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ABSTRACT: Two flexible, oppositely charged polymers can form
liquid-like complex coacervate phases with rich but poorly understood
viscoelastic properties. They serve as an experimental model system for
many biological and man-made materials made from oppositely
charged macromolecules. We use rheology to systematically study
the viscoelastic properties as a function of salt concentration, chain
length, chain length matching, and mixing stoichiometry of model
complex coacervates of poly(N,N-dimethylaminoethyl methacrylate),
PDMAEMA, and poly(acrylic acid), PAA. The dynamics of making and

modulus

increasing
i salt concentration

time

breaking ionic bonds between the oppositely charged chains underlie

all linear viscoelastic properties of the complex coacervates. We treat (clusters of) ionic bonds as sticky points and find that there
is a remarkable resemblance between the relaxation spectra of these complex coacervates and the classical sticky Rouse model for
single polymer systems. Salt affects all relaxation processes in the same way, giving rise to a widely applicable time—salt
superposition principle. The viscoelastic properties of the complexes are very different from those of the individual components.
In the complexes with a chain length mismatch, the effect of the mismatch on the viscoelastic properties is not trivial: changing
the length of the polycation affects the relaxation behavior differently from changing the length of the polyanion.

B INTRODUCTION

Complexation between oppositely charged macromolecules can
lead to a variety of structures and materials with diverse
properties. By choosing the right size and charge of the
macromolecules, this complexation can be used to drive the
formation of, for example, membranes,’ vesicles,” spherical and
wormlike micelles,® fibers,* and soft gels.5 Various natural
materials rely on the same interactions for their formation.
Many bioadhesives contain a significant fraction of oppositely
charged residues and behave much like polyelectrolyte
complexes.é’7 Similarly, chromatin fibers are formed when
histon proteins condense strands of DNA® and blood clotting
factors are anchored to cell membranes near an injury with the
help of an electrostatic complex of phospholigpids and the
calcium-rich GLA domain of clotting proteins.” In all these
cases the properties of the complexes or materials are governed
by the dynamics of the ionic bonds that are created between the
oppositely charged species. Many parameters, such as salt
concentration and size of the charged macroions, affect the
strength and relaxation dynamics of ionic bonds significantly, in
a way we understand qualitatively.>”'* However, a quantitative
understanding of the effect of salt, the size, and charge of the
interacting macromolecules and cooperativity of the ionic
bonds between them on the relaxation dynamics of electrostatic
complexes is still lacking.

In this paper, we use rheology to study the relaxation
dynamics in polyelectrolyte complex coacervates of different
composition and chain lengths and at varying salt concen-
tration. Complexes of oppositely charged homopolyelectrolytes
offer a well-defined model system to study the processes that
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occur locally in many of the charge-driven materials mentioned
above. The complexation between oppositely charged poly-
electrolytes in solution leads to a macroscopic phase separation
at the right mixing ratio and below a critical salt
concentration.'”"" The complex coacervate phase is held
together by thermodynamically favorable interactions between
the oppositely charged polyelectrolyte chains, which may be
partly enthalpic, partly entropic in nature.'”> We vary the chain
length of both polymers independently to investigate if groups
of multiple subsequent ion pairs form along the chains and how
the cooperativity of these domains influences the rheological
behavior. We find that the ionic bonds are essentially temporary
cross-links that are labile at long enough time scales and can be
treated as effective friction points in our rheological character-
ization. Salt is a plasticizer for these cross-links and affects all
relaxation processes in the same way.'> This gives rise to a
generic relaxation time spectrum for polyelectrolyte complexes
and for ionic bonds, which should be applicable in other
charge-driven materials as well.

Previous reports on the rheology of polyelectrolyte
complexes mostly focus on soluble complexes in aqueous
solution because of their potential application as capsules.'*'®
These complexes are typically formed at very low salt
concentrations and a mixing ratio far outside the region
where associative phase separation takes place. Dilute solutions
of soluble complexes have a slightly increased zero shear
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viscosity compared to solutions with only one type of polymer
and show moderate shear thinning behavior at very high shear
rates."*'® In concentrated polyelectrolyte solutions, well above
the entanglement concentration, addition of small amounts of
an oppositely charged polyelectrolytes leads to a more
pronounced increase in viscosity and in both shear moduh,
but the underlying relaxation mechanisms remain unclear.'® On
the other hand, in three studies on phase-separated complex
coacervates of proteins and flexible polymers molecular models
for the complexes have been proposed based on the rheological
measurements. In all models, the proteins form junction points
in a network of flexible polyelectrolytes.'”'® The strength of
the junction points varies from weak and reversible'”'® to
nearly permanent,'” depending on the type and charge density
of the protein and the salt concentration in solution.

