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Abstract 

Rheology is a powerful method for materials characterization that can provide detailed information about the 
self-assembly, structure, and intermolecular interactions present in a material. Here, we review the use of linear 
viscoelastic measurements for the rheological characterization of complex coacervate-based materials. Complex 
coacervation is an electrostatically and entropically-driven associative liquid-liquid phase separation phenomenon 
that can result in the formation of bulk liquid phases, or the self-assembly of hierarchical, microphase separated 
materials. We discuss the need to link thermodynamic studies of coacervation phase behavior with 
characterization of material dynamics, and provide parallel examples of how parameters such as charge 
stoichiometry, ionic strength, and polymer chain length impact self-assembly and material dynamics. We conclude 
by highlighting key areas of need in the field, and specifically call for the development of a mechanistic 
understanding of how molecular-level interactions in complex coacervate-based materials affect both self-
assembly and material dynamics. 
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1. Introduction 

Complex coacervation is an associative, liquid-liquid phase separation that results from the electrostatic 
interaction of oppositely charged macro-ions. The self-assembly of these materials is driven by entropy, where the 
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initial electrostatic attraction between oppositely-charged macro-ions results in the release of small, bound 
counter-ions and the restructuring of water molecules [1-4]. Complex coacervates have a long history of use in 
the food [5-13] and personal care [14,15] industries, and have found increasing utility as a platform for drug and 
gene delivery [1-4,16-47], as well as underwater adhesives [5-13,48-62]. Coacervation has also recently been 
implicated in the formation of various biological assemblies [1,14-16,55,63-70]. Across nearly all of these 
applications, the vast majority of studies have focused on understanding and characterizing the equilibrium phase 
behavior of these materials as a function of parameters such as the chemistry of the charged species, the charge 
stoichiometry of the system, ionic strength, and pH [1-3,17,69,71-116]. However, these types of equilibrium 
characterizations do not provide sufficient insight into the dynamic behavior of coacervates.  

To access the dynamic response of a material over a variety of timescales, small-amplitude oscillatory shear 
(SAOS) tests have become the canonical method. SAOS probes the linear viscoelastic properties of complex 
fluids and can provide information on material functions such as viscosity, modulus, and yield stress, along with 
more dynamic information, such as the characteristic timescales for molecular motion within a material [117-121]. 
These types of analyses can also be used to unambiguously identify the nature of solid-to-liquid transitions; for 
instance, distinguishing gelation as compared to a glass transition [122,123]. The well-established theoretical 
backing of SAOS measurements also allows for the development of models to help test molecular and 
mechanistic hypotheses. This review is intended to provide an introduction to the use of rheology and linear 
viscoelasticity measurements for the characterization of complex coacervate-based materials in the context of 
reported work to date, much of which is focused on polymeric materials. In establishing this framework, we 
highlight the need for further systematic and detailed rheological characterization of complex coacervate-based 
materials to support the burgeoning renaissance of basic science and application-driven research in this area. 

2. A Brief Introduction to Linear Viscoelasticity 

While rheology relates to the study of the deformation and flow of materials in general, here we will limit our 
discussion to the linear viscoelastic behavior of complex coacervate-based materials through the use of small-
amplitude oscillatory shear (SAOS) measurements. SAOS conditions are explicitly defined as a situation where 
the material functions are independent of the applied strain amplitude, resulting in a preservation of the structure 
of the material. Viscoelastic materials have a different mechanical response to an applied stress σ or strain γo, 

depending on the timescale of the measurement. For oscillatory shear measurements, this stress/strain response 
is defined in terms of two measured properties as a function of the oscillation frequency ω. Most commonly, the 
viscoelastic response is described with respect to the storage (or elastic) modulus G’, and the loss (or viscous) 
modulus G”.  

  

s w ,t( )
g o

= G 'sin wt( ) + G"cos wt( )  (1) 

The storage modulus G’ describes the “in-phase” response of the shear stress to a periodic shear strain of 
amplitude γo on the material (i.e., effectively a cosinusoidal response), while the loss modulus G” describes the 
“out-of-phase” response, related to the ability of the material to dissipate energy (i.e., a sinusoidal response). 
These two material functions can also be expressed in terms of a complex modulus G* and the phase angle 
difference between the applied strain and the resultant stress δ.  

  
G* = G '2+ G"2

  (2) 

  
tan d( ) =

G"

G '
  (3) 

One of the most important experimental considerations for SAOS measurements it to verify that the measured 
moduli are independent of the applied strain amplitude, or that the experimental conditions fall within the “linear 
regime.” Operation within the linear regime is necessary for Equations 1-3 to be valid. The limits of the linear 
viscoelastic regime are typically identified by performing a series of amplitude sweeps over the range of desired 
experimental frequencies. In these measurements, the amplitude of the shear stress is increased at a constant 
frequency until a decrease in the moduli G’ and G” is observed, defining the limits of the linear regime. 
Subsequent experiments should then be performed using a shear stress that is valid within this region over the 
desired range of frequencies.  

