τ) is written as

where the line width Γ (or decay rate or relaxation rate)
is related to the particle diffusion coefficient D by Γ )
Dq2, q is the amplitude of the scattering wave vector
defined as q ) 4πn/λ sin(θ/2), andG(Γ) is the normalized
distribution function of the line widths and contains
detailed information on the distribution of diffusivity,
particle size, or relaxation times.41 The inversion of the
integral equation, to obtain the desired molecular
information, is an ill-posed problem. One of the most
reliable analyses for the solution of this problem is the
algorithm developed by Provencher.42-45 It is based on
the principle of parsimony to detect the most probable
solution and also takes into account the noise in the
data. The deconvolution by CONTIN yields the spec-
trum of decay rates (or relaxation times) for the various
processes in the scattering samples as a series of
amplitudes G(Γ), along a grid of Γ values. Equation 2
is modified to plot ΓG(Γ,q) vs log(Γ/q2) so that the plot
is in an equal-area representation and the area under

each peak corresponds to the weight of the peak.

Data analysis with CONTIN provides information on
the moments of the relaxation time distribution from
which the z-average diffusion coefficient may be evalu-
ated. The mutual diffusion coefficient for nonaggregat-
ing polymers (systems with weak interactions) is given
by the generalized Stokes-Einstein equation as

whereM is the molecular weight, v is the partial specific
volume, f(c) is the frictional coefficient, c is the concen-
tration of the polymer, ∂Π/∂c is the inverse osmotic
compressibility, and NA is Avogadro’s number. For
strongly interacting systems, by using the Zernicke-
Prins equation for light scattering analysis with the
Born-Green approximation it can be shown46 that

where Kc/R0 is the reduced scattered intensity at zero
angle, N/V is the number of particles per unit volume,
and m0 is the intermolecular excluded volume. From
fluctuation theory it is shown47 that

The reduced scattered intensity at zero angle Kc/R0 is
a function of concentration and is a measure of inter-
molecular excluded volume as well as inverse osmotic
compressibility. For strongly interacting systems, the
inverse osmotic compressibility term in eq 4 dominates48
and

From the above three equations,

Also, we have inverse osmotic compressibility

where A2 is the second virial coefficient.
An effective hydrodynamic radius, Rh, can be evalu-

ated using the Stokes-Einstein relation:

where k is the Boltzmann constant, η is the solvent
viscosity, and T is the absolute temperature of the
solution.

Results
Gel Permeation Chromatography. The polymers

have been characterized by gel permeation chromatog-
raphy (GPC). The GPC results based on polystyrene
standards are shown in Table 1. Note that GPC was
done using the polymer samples before they were

G(2)(q,τ) ) B(1 + â|g(1)(τ)|2) (1)

g(1)(q,τ) ) ∫0∞G(Γ,q) exp(-Γτ) dΓ (2)

g(1)(q,τ) ) ∫-∞

∞
ΓG(Γ,q) exp(-Γτ) d log(Γ/q2) (3)

D )
M(1 - vc)
NAf(c)

(∂Π∂c ) (4)

Kc
R0

∝ (1 + N
V
m0) (5)

Kc
R0

∝ ( 1RT ∂Π∂c ) (6)

D ∝ (∂Π∂c ) (7)

D ∝ ∂Π
∂c

∝ (1 + N
V
m0) (8)

∂Π
∂c

) RT
M
(1 + 2A2c + ...) (9)

Deff ) kT/6πη(1/Rh) (10)
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sulfonated and the molecular weights were corrected for
sulfonation later. This is because GPC of ionic polymers
results in anomalously high molecular weights because
of interactions between ions and polymer, or solvent,
or column material.49,50 The samples may also form
aggregates which clog the column. It was determined
previously that the sulfonation step did not alter much
the molecular weight distribution of the polyure-
thanes.28 The polydispersity was found to be 2.2.
Viscometry. The results of viscometric measure-

ments are presented in the form of reduced viscosity vs
concentration diagrams. Figure 2 contains the data
obtained for the unsulfonated samples. For a neutral
polymer, the reduced viscosity increases linearly with
polymer concentration as suggested by the Huggins
equation