When complexes are formed between two flexible poly-
electrolytes, the structure of the complex might be significantly
different from the structure of a protein—polyelectrolyte
complex.'” ™ Junction points between two flexible polyelec-
trolytes can span a much wider range of sizes, and they may
become much tighter due to the high charge density of some
polyelectrolytes. In order to obtain insight into the dynamic
properties of these flexible complex networks, we study linear
rheology of a model polyelectrolyte complex coacervate of two
flexible polyelectrolytes. We focus on the effect of salt, polymer
chain length, chain length matching, and mixing stoichiometry.

B MATERIALS AND METHODS

We use two oppositely charged flexible polyelectrolytes with pH-
dependent charges to form the polyelectrolyte complex coacervates for
our rheological investigation. As a polyanion we use poly(acrylic acid),
PAA, with five different chain lengths (N,,): 20 (M, = 1.5 kg/mol,
M,/M, = 12), 47 (M, = 3.4 kg/mol, M,,/M, = 1.30), 139 (M, = 10.0
kg/mol, M,,/M, = 1.15), 500 (M, = 36.0 kg/mol, M,,/M, = 1.10), and
1730 (M, = 124.5 kg/mol, M,,/M, = 1.25). As a polycation we use
poly(N,N-dimethylaminoethyl methacrylate), PDMAEMA, with four
different chain lengths (N,): 17 (M, = 2.7 kg/mol, M,,/M, = 1.18),
51 (M, = 8.0 kg/mol, M,,/M, = 1.40), 150 (M, = 23.5 kg/mol, M,/
M, = 1.04), and 527 (M, = 82.7 kg/mol, M,,/M, = 1.09). All polymers
are purchased from Polymer Source, except for N,, = 20, which is
purchased from Sigma-Aldrich. We prepare stock solutions of all
polymers at 30 g/L (PAA) or 50 g/L (PDMAEMA) in Milli-Q water
with the pH adjusted to 6.5 + 0.2 using 1.0 M HCI and KOH. At this
pH both polymers have equal charge densities (@, = a_ = 0.95) at salt
concentrations between 0.10 and 1.0 M (see Supporting Information).

Polyelectrolyte complex coacervates are prepared by mixing PAA
and PDMAEMA at a 1:1 molar ratio of chargeable groups unless
stated otherwise. We adjust the overall salt concentration using a 3.0
M KCI stock solution and correct for the counterions present in the
polymer stock solutions. In all cases we prepare a total volume of 4 mL
with an overall polymer concentration of 0.20 M, measured in
monomer units. A detailed report of the process of complexation is
given elsewhere.'"" We check that the pH after complexation in both
the dilute and the complex coacervate phase is equal to the original pH
of the stock solutions within experimental error (see Supporting
Information).

For rheological measurements we leave all samples to equilibrate for
at least four days. One or two days after mixing we centrifuge the
samples at 3000g for 5—10 min to ensure that all droplets of the dense
complex coacervate phase are collected at the bottom of our sample
tubes. After the total equilibration time, we separate the top dilute
phase from the bottom complex coacervate phase (see Figure 1 for an
example) and directly load the complex coacervate phase onto the
cone—plate geometry of the rheometer.

The rheological measurements are carried out on Anton Paar
MCR301 and MCRS01 series stress-controlled rheometers using a
cone—plate geometry with a cone radius of 25 mm and a cone angle of
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Figure 1. Coexistence between a complex coacervate phase and a
dilute phase in a mixture of PAA 3y and PDMAEMA , at 1.0 M salt.
20% fluorescently labeled PAA;;, was added to enhance the
distinctness of the separated phases.

1°. We keep the temperature controlled at 20 °C with Peltier
elements, and we use an evaporation blocker to minimize water
evaporation. With every sample, we perform a series of measurements,
all separated by a waiting step that is at least S times longer than the
apparent longest relaxation time we find in a step-strain experiment.
However, we make sure that the total duration of a measurement
series never exceeds S h to ensure that the slow solvent evaporation
that occurs despite our use of an evaporation blocker has a negligible
effect on the rheological measurements (see Supporting Information).

We study the relaxation behavior of these complex coacervates by
both step-strain and frequency-sweep experiments to cover a range of
time scales from milliseconds (frequency sweep) to hours (step
strain). In all cases we apply a maximum deformation that is still in the
linear viscoelastic regime, which extends to deformations of 100%,
typical for polymeric materials, and is only weakly dependent on salt
concentration (see Supporting Information).