SAOS experiments are typically performed using a (i) parallel plate geometry, (ii) a cone-plate geometry, or 
(iii) an annular Couette cell in a rotational rheometer configuration. Experimentally, each of these three 
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geometries has its own unique advantages and limitations. Here, we provide a brief introduction to these 
geometries, but refer the reader to the textbook by Macosko for further details [117]. The cone-plate geometry has 
the advantage of providing a homogeneous strain field, but requires a prescribed gap while the parallel plate 
arrangement can be operated at a range of plate separation distances. Thus, a parallel plate configuration might 
prove necessary for stiff samples, where the necessary gap height for a cone-plate arrangement cannot be met, 
or when small sample quantities are insufficient to fill the prescribed space in the rheometer. The homogeneous 
field of the cone-plate geometry is important in the context of non-Newtonian fluids such as complex coacervates, 
because for the inhomogeneous strain field resulting from a parallel plate geometry, the measured stress will be a 
convolution of the material response to the applied strain field, rather than a direct stress-strain measurement. 
Thus, when employing a parallel plate geometry, it is advisable to repeat the experiment using different sample 
thicknesses to ensure the robustness of the experiment. The Couette cell generates a homogeneous strain field 
and is capable of performing more sensitive measurements than either parallel plate or cone-plate configurations 
because of the increased surface area-to-volume ratio of the annular setup. However, the Couette cell requires 
large sample volumes. Finally, the sensitivity of the experimental geometry must be coupled with the operational 
strategy of the rheometer. Strain-controlled instruments are advantageous for softer materials that require more 
sensitive measurements by eliminating concerns related to the inherent inertia associated with the motion of the 
instrument itself. 

3. Connecting Coacervate Phase Behavior with Material Dynamics 

Experimentally, complex coacervate samples are typically prepared by mixing aqueous solutions of 
oppositely-charged macro-ions. The resulting phase separation causes the sample to take on a cloudy, or 
opalescent appearance, due to the formation of small droplets of the complex coacervate phase (Figure 1). 
Characterization of coacervate phase behavior is typically performed using methods that take advantage of the 
light scattered by these small droplets in solution, such as turbidity and/or light scattering. While rheology can be 
used to identify the advent of complex formation based on an increase in viscosity [124], optical methods have 
been more widely utilized because they are amenable for high-throughput analysis to quantify the impact of 
variables such as the charge stoichiometry of the mixture, the ionic strength and pH of the solution, the total 
concentration of macro-ions, the charge density, and for samples containing polyelectrolytes, the polymer 
molecular weight [1-3,17,69,71-116].  

The qualitative nature of turbidity-style measurements allows a phenomenological characterization of 
coacervate phase behavior, rather than a more direct quantification of the binodal phase space [8,15,71,73-
77,83,88,91-93,104,105,108,112,114,125-153]. Typical characterization experiments include evaluation of the 
stoichiometric ratio of polycation to polyanion, the effect of increasing salt concentration, and the effect of variable 
pH. An example of these types of turbidimetric data for a system of poly(acrylic acid sodium salt) (PAA) and 
poly(allylamine hydrochloride) (PAH) is shown in Figure 2. The presence or absence of coacervation can be 
inferred from the intensity of the turbidity readings. However, quantitative information about the composition of the 
coacervate phase or the extent of phase separation is unknown, as is information relating to the viscosity or other 
material properties. For instance, in Figure 2a, coacervation in the absence of added salt occurs over a narrow 
range of polymer compositions. For the case of two fully charged polymers (pH 6.5) with the same molecular 
weight, this peak occurs at a 50/50 mixture of PAH to PAA. Similarly, this peak shifts to a composition of 67/33 
PAH/PAA at a pH of 8.5, where PAH is only half charged. The addition of 100 mM NaCl serves to broaden the 
range of compositions over which coacervation is observed. While intuition suggests that it is reasonable for a 
coacervate formulation to prefer compositions which satisfy electroneutrality, it is important to emphasize that 
turbidity observations are connected only with the knowledge of the initial sample formulation, and do not 
correspond in any way to the actual composition of the final coacervate mixture. 

We further highlight the issue of composition as compared to phenomenological observations with respect to 
the effect of added salt. Turbidimetric analysis of the impact of increasing NaCl concentration on both the optimal 
50/50 PAH/PAA at pH 6.5, and the 67/33 PAH/PAA sample at pH 8.5 show a sharp increase in the turbidity signal 
with the addition of small amounts of salt, followed by a slow loss of signal at higher salt concentrations. Finally, a 
critical salt concentration is reached, above which no coacervation is observed (Figure 2b) [77]. The turbidity 
measurements demonstrate a difference in the critical salt concentration for samples prepared at the two different 
pH conditions. However, these data do not provide information on whether the observed changes in turbidity 
correspond to differences in the coacervate droplet number, size, water content, or the overall coacervate yield. 
Similarly, in the case where the effect of different salts is investigated, there is no way to parse whether the 
presence of divalent salts leads to a change in coacervate composition due to disproportionation, an increase in 
coacervate stiffness due to crosslinking by divalent ions, a change in water content due to differences in osmotic 
pressure, or other unanticipated effects. 
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While turbidity experiments do not provide direct, quantitative data relating to coacervate composition, such 
experiments can be used to quantitatively map out binodal curves. The critical missing parameter needed to 
connect observations of phase separation and a phase diagram is the concentration of the various species in 
each phase. However, for a given composition and overall concentration of macro-ions, turbidity can be utilized to 
identify the critical salt concentration which defines the phase boundary. At this point, where phase separation is 
no longer observed, one can reasonably take the composition of the very last miniscule droplet of coacervate 
phase to equal that of the overall sample – defining a single point on the binodal curve. Alternatively, direct 
measurements of the macro-ion and salt composition in both the dilute and coacervate phases can be performed.  