where [η] is the intrinsic viscosity and k′ is the Huggins
constant. The data fit the Huggins equation very well.
As expected, the results scale with molecular weight;
the higher molecular weight PU-1000 has higher values
of reduced viscosity at any concentration. The reduced
viscosity-concentration curves for different ionic con-
tents are shown in Figure 3. An upturn in reduced
viscosity is seen at low concentrations. This is in
agreement with the results obtained by many investiga-
tors for different kinds of polyurethane ionomers in
polar solvents.32,51
Dynamic Light Scattering. Dynamic light scat-

tering (DLS) was applied to the ionomer solutions to
characterize the structures in the solution. Figure 4
shows normalized autocorrelation functions for PU-1000
and PU1 at 0.1 g/dL and at an angle of 60° in DMAc.
The autocorrelation function corresponding to a single
relaxation time is sigmoidal in shape. It can be clearly
seen that there exist more than one relaxation time and
so the scattering data cannot be described by a single-
exponential function. The analysis of the experimental

data from DLS experiments is, in general, a mathemati-
cally ill-posed problem.52-54 So, the data analysis was
carried out using CONTIN, a robust algorithm devel-
oped by Provencher. CONTIN provides an evaluation
of all the moments of the particle size distribution as
well as the detection of all characteristic modes of
diffusion that are expected to be imposed due to the ionic
interactions. The results of data analysis by CONTIN,
in terms of the spectrum of decay rates (or equivalently,
relaxation time distributions), of the ionomer as well
as the underivatized polyurethanes are shown in Figure
5. The decay rate distributions are shown as plots of
ΓG(Γ) rather than G(Γ), as this representation allows
for an equal-area representation of all possible modes
of diffusion in the logarithmic time scale, and therefore
the significance of each mode can be better visualized.55
In this study, CONTIN was applied by setting IQUAD
) 1, in which case the results obtained by CONTIN are
in terms directly of ΓG(Γ) which are equivalent to τw(τ).
It has been shown that such a solution scheme is more
precise than first solving for G(Γ) and then multiplying
by Γ.56 Figure 5 shows two distributions of decay rates
over a wide range of time scales for the ionomer solution,
whereas only one distribution of decay rates is obtained
for the underivatized polyurethanes. This demonstrates
characteristic polyelectrolyte behavior since polyelec-
trolytes in aqueous solutions show two separate decay
modes. These results are also in agreement with those
obtained for sulfonated polystyrene ionomers.57

Table 1. Molecular Characteristics of Polymers

PU sample Mw
a ion content (wt %)

PU-1000 62 500 0.0
PU-4500 56 500 0.0
PU1 77 000 6.5
PU4 60 000 2.0

a Weight-average molecular weight.

Figure 2. Viscometric measurements for unsulfonated poly-
urethanes: ([) PU-1000; (2) PU-4500.

ηred ) [η] + k′[η]2c (11)

Figure 3. Viscometric measurements for sulfonated polyure-
thanes: ([) PU1; (9) PU4.

Figure 4. Decay of normalized autocorrelation functions of
PU-1000 and PU1 at a concentration of 0.1 g/dL, at an angle
of 60°. B is the background count. The dashed line corre-
sponds to PU-1000.
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Data analysis with CONTIN provides information on
the moments of the relaxation time distribution from
which the z-average diffusion coefficient may be evalu-
ated. The diffusion coefficient is defined in the limit of
small scattering vector q as Dz ) limqf0 Γ/q2. If only
translational motion is present, the relaxation time
decreases with scattering angle and the diffusion coef-
ficient D is independent of q, or similarly Γ varies as
q2. In addition, D varies linearly with concentration in
the dilute solution regime, and therefore the diffusion
coefficient is defined as that at the limit of zero
concentration. In the analysis that follows in this paper,
the data are presented in terms of an effective diffusion
coefficient, Deff(q,c) ) Γ(q,c)/q2, which is a function of
both scattering angle and concentration. There are two
distributions of effective diffusion coefficients corre-
sponding to the two relaxation modes identified. The
weighted average decay rate 〈Γ〉 is calculated as the first
moment of G(Γ,q), divided by the zeroth moment of
G(Γ,q). The average effective diffusion coefficient is
defined by 〈Γ〉/q2 ) Deff, where 〈Γ〉 is the average value
of Γ. Figure 6 shows the average effective diffusion
coefficients corresponding to the two modes of PU1 and
the single mode of unsulfonated polyurethane PU-1000
as a function of q2. A straight line is drawn through
the diffusion coefficients corresponding to each mode by
the method of least squares. The two modes differ by 2
orders of magnitude, with the fast mode (∼10-6 cm2/s)
showing a small negative q2 dependence and the slow