From the step-strain and frequency-sweep measurements, we
calculate relaxation spectra H(7) by approximating the relaxing
complex coacervates as a sum of Maxwell elements
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where the M relaxation modes, defined by their relaxation strength G;
and thelr relaxation time 7, are taken equally spaced on a logarlthmlc
scale.” The corresponding relaxation spectra H(z) of the complex
coacervates are obtained by iterative fitting of both the relaxation
modulus log G(¢) and the storage log G’(®) and loss modulus log
G"(w), using a least-squares approximation, and are defined by*"”*

H(z) = G,.(s[l - i]
E % (4)

where 6(x) denotes the Dirac delta function. The advantage of using
this combination of relaxation modulus and frequency-sweep data is
that they can be directly converted into relaxation spectra. We confirm
that our fitting yields relaxation spectra that are indeed characteristic
for the complex coacervates we study in two ways.
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Figure 2. (a) Stress relaxation modulus of PDMAEMA/PAA complex coacervates at different salt concentrations and for different polymer chain
lengths. In all cases a step strain of 10—20% is applied. (b) Logarithmic relaxation time spectra of the same samples. The labels to the left of the
curves (N_,/N,,) indicate the chain length of the polycation and the polyanion, respectively. All curves are shifted vertically for clarity using the shift
factor that is shown in parentheses at the left of the curves. The numbers at the right indicate overall salt concentrations (KCl, in M).

First of all, we verify that the feedback loop in the stress-controlled
rheometer allows carrying out the step-strain measurements with
sufficient accuracy, by converting our step-strain measurements G(t)
into creep functions J(t), using the numerical Hopkins—Hamming
method for the convolution integral of the relaxation modulus and
creep compliance (see Supporting Information).23 As a complemen-
tary verification, we convert independently measured creep curves J(t)
into relaxation moduli following a two-step approach, as discussed in
the Supporting Information.”** The good agreement we find between
both converted and experimentally measured relaxation moduli and
creep compliances supports our assumption that the relaxation spectra
of these complex coacervates can be obtained from the relaxation
moduli, using the approach described above.

Second, we compare the fitted relaxation spectra to the relaxation
spectra obtained directly from the storage and loss moduli using the
approximate relation between the relaxation spectrum and the local
derivative of the storage or loss modulus of Williams and Ferry (see
Supporting Information).>® This comparison confirms that the fitting
procedure described above yields reproducible relaxation spectra.

B RESULTS AND DISCUSSION

Relaxation Dynamics in Matched Complexes. The
phase behavior of complex coacervates of PAA and
PDMAEMA depends both on salt concentration and on
chain length, as complex coacervates are formed as one of the
phases at binodal composition in the associative phase
separation of solutions of oppositely charged polymers."" The
polymer volume fraction inside the complexes varies between
0.05 and 0.30 (effective concentration of monomeric units ¢ =
0.5—3 M), whereas the overlap concentration varies between ¢
= 0.01 and 0.1 M, depending on the chain length (N = 1728—
20, assuming random walk statistics). By analogy with ordinary
polymer solutions, these complexes are typically in a
concentration range between semidilute and concentrated.
However, because of the sometimes strong interactions
between the two polymeric components, their rheological
behavior is very different from solutions of the individual
polymers at the same concentration (see Supporting
Information).

Figure 2a shows the relaxation moduli of complex
coacervates in which the polycation length is matched closely
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to the polyanion length (0.85 < N/N,, < 1.1) and one for
which the polyanion is significantly longer than the polycation
(N/N,, = 527/1728). The salt concentration is varied from a
lower limit of 0.40 M, below which equilibration of the complex
coacervate samples is experimentally not feasible, to an upper
limit close to the critical salt concentration, above which the
mixed polymer solutions no longer phase separate into a dilute
phase and a complex coacervate phase.'' Curves corresponding
to the same combination of chain lengths are shifted vertically
using the same prefactor for clarity.

At all time scales up to the terminal relaxation time, we
clearly find a continuous decrease of the relaxation modulus in
all curves, indicating that relaxation processes occur on all time
scales between tens of milliseconds and the terminal relaxation
time, which increases with increasing chain length and
decreasing salt concentration. Neither chain length nor salt
concentration has a strong effect on the shape of the relaxation
curve in between the terminal relaxation time and the inertial
lower limit. In fact, all curves seem to exhibit a regime with a
constant slope a, between —0.5 and —0.7, in which the
modulus scales as G(t) ~ (t/7)” At short times, this regime is
bound by a leveling off to a presumed plateau, for the lowest
salt concentrations and longest chain lengths.