An example of these types of detailed binodal curves is shown in Figure 3 for the system of poly(acrylic acid) 
(PAA) in complex with poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA), in the presence of KCl [78]. The 
phase behavior of this system was analyzed only for a 1:1 stoichiometric (charge-neutral) mixture of PAA and 
PDMAEMA, rather than for the entire range of PAA-PDMAEMA-KCl composition space depicted in Figure 3b. 
Quantification of the PAA concentration in the two phases was achieved using fluorescein-tagged PAA (Figure 
3a), with the authors using a simplifying assumption that the concentration of salt in the two phases was equal to 
the overall concentration. The data shown in Figure 3c demonstrates a broadening of the two-phase region with 
increasing degree of polymerization. The binodal curves also show that increasing salt concentration decreases 
the concentration of polymer present in the dense, coacervate phase while having a minimal effect on the 
concentration of polymer present in the dilute phase. These trends have been presented in a visually dramatic 
fashion through a comparison of macro-phase separated samples prepared at constant overall polymer 
composition and increasing salt concentration for a system of PSS with PDADMAC (Figure 4). The measured 
decreases in polymer concentration can clearly be seen as an increase in the water content of the sample. Similar 
trends have been observed in a variety of other systems, [1,71,73,74,76,77,81-
83,85,87,92,94,105,127,128,132,143,154-162], and have also been predicted from theory [75,78,156,163-170]. 

3.1. Viscosity 

While binodal curves elucidate the compositional aspects of complex coacervation, the next critical level of 
understanding focuses on understanding of how the observed trends in composition relate to dynamic material 
properties. This type of mechanical characterization can give insight into the molecular-level interactions present 
in the material, and is critical to enable effective processing of these materials. Generally, coacervates have been 
reported to have a Newtonian, or a shear-rate independent viscosity [71,111,171,172], as well as a shear thinning 
response [2,87,111,124,171-175], depending on the shear rate. The occurrence of shear thinning is suggestive of 
a structural change in the material, and research has suggested that the tendency for shear thinning in 
coacervate-based materials may correlate with the strength of the underlying electrostatic interactions [2,174]. For 
example, in coacervates formed from whey proteins and gum Arabic, pH was used to modulate the strength of the 
electrostatic interactions. A correlation was observed between the degree of shear thinning and the sample pH. 
More significant shear thinning was observed for samples where the pH facilitated stronger electrostatic 
interactions between the coacervate components. However, in all cases the initial viscosity and shear response of 
the sample could be recovered, given sufficient recovery time relative to the relaxation times for the material, 
showing that the structural changes were reversible. 

Recalling the coacervate system composed of PDMAEMA and PAA in KCl, Figure 3 showed that increasing 
salt concentration decreases the concentration of polymer present in the coacervate phase by increasing the 
amount of water present. Rheological characterization demonstrated that these trends correlate with decreasing 
coacervate viscosity with increasing salt concentration (Figure 5a) [71,79,157]. Furthermore, the viscosity was 
seen to increase as a function of degree of polymerization (Figure 5b) [79], as would be expected for polymeric 
materials. Inspection of the data in Figure 5 suggests that viscosity varies exponentially with salt concentration, 
and follows a power-law behavior as a function of polymer chain length. Interestingly, no change in viscosity was 
observed as a function of PDMAEMA/PAA stoichiometry, suggesting that the coacervate may undergo 
disproportionation to maintain a charge-neutral ratio of the two polymers [79].  

Spruijt et al. proposed a model for these rheological observations based on “sticky” Rouse (or Zimm) polymer 
dynamics, where ionic bonds between polyelectrolyte chains act as “sticky” points that enhance the effective 
friction of polymer chains and decrease their mobility, thus slowing down stress relaxation [79,111]. This model 
provides a platform for developing and testing our understanding of molecular-level interactions within the 
material, and reasonable agreement was obtained between the model and the data. For instance, the model 
predicts a power-law relationship between zero-shear viscosity and polymer length, as observed by the linear 
trend in the log-log plot (Figure 5b). This type of power-law dependence is expected for linear homopolymers, with 
a slope of 1 at short chain lengths, and a slope of 3.4-3.5 above the critical molecular weight for entanglement 
[117,118,120]. The data shown in Figure 5b show a decrease in the observed slope from ~2.2 at low salt to ~1.4 
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at high salt concentrations, suggesting that complexation between chains within the coacervate alters the 
expected molecular weight dependence. The model also predicts an exponential relationship between zero-shear 
viscosity and the square root of the salt concentration. The semi-log plot in Figure 5a shows a linear trend in the 
data, suggesting agreement with the exponential trends. However, further testing and validation of the model 
would benefit from systematic characterization of additional model polymer systems. 