mode (∼10-8 cm2/s) showing a small positive q2 depen-
dence. The negative slope of the fast mode and the
positive slope of the slow mode were also reported for
salt-free polyelectrolyte solutions.58,59 A relaxation
mode in which D is independent of q is an indication of
a translational diffusion mode. The q2 dependence of
the diffusion coefficients, which contains the effect of
polydispersity, internal motions (chain flexibility/rota-
tional diffusion coefficient), and electrostatic interac-
tions, will not be analyzed because it is very difficult to
decompose it into its various components. Polydisper-
sity causes broadening of the relaxation time distribu-
tion.
The hydrodynamic radius, Rh is influenced by both

geometric dimensions and hydrodynamic interactions.
Dynamic light scattering of unsulfonated polyurethanes
gave hydrodynamic radius values of 10.5 nm for PU-
4500 and 13 nm for PU-1000, independent of measure-
ment angle and concentration. The hydrodynamic
radius calculations based on viscometric measurements
and the relation Rh ) (3/4πNA)1/3([η]M)1/3 yielded sizes
of 10.2 nm for PU-4500 and 11.4 nm for PU-1000. The
agreement between the values obtained from the dif-
ferent measurement techniques is reasonable.
The effect of concentration on the effective diffusion

coefficients that are evaluated from the two relaxation
modes observed in the ionomer solutions of PU1 and
from the single relaxation mode observed in solutions
of PU-1000 is shown in Figure 7. The concentration
dependence can be analyzed at each q. The effective
diffusion coefficients extrapolated to zero q, to eliminate
effects associated with the q2 dependence, are plotted
against concentration. From the figure we can see that
the fast mode increases slightly with concentration. In
polyelectrolyte solutions, a significant increase in the
fast mode with polymer concentration was reported.58,59
The slow mode is seen to remain constant within
statistical error and so is independent of concentration.
The slow mode was found to have a significant concen-
tration dependence in salt-free polyelectrolyte solutions.
No correlation is found between the relative amounts
of fast and slow modes and concentration.
The studies have been repeated for PU4, which has

a lower ionic content than PU1, and the results are
shown in Figure 8. The results were very similar except
the increase in the fast mode with concentration is not
as high as in PU1, suggesting that the fast mode is due

Figure 5. Spectrum of decay rate, Γ, normalized by q2, of PU-
1000 and PU1. The dashed line corresponds to PU-1000.

Figure 6. Average effective diffusion coefficients (in cm2/s)
vs q2 for PU1 at a concentration of 0.1 g/dL: ([) fast diffusion
mode; (9) slow diffusion mode; (2) diffusion data for the
unsulfonated precursor polymer PU-1000.

Figure 7. Average effective diffusion coefficients (in cm2/s)
vs concentration for PU1: ([) fast diffusion mode; (9) slow
diffusion mode; (2) diffusion data for the unsulfonated precur-
sor polymer PU-1000.
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to electrostatic interactions. The slope decreases with
a decrease in ionic content, and since concentration
effects can be expected to be similar in both ionomers,
the slope seems to be a measure of electrostatic interac-
tions.
The structures in solution have been examined for

time dependence. Although the mechanism for time
dependence is not known, DLS experiments for some
systems have shown that the larger aggregates dissoci-
ate into smaller entities as time proceeds until equilib-
rium is achieved. For some polyelectrolyte solutions,
the contribution of the slow diffusive mode was found
to decrease with time and even to disappear altogether
on a very long time scale (up to several months).60 If
the time dependence is confirmed, the slow mode can
be attributed to the translation of large clusters in the
solution which disaggregate with time, indicating that
salt-free polyelectrolyte solutions only slowly tend to
equilibrium. No time dependence has been found for
the systems studied here. The samples gave identical
results after 4 months.
To examine the nature of the structures giving rise

to the slow mode, the ionomer solutions were filtered
with 1.0, 0.45, and 0.2 µm pore size filters. The size of
the domains giving rise to the slow mode was calculated
from the Stokes-Einstein relation (eq 10) to be around
0.5 µm. The slow mode did not change upon filtration
with even the smallest size filter, suggesting the do-
mains formed in the solution are due to interactions
between individual polymer chains which are easily
disrupted.