The relaxation spectra corresponding to these step-strain
experiments show the same characteristics (see Figure 2b). In
our approach, these relaxation spectra are limited at low 7 to
several milliseconds by the highest measured frequency where
inertia is still negligible in a frequency-sweep experiment and at
high 7 by the terminal relaxation time.

In polymer solutions, such a regime with constant slope is
characteristic for Rouse or Zimm dynamics of the polymer
chains. On the basis of the composition of these complex
coacervates, which contain up to 70 wt % water, we expect
hydrodynamic interactions between the monomers.'" At the
same time, the polymer concentration in the complex
coacervates is rather high, and hydrodynamic interactions are
screened by segments of other polymer chains at a typical
hydrodynamic screening length &, which is approximately
equal to the static correlation length.”® At short length scales,
we thus expect Zimm relaxation modes, including hydro-
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dynamic interactions to govern the polymer dynamics. At larger
length scales, we expect the polymer dynamics to be governed
by Rouse modes. Such relaxation behavior indeed gives rise to a
constant slope of both log G(t) versus log t and log H(7) versus
log 7, which is —0.5 for ideal chains in the Rouse model (—0.46
in good solvent), and —0.67 for ideal chains in the Zimm model
(—0.57 in good solvent). The relaxation moduli and relaxation
spectra in Figure 2 exhibit regimes with a slope close to —0.5, in
agreement with the expected Rouse modes at length scales
beyond the hydrodynamic screening length. We note that we
do not see clear signs of entanglements in these complex
coacervates. Such entanglements are expected to show as
plateau in the relaxation modulus, and, in addition, the typical
crossover moduli (see hereafter in Figure Sb) would be
significantly higher.”

Molecular Relaxation Model for Matched Complexes.
Our observation of Rouse-like relaxation at time scales up to
1000 s is, at first sight, rather surprising. The typical time scales
where classical Rouse (or Zimm) dynamics are observed for
ordinary polymer chains of similar length is orders of
magnitude lower than the time scales where we observe
Rouse-like dynamics.”>*” What relaxation mechanism could
underlie these slow Rouse modes?

In a polyelectrolyte complex, ionic bonds form reversible
bonds between oppositely charged polyelectrolyte chains.
These bonds act as “sticky” points that enhance the effective
friction of polymer chains and slow down their mobility.”®
Since stress relaxation in these polymeric systems occurs by
movement of chains, we expect ionic bonds to slow down the
stress relaxation. The average time these ionic bonds keep two

oppositely charged segments together can be approximated
13,28
as

_ 1 ( Ea(csalt) ]
Ty = — exp| ———

, kyT (3)
where @, is the relaxation rate in the absence of ionic bonds
and where E, represents the energy difference between the
bound and unbound oppositely charged segments."* Following
our previous work, we estimate the energy barrier from the
rearrangement process of two ion pairs. When bound, we
approximate the energy of the ionic bonds by an effective
Coulomb energy. When the ionic bonds rearrange, they go
through an unbound state where the four ionic groups are
surrounded by electrolyte, for which we use a Debye—Hiickel
approximation. Combining these two terms, we get

Fs iy + 2B = A je + B
= —ZK - =~ Csal
ks T BT § (6)
where I, = ¢*/4ne.eoksT is the Bjerrum length and d is the

effective contact distance of an ionic bond. The constant A =
(32 x 10°2N, J5*)"? and B = 2/3/d. The factor 2 accounts for
the fact that rearrangements involve two ion pairs that exchange
their partners. We note that the Debye—Hiickel approximation
assumes that ions are point charges in a continuum dielectric,
whereas we use high salt concentrations to study the rupture of
ionic bonds, where these assumptions may not be entirely valid.
Moreover, the connectivity of the charges along the
polyelectrolyte chains is not taken into account here because
our model describes only the local rearrangement of ionic
bonds. Nonetheless, we have previously found that this simple
expression adequately describes the effect of competition
between monovalent salt ions and polymeric charges in
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complexes between oppositely charged polyelectrolytes, and
we therefore apply it here as well.

In the complexes studied here the sticky points are present
along the entire polymer chain. Consequently, broken bonds
may easily re-form with new partners and renormalization of
bond lifetimes may be neglected.”® Moreover, when geometric
positioning of the groups allows, several subsequent segments
of a polymer chain may bind to another polymer chain to form
sticky clusters with multiple ionic bonds. These cooperative
bonds should have a proportionally higher bond energy, when
no external force is applied to the bonds>® We will see
hereafter that these higher energy barriers seem not to play a
role in the rheological behavior of complex coacervates.