3.2. Frequency Sweeps 

Moving beyond simple consideration of viscosity, the frequency response of coacervate-based materials has 
been studied as a function of numerous variables, including salt concentration, pH, stoichiometry, and the 
presence of guest molecules. By analyzing the in-phase and out-of-phase response of a material, frequency 
sweep data provides a characterization of the response over a range of different timescales. A schematic 
depiction of the characteristic response of a polymer solution is shown in Figure 6. At the lowest frequencies ( i.e., 
in the terminal region), the loss modulus (G”) dominates over the storage modulus (G’), indicating a viscoelastic 
liquid-like behavior. In the terminal region, the storage modulus (G’) shows a power-law slope of 2, while the loss 
modulus (G”) shows a power-law slope of 1. At higher frequencies, a crossover in the two moduli is observed, 
which extends into a plateau region where rubbery behavior arises, followed ultimately by a region where glassy, 
solid-like behavior dominates [118,120,176].  

Interestingly, complex coacervates have been reported with dramatically different material properties. In 
numerous examples, the elastic behavior dominates (i.e., the storage modulus (G’) dominates) 
[8,61,137,138,171,175,177-180], while in other coacervates the viscous or liquid-like behavior (i.e., the loss 
modulus (G”) dominates) [95,103,171]. Meanwhile, there are other systems where a crossover is observed 
between the two regimes, with G” dominating at low frequencies, and G’ dominating at higher frequencies 
[61,71,72,79,111,130,162,171]. Considering these observations in the context of the expected characteristic 
responses for polymeric materials suggests that the differences in the observed material properties are the result 
of experimental limitations and thermodynamic factors that limit experimental access to the full range of frequency 
behavior, rather than an inherent characteristic of the material itself. In general, the trends observed in frequency 
sweep data parallel those for viscosity, due to the relationship between dynamic viscosity and modulus. In 
general, increasing salt concentration leads to a decrease in both the storage and loss modulus (Figure 7a) 
[71,75,79]. Similarly, changes in pH that weaken the electrostatic interactions between polymer chains also 
decrease the moduli (Figure 7b) [75]. Increasing polymer chain length, on the other hand causes an increase in 
modulus and viscosity due to an increased propensity for entanglements, up to an asymptotic limit for an infinitely 
long polymer chain (Figure 8) [79].  

The crossover frequency, defining the transition from the terminal region to the rubbery plateau region, has 
also been observed to shift as a function of salt, pH, and polymer chain length. The inverse of the frequency of 
this crossover point relates to the longest relaxation time for the polymers in the sample, or the time necessary for 
the polymer molecules to disentangle. Thus, the observation of decreasing crossover frequency for increasing 
polymer chain length (Figure 8) corresponds to an increase in the time needed for longer polymer molecules to 
disentangle and relax. Intriguingly, Spruijt et al., reported significant differences in the rheological response for 
coacervates formed from PAA and PDMAEMA with mismatched polymer chain lengths depending on whether the 
asymmetry was applied to the length of the polycation or the polyanion [79]. When the length of the cationic 
PDMAEMA was decreased relative to the PAA, the expected decrease in moduli was observed and the crossover 
point shifted to higher frequencies. However, when the inverse experiment was done, the viscoelastic response of 
the material remained almost constant. The question of whether the dynamics of complex coacervates are 
dominated by the chain length of the polycation, and perhaps its interactions with water, or whether this observed 
behavior could be affected by different polymer chemistries remains an open question. 

Similar to chain length effects, the argument could also be made that a weakening in the electrostatic 
interactions between coacervate components, via salt (and the subsequent increase in water content), should 
also lead to a decrease in this timescale by lowering friction between molecules and allowing for faster relaxation. 
Data supportive of this hypothesis has been reported by various groups [61,79,103]. However, the opposite trend 
has also been reported. For example, reports by Priftis et al., have shown a decreasing trend in crossover 
frequency (i.e., longer relaxation times) with increasing salt concentration (Figure 7a) [71,75]. This difference in 
the dynamics of the various coacervate systems is intriguing and suggests that additional factors may be critical 
for understanding the dynamics of these systems. For instance, several reports have described a reduction in the 
rate of chain as a result of pH changes designed to decrease the charge density of one or more of the 
polyelectrolytes (Figure 7b) [75,103]. Tekaat et al., have speculated that this decrease in chain dynamics is due to 
an increase in hydrophobic interactions from the uncharged segments of the chain [103]. Additional studies are 
needed to further elucidate this subtle interplay of interactions.  
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3.2.1. Time-Salt Superposition 