Discussion

Two decay modes have been identified for PU iono-
mers in DMAc, in agreement with the viscometric
results which indicated characteristic polyelectrolyte
behavior.58,59,61 Both modes are q2 dependent and are
diffusive processes.
The fast mode can be explained in terms of a large

inverse osmotic compressibility. If we consider the
generalized Stokes-Einstein equation (eq 4), the diffu-
sion coefficient is directly proportional to the inverse
osmotic compressibility. Since the inverse osmotic
compressibility is very large for polyion solutions due
to repulsive interactions which lead to large intermo-
lecular excluded volume (see eq 8), higher diffusion
coefficients are expected for polyion solutions. The

diffusion coefficients are significantly enhanced due to
intermolecular electrostatic interactions.
The light scattering intensities from the polyurethane

ionomer solutions are very small and may be partly the
reason why they have not been studied so far by
techniques other than viscometry. The small scattering
from polyurethane ionomer solutions denotes a small
value of osmotic compressibility (see eq 6). The obser-
vation that most of the scattered intensity is in the slow
mode is consistent with that seen for polyelectrolyte
solutions,62 which have a very small osmotic compress-
ibility.
The fast mode can also be explained in terms of what

can be called polyion-counterion coupling. Since the
ionomer solution contains both polyions and counterions
(since counterions dissociate from the charged polymer
in a polar solvent), the fast moving counterions coupled
to the polyions by Coulombic interactions make the
polyions move faster, leading to larger polyion diffusion
coefficients. Under salt-free conditions, the diffusion
coefficient can be shown to approach that of the small
ions,63 and so the significant increase in the diffusion
coefficient of single ionomer chains as compared to the
underivatized polyurethane is not unreasonable. The
fast mode shows an angular dependence and hence
cannot be attributed to internal motions. The explana-
tion of the fast mode in terms of the electrostatic
interactions is also consistent with the observed effect
of ion content on its slope with respect to concentration.
The concentration dependence of the diffusion coef-

ficient is observed to be linear, which is similar to the
behavior that would be expected for a nonionic polymer
solution in the dilute concentration regime. For a
nonionic polymer solution in the dilute solution regime,
Deff ) Dz(1 + kDc), where kD is the concentration
coefficient of the diffusion constant that includes both
thermodynamic and hydrodynamic contributions.47 The
slope is a measure of interactions in solution. The
concentration dependence in the case of strong inter-
molecular interactions comes only through the inverse
osmotic compressibility term. So, the slope should
correspond to the second virial coefficient in osmotic
pressure measurements. The positive slope of the
diffusion coefficient vs concentration curve indicates
repulsive interactions in solution and is in agreement
with the sign of the second virial coefficient expected.
The increase in slope with increase in ionic content can
be explained based on the increase in repulsive interac-
tions in solution. A theory (or a model) of the second
virial coefficient dependence on the interactions (or ion
content) can be tested against these data.
The slow mode of diffusion can be attributed to

macroscopic fluctuations of short structural domains.
If the Stokes-Einstein relation (eq 10) is used to
calculate the sizes corresponding to the diffusion coef-
ficients of the slow mode, sizes corresponding to more
than 10 times the size of underivatized polymer are
obtained. Therefore, the slow mode in the DLS data
can be explained in terms of large-scale heterogeneities
existing in solution. Similar behavior reported for salt-
free polyelectrolyte solutions, sodium poly(styrene-
sulfonate)59,61 and quaternized PVP58 in water, have
been interpreted as arising from large-scale domains in
the solution.64 Theories have been proposed to explain
the formation of such domains in salt-free polyion
solutions. In the two-state model by Ise et al.,14 the
formation of domains is explained in terms of attractive
interactions between different polyions through inter-