According to the model of sticky polymer dynamics, the
stress relaxation modulus decays as a power-law at time scales
much larger than for nonsticky polymers (Rouse or Zimm). For
example, the sticky Rouse modes are given by

2
szro(i] 1<p<f, 1=r1f
r (7)

where f is the number of ionic bonds per chain and 7; is given
by eq S. At short times (p = f), only small parts of the polymer
chain are mobile and part of the stress can relax. As time
progresses, more and more jonic bonds break and re-form in
different places and larger parts of the polymer chain become
mobile. Finally, after some terminal relaxation time 7z (p = 1,
see Supporting Information), determined by the chain length
and the salt concentration, the whole polymer chain can move
and all stress can be relaxed. After the terminal relaxation time,
we therefore expect an exponentially decreasing stress, as is
observed in the relaxation curves in Figure 2a for most complex
coacervates.

The modulus level at the terminal relaxation time is roughly
kyT per chain: G(zz) ~ kpT¢h,/Nb’. The modulus at the
elementary lifetime of a single sticky point 7, is approximately
kyT per sticky point.

An important consequence of eqs S and 6 is that salt affects
all sticky modes in the same way. In other words, salt can be
used as a plasticizer for the ionic bonds to access a different part
of the relaxation spectrum of polyelectrolyte complexes."
Indeed, the relaxation time spectra at different salt concen-
trations in Figure 2b can be rescaled by shifting along the 7-axis
to obtain a relaxation spectrum master curve (see Figure 3).
The same holds for frequency sweeps measured at different salt
concentrations. Figure 4 shows how this leads to a single
frequency sweep master curve for each chain length. The insets
in Figure 4 show the relaxation spectra that were used to fit
these curves. These spectra show all characteristics of the
relaxation spectra in Figure 2b.

The shift factors 7. « 7, (eq 5) and G, (see Figure S and
Supporting Information) provide a way to compare the
relaxation times and the moduli of the complex coacervates
at different salt concentrations. We choose the reference
condition for all shift factors such that the crossover between
G’ and G”, extrapolated from the low-frequency viscous limit in
the frequency sweeps (Figure 4), occurs at a rescaled frequency
w7, = 1 and a rescaled modulus G'/G, = 1.

The 7, can be fitted using eqs 5 and 6, with a value of A that
corresponds to rearrangements of single ionic bonds, in pairs as
described above, in an aqueous solution of high ionic strength
(for T =293 K and ¢, = 44, A = 12).** The value of B cannot be
fitted independently from the exponential prefactors in eqs S

dx.doi.org/10.1021/ma301730n | Macromolecules 2013, 46, 1633—1641
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Figure 3. Rescaled logarithmic relaxation time spectra of the N,/N,,
= 527/1728 complex coacervates at different salt concentrations. The
inset shows the time scaling factors 7. as a function of salt
concentration, with a fit to eqs § and 6.

and 6. For G, we find a much weaker dependence on salt
concentration. The typical complex coacervate modulus seems
to decrease with increasing salt concentration (see Figure Sb)
because the binodal polymer concentration, and hence the
density of sticky points, also decreases with increasing salt
concentration in these associatively phase separating systems.11

In the relaxation spectra in Figures 2b and Figure 3 three
regimes can be distinguished. At intermediate time scales (7, < t
< 73), we find a regime of Rouse-like stress relaxation, as
discussed above. Just before the terminal relaxation time 7; the
relaxation spectra fall off more rapidly than in the intermediate
regime, most likely because all single ionic bonds have fully
relaxed and only clusters of multiple bonds still contribute to
the modulus.

At short time scales we observe a plateau (7, < t < 7,) and
subsequent upturn (¢ < 7;) in the relaxation spectra of the
longest polymer chains. Intuitively, we would attribute the
onset of this plateau (7,) to the elementary lifetime of a single
sticky point 7, (see eq S). Based on the relaxation spectrum in
Figure 3 and the corresponding shift factors 7., the lifetime of a
single ionic bond would be 200 ms at 0.6 M, which is of the
same order of magnitude as the unperturbed ionic bond
lifetimes we previously found in single molecule force
spectroscopy measurements.”” From the modulus level at this
single ionic bond lifetime G(z,) =~ ks T,/ b* and the modulus
level at the apparent terminal relaxation time G(7g) & kyT¢h,f/
Nb? (see Supporting Information), we estimate the number of
ionic bonds per chain to be 10°~10° for the PDMAEMAG,,/
PAA,, complex coacervates, which is quite reasonable for these
chain lengths (N, = 527, N,, = 500).