Spruijt et al. proposed a way of overcoming the experimental limitations of a single sample through the use of 
a time-salt superposition [79,111]. Superposition has long been used as a tool in rheology where an experimental 
variable such as temperature or strain rate is used as a means for accelerating activated processes. Thus, while a 
single sample might only allow for exploration of material properties over a small range of timescales, 
superposition allows for the combination of multiple datasets to explore a much wider range of frequency space. 
Similar to time-temperature superposition methods used for other soft materials, the addition of salt provides a 
means for accelerating an activated process (e.g., rearrangement of electrostatic linkages). Consequently, it is 
possible to convert a series of frequency sweeps for samples of complex coacervates prepared at different salt 
conditions (Figure 9a), which may only span a few decades of frequency space, into a master curve that spans 
more than eight decades of frequency space (Figure 9b). This larger presentation of data clearly shows the 
characteristics of the terminal region, as well as the crossover point and a rubbery plateau. Ultimately, the 
limitations of the accessible dynamic range for this type of superposition are dictated by artifacts related to the 
inertia of the instrument itself, edge failure, the potential for secondary flows, etc.[117], coupled with the minimum 
achievable salt concentration to form coacervates, and the critical salt concentration above which coacervation no 
longer occurs. 

The rescaling was performed using salt concentration-dependent shift factors in both frequency and modulus 
space. This scaling can be performed using an arbitrary choice of reference. However, in the work presented by 
Spruijt et al. [79,111], as well as in subsequent reports by other groups [71], the crossover point between the two 
moduli was chosen as the reference. Inspection of the temporal shift factors (Figure 9c) suggests an exponential-
like dependence of the shift factor on salt concentration, over a wide range of polymer molecular weights. 
Mechanistically, time-salt superposition assumes that the addition of salt allows for the acceleration of an 
activated process. For the proposed model of “sticky” Rouse dynamics, where friction arises from electrostatic 
interactions between polyelectrolyte chains, the average lifetime for an ionic bond can be described as using an 
Arrhenius type expression for the activation energy for the interaction. Thus, the activation energy for these 
interactions can be described as an exponential, which is a function of salt. Only a weak dependence was 
observed for the modulus shift factor as a function of salt concentration (Figure 9d). This model provides a 
powerful means for coupling mechanical measurements to thermodynamic quantities that can be accessed 
directly by other experimental and theoretical approaches. 

3.2.2. Time-pH Superposition 

Tekaat et al., recently coupled the ideas of time-salt superposition with a new demonstration of time-pH 
superposition (Figure 10). This principle implied that the changes in polyelectrolyte charge density resulting from 
changing pH only influence the timescale of the relaxation dynamics, rather than altering the mechanism of their 
interaction. This work utilized complex coacervates composed of PAA, a weak polyanion, and PDADMAC, a 
strong polycation, in the presence of KCl [103]. Thus, at high pH both of the polymers will be fully charged, while 
the charge density of the polyanion will decrease at more acidic pH values. Calculated shift factors showed a 
clear pH dependence that plateaus at pH ≈ 7, where the PAA becomes fully charged (Figure 10c). The pH 
dependence of the shift factors can be further extended to the physical state of the polyelectrolyte based on the 
degree of dissociation (α) of the PAA (Figure 10d). This deconvolution highlights the interplay between 
polyelectrolyte charge density, pH, and salt concentration. Examination of the data and the shift factors reveals a 
decrease in chain dynamics with decreasing charge density that may be due to increasing friction from the 
uncharged, hydrophobic sections of the PAA. The ability to directly relate changes in relaxation behavior to the 
degree of dissociation of a polyelectrolyte has significant potential to help elucidate apparent disparities in the 
reported literature between different material systems. 

3.3. Relaxation Time Spectra 

The relaxation behavior of a material can be expressed equivalently in terms of the relaxation modulus G(t) as 

a function of the strain rate history for −∞ < t’ < t, and the relaxation time spectrum H(τ) for all relaxation modes 

τ ≤ τmax [79,123].  
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These material functions can be obtained both from conversion of frequency sweep data, and directly from a step-
strain experiment. In a step-strain experiment, an instantaneous shear strain is applied to the sample and the 
resulting stress is allowed to relax over time while the strain is held constant. Thus, the step-strain experiment is 
able to probe and identify the entire range of dynamic timescales for a given material, including the terminal 

relaxation time (i.e., τ3 in Figure 12). For the system of PDMAEMA/PAA utilized by Spruijt et al., a continuous 

decrease of the relaxation modulus was observed for all coacervate samples, regardless of salt concentration or 
polymer chain length (Figure 11a) [79]. At short times (tens of milliseconds), a region of constant slope, of the 
order -0.5 to -0.7 is observed – a characteristic for the Rouse or Zimm dynamics referenced previously. Thus, at 
short length scales, Zimm relaxation modes such as hydrodynamic interactions are expected to dominate the 
polymer dynamics, while at longer length scales Rouse modes will be more dominant.  