Figure 8. Average effective diffusion coefficients (in cm2/s)
vs concentration for PU4: ([) fast diffusion mode; (9) slow
diffusion mode; (2) diffusion data for the unsulfonated precur-
sor polymer PU-4500.
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mediary counterions. There exist free (single polyions
and counterions) and lattice domains. The lattice
structures are stabilized by direct electrostatic interac-
tions between small ions and polyions whose positions
are affixed to particular locations within the lattice such
that the energy is minimized. According to the temporal
aggregate model by Schmitz et al.,65 the aggregates are
formed due to dipole-dipole type attractions through
the distortion of counterion clouds. Counterions screen
direct repulsive interaction between the polyions and
provide a “fluctuating dipole” interaction. Thus there
exist free and temporal aggregate domains. The critical
size and hence stability of these aggregates are proposed
to result from a balance between attractive forces
arising from fluctuations in the small ion and polyion
distributions and the disruptive Brownian forces. The
temporal aggregate model stresses the dynamic char-
acter of counterions and is the electrodynamic analog
of the electrostatic two-state model. Electrodynamic
refers to the fluctuating electrical forces arising from
asymmetric distributions of interacting small ions and
polyions.
Formation of micelles with a hydrophobic core sur-

rounded by a corona of charges was shown to be possible
in polyelectrolyte solutions at certain conditions. The
slow mode here is not due to micellar aggregation
because the polyurethane backbone is compatible with
the polar organic solvent, DMAc, used and so hydro-
phobic aggregation can be ruled out. Also, formation
of polymeric micelles, which are compact aggregates
with a dense core of minimal solvation, is usually
accompanied by a pronounced increase in scattering
intensity due to increase in the apparent molecular
weight of the aggregate. The formation of domains in
ionomer solutions is accompanied by a marked decrease
in scattering intensity, suggesting that domains in
ionomer solutions are rather loose objects. The decrease
in scattering intensity is caused mainly by the decrease
in the osmotic compressibility of the solution as a whole
due to the presence of charge interactions.
The slow mode of diffusion has been attributed by

others to a small, residual population of undissolved
aggregates and/or other particles, which could be per-
manently removed by proper initial filtration of the
samples.66,67 Accordingly, the slow mode represents a
nonequilibrium state of the polyelectrolyte solution and
so is basically a time effect. This study showed no time
dependencies and so the two modes are due to equilib-
rium structures. Also filtration of the samples through
filters smaller than the domain size found preserved the
slow mode, showing that the domains giving rise to the
slow mode are in dynamic equilibrium.

Conclusions

The polyurethane ionomers studied have regularly
spaced ionic groups which allow a direct correlation of
observed properties and solution structure. They form
good model systems to study the effect of ionic interac-
tions and also to understand the behavior of salt-free
polyelectrolyte solutions which suffer from the disad-
vantages of weak scattering and difficulty in filtration
and purification.
Viscometric and DLS measurements were used to

demonstrate that sulfonated polyurethane ionomers in
DMAc, which is a polar solvent, show polyelectrolyte
behavior. CONTIN analysis of the DLS data reveals
two diffusive modes for the ionomer solutions. The
unsulfonated samples show a single relaxation time

distribution. The two diffusion coefficients for the
ionomer solutions differ by 2 orders of magnitude. The
fast mode shows a negative q2 dependence and the slow
mode shows a small positive q2 dependence. The fast
mode increases with concentration and is due to inter-
molecular electrostatic interactions. The slope of the
fast mode with concentration is found to decrease with
a decrease in ionic content, suggesting that the slope is
a measure of electrostatic interactions. The slow mode
is independent of concentration within the concentration
range investigated and corresponds to the existence of
large-scale “heterogeneities”, whose origin, nature, and
structures are currently controversial. DMAc is a good
solvent for the polyurethane and hence the slow mode
is not due to aggregates arising out of poor backbone
solvation. The slow mode is unaffected by filtering
using filters with pore size smaller than the calculated
aggregate size. This suggests that the domains which
give rise to the slow mode are formed due to dynamic
interactions in solution. Both modes are not time-
dependent and so the structures in the solution are at
equilibrium. It appears that both free polyions and
associated species coexist in dilute solutions of PU
ionomers.
Current investigations include extension of the DLS

technique to different systems to isolate various effects
which give rise to fast and slow modes so as to obtain a
basic understanding of their origin. More detailed
results, focused on the structures and the forces respon-
sible for their formation, will be reported in the future.
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