The presence of a plateau (7; < t < 7,) suggests that
relaxation processes still take place at time scales shorter than
the lifetime of a single ionic bond, which can also be seen from
the fact that the relaxation modulus at the lowest salt
concentrations in Figure 2a is still continuously decreasing
with increasing time. At time scales t < 7;, we even observe an
increased relaxation in the high-frequency region of some of the
frequency sweeps at these low salt concentrations (see Figure
4). Possibly, this relaxation at time scales shorter than the
elementary lifetime of the ionic bonds originates from Rouse
modes of not fully complexed chains in regions within the
sample where the density of polymer chains is slightly lower."”
Alternatively, these modes might originate from ionic bonds
that are less tightly bound due to local steric or conformational
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hindrance. On the basis of the time scales where we find the
increased relaxation, O (10 ms), and the estimated number of
ionic bonds per chain, we believe these relaxation processes are
unlikely to originate from “classical” Rouse or Zimm modes of
the chains segments between associations.

Viscosity of Polyelectrolyte Complex Coacervates.
The sticky polymer dynamics model for polyelectrolyte
complex coacervates as presented above not only provides an
accurate description of the relaxation mechanisms occurring in
the complexes but also gives a prediction for the zero-shear
viscosity as a function of salt concentration, polymer
concentration, and, at least theoretically, polymer chain length.
The zero shear viscosity is proportional to the terminal
relaxation time in the sticky polymer dynamics model, 7, and
modulzlgs at this terminal relaxation time, which is kzT per
chain.

kBT¢P TR

B
Mo b3N & N/‘¢P(N’ Csalt)ﬁ2 eXp(_A\/ Coate T B)

~

(8)

where b is the Kuhn length and ¢,/ b’N is the number density
of chains. In the sticky polymer dynamics model, the terminal
relaxation time for ideal chains scales with 7,N* (eq S; in good
solvent the exponent is 2.18), assuming hydrodynamic
interactions are screened at the size of the chains, and f; is
unity (1.18 in good solvent).”®

Figure 6 shows the zero-shear viscosity of the polyelectrolyte
complex coacervates as a function of salt concentration and
chain length. Equation 8 predicts a stretched exponential
dependence of the viscosity on the salt concentration, as ¢,
depends only weakly on salt concentration.'™'*> We find good
agreement of our data with a stretched exponential fit for all
chain lengths, using the same parameters A and B, as in Figure
S. Close to the critical salt concentration (indicated with
arrows) the model breaks down, and the viscosity decreases
more rapidly than predicted.

The parameter A takes the value of 12 in both Figure Sa and
Figure 6, which is in close agreement with the expected value
for the rearrangement of single ionic bonds in a solution at T =
293 K with an effective dielectric constant of €, = 44, that is, the
dielectric constant for a 2—3 M total ionic strength solution.*
Interestingly, the presence of clusters of ionic bonds, for which
the energy barrier for dissociation should be significantly
higher, does not affect the value of A, which represents the
relevant energy barrier for stress relaxation. Apparently, stress
relaxation of clusters of ionic bonds proceeds via small steps of
single rearrangements with an energy barrier equal to eq 6,
similar to trains of multiple polymer segments that are adsorbed
to a surface, where the relevant energy barrier governing the
lateral mobility of chains on the surface is also the adsorption
energy of a single segment.’'

The predicted dependence of the viscosity on the polymer
chain length (eq 8) is not trivial because these complex
coacervates form by associative phase separation and the
coacervate phases studied here correspond to the composition
at the binodal (see Figure 1). The thermodynamic driving
forces of this process are affected by both polymer chain length
and salt concentration. From experiments, we know that the
binodal polymer concentration ¢, increases moderately with
increasing chain length and more strongly with decreasing salt
concentration.'" In the original sticky polymer dynamics model,
a is close to unity.”® However, the assumptions that the typical
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Figure 4. (a—e) Rescaled frequency sweeps of PDMAEMA/PAA complex coacervates of different polymer chain lengths, N_,,/N,, = 17/21 (a), 51/
47 (b), 150/139 (c), 527/500 (d), and 527/1728 (e). The frequencies have been rescaled using salt-dependent shift factors 7, storage and loss
moduli using salt-dependent shift factors G, (see Figure S), taking the crossover between G'/G, and G"/G,, extrapolated from the low-frequency
viscous limit, at w7, = 1 and G'/G, = 1 as reference condition. In all frequency sweeps a strain amplitude of 5% or less was applied. The insets show
the logarithmic relaxation time spectra that are used to fit the rescaled frequency sweeps. Where appropriate, approximate slopes have been indicated
using their power law exponent. (f) Example logarithmic relaxation time spectrum of a 527/1728 complex coacervate at 0.60 M salt, showing three

regimes (7,—73).