Closer examination of the data in Figure 11 indicates that, for these experiments, neither salt concentration 
nor chain length has a significant effect on the shape of the relaxation spectra, although relaxation processes are 
observed from the millisecond to the terminal relaxation time. The terminal relaxation time was seen to increase 
with increasing polymer chain length and decreasing salt concentration. Thus, it is possible to perform a time-salt 
superposition of the relaxation spectra (Figure 12) [79]. Just as time-salt superposition allowed for comparison of 
dynamics in frequency space, here, the technique allows for a more direct comparison of relaxation phenomena 
occurring within the coacervate material in the presence of different salt concentrations. In the various relaxation 
spectra shown in Figures 11 and 12, three different regimes are present. The terminal relaxation time is indicated 

by τ3. At intermediate timescales (τ2 < t < τ3), Rouse-like stress relaxation is observed, with a characteristic slope 

of -0.5. At short timescales (τ1 < t < τ2), a plateau-like behavior is observed, followed by an upturn (t < τ1) for the 

longest polymer chains. The onset of this plateau region (τ2) can be thought of as the elementary lifetime of a 

single “sticky” unit, which for a coacervate material would be an ionic bond. At 0.6M KCl, this lifetime is 
approximated at 200 ms, which is in agreement with previously reported single-molecule force spectroscopy 
experiments [181].  

4. Other Applications of Dynamics 

4.1. Encapsulation and Release 

In addition to characterization of the properties of the base material, rheology has been used to understand 
the impact that a guest molecule has on the structure of a complex coacervate. Tiwari et al., examined both the 
encapsulation and release of salbutamol sulfate, a bronchodilator used in the treatment of asthma and other 
chronic airway diseases, from coacervates formed from a pair of protein molecules, gelatin-A and gelatin-B [141]. 
Linear viscoelastic characterization showed that drug encapsulation caused a significant decrease in the storage 
modulus (G’), suggesting that the coacervate matrix was disturbed and weakened by the presence of the drug, 
and a slight increase in the loss modulus (G”), suggesting a commensurate fluidization of the material. Such 
changes in material properties can be critical for modeling of release processes for more advanced therapeutics. 

4.2. Gelation 

Gelation is a phenomenon that connects with complex coacervation in several ways. Firstly, the application of 
temperature to many of the materials used in coacervation, and proteins in particular, can lead to a gelation 
phenomenon. In protein-based systems such as those involving gelatin, this type of gel formation is often the 
result of temperature or pH-induced protein denaturation [137,182]. Solid-to-liquid transitions such as gelation can 
be observed from a plot of tan(δ) versus frequency. Liquid-like samples will display a negative slope of tan(δ) 
versus frequency, solid, or gel-like samples will show a positive slope, and the gel point is characterized by zero 
slope.  

Alternatively, one can plot the complex viscosity as a function of frequency and perform a Winter-Chambon 
model power-law analysis (Figure 13a) [178,183]. In the Winter-Chambon model, the complex viscosity of a 

critical gel scales as η* = Sωn−1, where S is the elastic strength of the material, and the exponent n is indicative of 

the nature of the crosslinking in the material. The measured exponent value reported for a coacervate system 
composed of fish gelatin/sodium montmorillonite (clay nanoplatelets) was on the order of 0.20 – 0.24, in the range 
characteristic of a gel-like system, although with significantly higher water content than a more classical gel [178]. 
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4.3. Self-Healing and Structural Recovery 

Another interesting material property conferred by the non-covalent nature of the molecular interactions 
defining complex coacervates is the potential for self-healing and structural recovery after complete network 
disruption [174,178]. This can be assayed by the application of a large strain (i.e., 100% oscillatory shear strain, 
well beyond the linear range for the material) to break the sample, followed by continuous measurements back in 
the linear strain regime to track the ability of the material to recover its original elasticity, and the requisite 
timescale to do so. An example of this type of experiment is given for a fish gelatin/sodium montmorillonite 
coacervate system in Figure 13b [178]. From an initially high value for the equilibrium storage modulus (G’), the 
application a high strain decreases the modulus of the material, breaking the internal elastic network of 
electrostatic interactions and converting it into a liquid-like material. Five minutes after the application of this high 
strain, the sample was able to recover 20-30% of its original modulus – a process that could be modeled by an 
exponential function. Furthermore, the timescale for strain recovery was found to be an inverse function of pH, or 
the number of available electrostatic crosslinks in the system, with more weakly crosslinked systems ( i.e., lower 
pH samples) showing lower fragility and faster recovery. Interestingly, examination of the effects network 
disruption in the example by Qazvini et al., suggested that the liquid-like behavior was not the result of free-
flowing individual nanoplatelets, but rather the result of domain fracturing. Upon removal of strain, these domains 
are then able to quickly recover the percolated elastic behavior of a network to give a solid-like response, followed 
by a slower rearrangement of the gelatin network. This self-healing capability suggests that these types of 
materials could be easily processed as low viscosity materials, for example as thin films or injectables, followed 
by a recovery time to allow for the formation of an elastic gel. 

4.4. Hierarchically-Structured Coacervate-Based Materials 

While the bulk of the discussion in this review has focused on the viscoelastic characterization of macrophase 
separated coacervate materials, a wide variety of hierarchically-structured coacervate-based materials have also 
been reported [63,68,69,101,102,107,184-189]. In these materials, coupling of a polyelectrolyte to a neutral, 
water-soluble polymer such as poly(ethylene glycol) facilitates the creation of a molecular interface, and drives 
microphase separation. Diblock copolymer systems have been reported to form micellar and vesicular structures 
[69,101,102,187,188], while triblock copolymer systems can form flower-like micelles under dilute conditions, and 
structured, hydrogel-like materials at higher polymer concentrations [63,68,184-186,189].  

Krogstad et al., examined the structural and rheological response of a model triblock copolymer coacervate 
system composed of guanadinium and sulfonate functionalized poly[(allyl glycidyl ether)-b-(ethylene oxide)-b-(allyl 
glycidyl ether)] (PAGE31-PEO455-PAGE31), ABA triblock copolymers. At low polymer concentrations, X-ray and 
neutron scattering data demonstrated the presence of a disordered network of nanometer-scale coacervate 
spheres. With increasing polymer concentration, spheres packed into a body-centered cubic (BCC) array, and 
ultimately transitioned into a hexagonal network of cylinders (Figure 14c) [68,186]. Frequency sweep analysis 
showed an increase in modulus and a shift in the crossover point to lower frequency with increasing polymer 
concentration (Figure 14a) up to 25 wt%, followed by a decrease in these parameters at 30 wt%. Three regimes 
of behavior were observed, corresponding with the structural transitions observed in the material. The response of 
the disordered array of spheres (< 15 wt%) was that of a complex fluid, largely dominated by the loss modulus 
(G”) for most of the frequency range. Between 15 wt% and 25 wt%, a large increase in the storage modulus (G’) 
was observed, corresponding to the stiffer nature of the BCC array of coacervate domains. Finally, the decrease 
in modulus observed above 25 wt% corresponded to the transformation to a hexagonally packed array of 
cylinders. The authors proposed that the reduction in modulus was due to the ability of the cylindrical phase to 
enable liquid-like movement of tethered chains along the cylinder axis. 

Equilibration and ordering within the hydrogel materials was further tested using time-sweep experiments, 
where the evolution of the sample was observed at 1% strain for 2000 s. The sample was then disrupted by 100% 
strain, and the recovery examined (Figure 14b) [68,186]. All samples showed a time-dependent stiffening during 
the initial equilibration period. However, following the application and release of high strain the 10 wt% and 20 
wt% samples (i.e., disordered spheres and BCC spheres) showed an increase in modulus, while the 30% sample 
(hexagonal cylinders) suffered a decrease in modulus. This decrease in modulus was attributed to the alignment 
of cylinders parallel to the direction of applied force. These studies demonstrated the convolution of coacervate 
phase behavior with the complexity of hierarchical ordering within a material. Further study of such materials is 
needed, along with continued exploration of the available structural motifs. 
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4.5. Linear Viscoelasticity In Vitro and In Vivo 

While traditional rheological and linear viscoelasticity experiments are extremely powerful, they can suffer 
from the need to generate sufficient sample. This limitation is particularly challenging for the study of biologically-
relevant liquid-liquid phase separation phenomena inside cells. For these materials, which are often termed 
“membraneless organelles,” the quantity of material, as well as the need to extract such cellular granules from 
their native environment prevent the application of the types of large-scale SAOS measurements described thus 
far. However, Elbaum-Garfinkle et al., recently reported the use of microrheology techniques to coacervate-like 
materials formed as a result of the self-interaction of LAF-1, a DDX3 RNA helicase found in the P granules of 
Caenorhabditis elegans [190]. Here, confocal fluorescence microscopy was used in conjunction with particle 
tracking methodologies to measure the viscosity of coacervate-like droplets of LAF-1 both with and without RNA. 
A more detailed treatment of this type of microrheological characterization is beyond the scope of the current 
work. However, adoption of these types of techniques has the potential to enable the analysis of a vast array of 
coacervate-based materials that would otherwise be inaccessible to larger-scale rheological measurements.  

5. A Survey of Materials Rheology in Complex Coacervates 

The goal of this review is to provide an introduction to the use of linear viscoelastic measurements for the 
characterization of complex coacervate-based materials. During the course of this presentation, we have focused 
on only a few materials systems, so as to facilitate the clear presentation of concepts and trends. However, such 
a limited presentation is by no means representative of the scope of rheological work that has been reported to 
date. In the following tables, we have attempted to summarize the various cationic (Table 1) and anionic (Table 2) 
materials used in the formation of complex coacervate-based materials that have been subjected to viscoelastic 
characterization.  

6. Perspective and Future Vision 

The ability to link thermodynamic knowledge of complex coacervate phase behavior with data describing the 
dynamics of a material, such as the characteristic timescales for molecular motion, is a critical next step towards 
the development of a fundamental and predictive understanding of this self-assembly phenomenon. The breadth 
of work reported thus far has provided tantalizing glimpses of the potential for coacervate-based materials. 
Moving forward, there is a pressing need for a systematic evaluation of the different variables associated with 
coacervate formation, particularly those related to the structure and chemistry of the materials themselves. For 
instance, what effect does changing the identity of the charged group have on material properties? What impact 
does side-chain length have on polyelectrolyte-based coacervation? What is the effect of branching or other 
architectures? How do sequences of chemistry or localized patches of charge affect not only self-assembly, but 
the resultant dynamic response of the material?  