distance between subsequent sticky points is independent of
chain length and that the polymer volume fraction can be fixed
at the same value for all chain lengths probably do not hold for
complex coacervates. Especially the polymer volume fraction is
systematically higher for longer polymer chains at the same salt
concentration, as the translational entropy and, hence, their
tendency to oppose concentration in the condensed complex
coacervate is smaller for long polymer chains."" Given the fact
that the viscosity in the sticky polymer dynamics models
depends very strongly on the polymer concentration, we expect
a significant deviation from the classical slope of unity for
complex coacervates. Experimentally, we find a power law

1638

dependence, with slopes decreasing with salt concentration
from 2.3 at 0.50 M salt to 1.2 at 1.0 M salt (see Figure 6b).
In analogy with Figure 6a, there is a critical chain length,
below which no complexation occurs at a given salt
concentration. The existence of a critical chain length in
complex coacervates at a fixed salt concentration has been
observed before and is predicted to be more general.**
Finally, we can estimate the terminal relaxation time 7y from
Figure 2b. We find that these terminal relaxation times show a
similar power law dependence on chain length (see Figure 7).
Here, the dependence is no longer affected by the N
dependence of ¢,, and we find a power law slope of 2 + 0.3,

dx.doi.org/10.1021/ma301730n | Macromolecules 2013, 46, 1633—1641
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Figure S. (a) Relaxation times and (b) moduli shift factors for the
frequency-sweep data shown in Figure 4. Symbols indicate complex
coacervates of different chain lengths, as indicated in (a). The solid
lines in (a) are fits to eqs S and 6. The vertical dashed arrows in (a)
indicate the critical salt concentrations for each chain length
combination.

in agreement with the slope of 2 predicted by the sticky
polymer dynamics model.

Nonstoichiometric Complex Coacervates. When poly-
cations and polyanions are mixed in a nonstoichiometric ratio,
complex coacervates may still form.'>'®'” In some cases, the
rheological properties of the complex coacervates depend
strongly on the mixing ratio.'” In other cases, no dependence or
a much weaker dependence is found.'">'® The degree of
charging of the polyelectrolytes may play an important role in
explaining this difference.'* In addition, if the complex
coacervates have a preferred composition, then excess polycat-
ion or polyanion mainly ends up in the dilute phase, thereby
leaving the rheological properties of the complex almost
unchanged. By contrast, if the composition of the complex
coacervates changes notably with a changing mixing ratio of
polycation and polyanion, then its rheological properties may
also change significantly.

In order to investigate the effect of mixing stoichiometry on
the relaxation behavior of PDMAEMA/PAA complex coac-
ervates, we have prepared complex coacervates of two flexible
polyelectrolytes (N, = 527 and N,, = 500) at different overall
mixing ratios. For each sample we perform a frequency sweep,
creep test, and flow curve. We use the dilute phase of each
sample to establish whether excess of one of the polymers is
present in the dilute phase by adding a solution of either
polycation or polyanion and checking for complexation by eye.
For these polyelectrolytes we find that, irrespective of the initial
mixing stoichiometry, the complex coacervates acquire a fixed
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Figure 6. (a) Zero shear viscosity as a function of overall salt
concentration for PDMAEMA/PAA complex coacervates of different
polymer chain length. Solid lines are fits to eq 8. (b) Zero shear
viscosity as a function of average polymer chain length in the complex
coacervate for different salt concentrations. Solid lines are power law
fits to the data. Vertical dashed arrows indicate (a) critical salt
concentration above which or (b) critical chain lengths below which
we no longer find complexation.
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Figure 7. Terminal relaxation time (7) from Figure 2a as a function of
the average polymer chain length (N, and N,,) in the complex
coacervate for a salt concentration of 0.60 M. The terminal relaxation
time for N.,./N,, = 51/47 and 150/139 are estimated by interpolation
between the salt concentrations depicted in Figure 2a using eqs S and
6. For N_,/N,, = 17/20 the terminal relaxation time for 0.40 M salt is
shown, as 0.60 M is above the critical salt concentration for this chain
length. The solid line is a power law fit to all chain lengths above 40,
and has a slope of 2.0 + 0.3.
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composition of f* = 0.47 + 0.06 (based on monomer units).
This composition is close to the 1:1 stoichiometric charge ratio
(f* =0.5) that is typicallgf found for polyelectrolyte complexes
in micelles,® in soft gels S and in bulk.’’

Figure 8 shows the storage and loss moduli of the complexes
at @ = 1 rad/s and the zero-shear viscosity as a function of the

5
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Figure 8. Linear viscoelastic properties of PDMAEMAy,,/PAAsy,
complex coacervates as a function of the overall stoichiometry f*,
defined as the molar ratio of positive chargeable monomeric units to
total chargeable monomeric units. The horizontal line indicates the
average zero shear viscosity for all compositions. The vertical line
indicates the average stoichiometry of the complex coacervate phase
that was formed. Storage and loss moduli are determined at an angular

frequency of 1.0 rad/s.

fraction of positively charged monomers in the overall mixture
(full frequency sweeps in Supporting Information). As
expected, we find no significant difference between the samples.
Excess polycation or polyanion ends up in the dilute phase and
the complex coacervate phase maintains a more or less
constant, “preferred” composition."”

Complex Coacervates with Unmatched Chain
Lengths. Polycations and polyanions of unequal length can
form complex coacervates as well. The length asymmetry of the
polymers may have a pronounced effect on the rheological
behavior.'>'” In Figure 9, we show the effect of chain length
mismatch on the rheological behavior of complex coacervates
of these flexible polyelectrolytes. We find that there is an
asymmetry between changing the length of the polycation and
changing the length of the polyanion.

When we decrease the length of PDMAEMA and leave the
length of PAA unchanged for N,, = 500, the viscoelastic
response changes significantly. Both storage and loss modulus
are slightly lowered, as a result of the slightly lower polymer
volume fraction in the complex coacervates with shorter
chains."" More importantly, the crossover point shifts to much
higher frequencies when the PDMAEMA length is decreased,
indicating that the long-time sticky Rouse modes, correspond-
ing to long parts of a polymer chains, vanish, and only the
short-time modes, corresponding to small segments or small
chains, remain.

By contrast, when we decrease the length of the PAA, while
leaving PDMAEMA unchanged, we find that the linear
viscoelastic response of the complex remains almost unchanged
for N.,, = 527 (N,, = 500, 139, 47) and N, = 150 (N, = 139,
47). When the PAA becomes too short (N,, = 20), the
viscoelastic response seems to change slightly and the crossover
shifts to higher frequencies.
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Figure 9. Frequency sweeps of PDMAEMA/PAA complex coacervates
with unmatched chain lengths, as indicated by the labels (N_,/N,,), at
0.70 M salt and f* = 0.5. In all cases a strain amplitude of 5% was
applied. The frequency sweeps of complex coacervates with chain
lengths 527/500, 527/139, 527/47, and 527/20 overlap to a large
extent. For reasons of clarity we show only the label for 527/500,
marked with an asterisk.

However, when we increase the length of the PAA, we do
find significant change in the viscoelastic response and the
apparent crossover point, extrapolated from the viscous regime,
shifts to lower frequencies for N, = 527 (N,, = 1728) and N,
= 150 (N,, = 500, 1728). Instead of PDMAEMA, PAA now
seems to dictate the rheological behavior.

These results indicate that, although the polymers are present
in a 1:1 ratio of chargeable groups, they do not have the same
effect on the sticky network of overlapping polymer chains. It
seems that mainly PDMAEMA governs the relaxation behavior,
as decreasing the PAA length does not affect the linear
viscoelastic response of the complex coacervates. We speculate
that the PAA chains may play a similar role as the negativel
charged BSA in PDADMAC/BSA complex coacervates,'
acting only as sticky temporary cross-links in a PDMAEMA-
dominated network. Only when the PAA chains become much
longer than the PDMAEMA chains, they start affecting the
linear viscoelastic response because the PAA chains start
overlapping. However, this picture is highly speculative, and
additional structural information on these complex coacervates
is needed to better understand the role of both the polycations
and the polyanions in the dynamics and the mechanical
properties of these complex coacervates.

Bl CONCLUSIONS

We find that the rheological behavior of polyelectrolyte
complexes composed of flexible polyelectrolytes is dominated

dx.doi.org/10.1021/ma301730n | Macromolecules 2013, 46, 1633—1641
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by the dynamics of the single ionic bonds between the
polyelectrolyte chains. This mechanism is in line with the
suggested network structure of PDADMAC/BSA complex
coacervates.'” The ionic bonds act as temporary cross-links, and
their dynamic formation and rupture can be influenced by
adding salt. Relaxation of stress occurs via sticky Zimm and
Rouse modes of the chains, hindered by the ionic bonds of a
chain with oppositely charged neighboring chains. Because salt
affects the bond energy of all ionic bonds to the same extent, all
relaxation modes are shifted equally by adding salt. This gives
rise to a generic relaxation spectrum for polyelectrolyte
complex coacervates and other charge-driven soft materials.
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