Moving beyond knowledge of composition and dynamics, further levels of understanding require incorporation 
of knowledge regarding the molecular structure of coacervate-based materials, and the development of more 
detailed theories and models. Hybrid techniques, such as simultaneous small-angle X-ray or small-angle neutron 
scattering, coupled with rheology (rheo-SAXS/SANS) [124], rheo-optics [117,191], calorimetry, and/or other 
methods have tremendous potential to further expand our understanding of this class of materials. Subsequent 
interpretation of the resulting data will require the further development and validation of theoretical predictions to 
couple observation with molecular models. For instance, the systematic linear viscoelastic analysis of polymer 
chemistry effects on complex coacervation would enable further testing of the “sticky” Rouse model proposed by 
Spruijt et al. [79,111]. Such efforts could also be coupled with advancements in the modeling of coacervation in 
general. It is important to note, that the vast majority of experimental and theoretical efforts have focused on 
understanding SAOS data because of the strong theoretical background of such measurements. However, from 
an applications perspective, most processing operations subject materials to deformations that are well beyond 
the limits of linear viscoelasticity. Extension of theoretical treatments of polymer behavior into the non-linear large-
angle oscillatory shear (LAOS) regime, has tremendous potential to elucidate critical mechanisms related to the 
large-scale disruption and rearrangements of polymer networks. The application of such non-linear techniques to 
the characterization of complex coacervate-based materials is an open challenge for the future. 
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Tables 
Table 1. Summary of cationic macro-ions examined via rheological characterization of complex coacervates. 

Name Strong/Weak Type References 

α-Lactalbumin Weak Protein [174,179] 

β-Lactoglobulin Weak Protein [174,179,180] 

Bovine Serum Albumin (BSA) Weak Protein [8,87,138,179] 

Chitosan Weak Polysaccharide [130,173] 

Gelatin Weak Protein [178] 

Gelatin A Weak Protein [9,137,141,173,177] 

Gelatin B Weak Protein [126,141,175,182] 

Jeffamine Weak Polymer [192] 

Lactoferrin Weak Protein [95] 

LAF-1 Weak Protein [190] 

mfp1 Weak Protein [193] 

mfp151 Weak Protein [193] 

O-carboxymethyl chitosan Weak Polysaccharide [194] 

Poly(allylamine hydrochloride) Weak Polymer [61,75] 

Poly(diallyldimethylammonium chloride) Strong Polymer [75,87,103,112,157,172,195] 

Poly(ether) amine (Jeffamine) Weak Polymer [192] 

Poly(ethyleneimine) Weak Polymer [71,75] 

Poly(N,N-dimethylaminoethyl methacrylate) Weak Polymer [79,111] 

Wheat Protein Weak Protein [9] 

Whey Protein Isolate Weak Protein [174,179] 

 
Table 2. Summary of anionic macro-ions examined via rheological characterization of complex coacervates. 

Name Strong/Weak Type References 

Agar Strong Polysaccharide [126,179] 

Alginate Weak Polysaccharide [192,196] 

β-Lactoglobulin Weak Protein [95,180,182] 

DNA Strong Nucleic Acid [137,177] 

Gelatin Weak Protein [124] 

Gelatin A Weak Protein [141,173] 

Gelatin B Weak Protein [141,175,182] 

Gum Arabic Weak Polysaccharide [130,174,194] 

Hyaluronic Acid Weak Polysaccharide [193] 

κ-Carrageenan Strong Polysaccharide [8] 

Pectin Weak Polysaccharide [138,180] 

Poly(acrylic acid) Weak Polymer [75,79,103,111] 

Poly(aspartic acid) Weak Polypeptide [71,193] 
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Poly(glutamic acid) Weak Polypeptide [71] 

Poly(styrene sulfonate) Strong Polymer [124,157,195] 

Polyphosphate Strong Polymer [171] 

Pyrophosphate Strong Small Molecule [61] 

RNA Strong Nucleic Acid [190] 

Sodium Dodecylsulfate Strong Surfactant [112,172] 

Sodium montmorillonite Weak Clay Particle [178] 

Soy Protein Weak Protein [9,196] 

Tripolyphosphate Strong Small Molecule [61] 

Xantham gum Weak Polysaccharide [196] 

 

Figure Captions 

Figure 1. Images of complex coacervates formed from poly(diallyldimethyl ammonium chloride) (PDADMAC) and 
poly(styrene sulfonate sodium salt) (PSS) in 1.6M KBr. (a) A photograph of a typical opalescent dispersion of 
coacervate droplets (left) and the dense, coalesced coacervate phase (right, indicated by arrow) in equilibrium 
with the aqueous supernatant. (b) An optical micrograph of the dispersion of liquid coacervate droplets from (a), 
settled onto a glass slide.  

Figure 2. (a) Plot of turbidity as a function of the mole fraction of the number of charges contributed by the 
polycation PAH in complex with PAA at pH 6.5, where both polymers are fully charged (black circles) and pH 8.5 
where PAH is only half-charged (blue squares). Data are shown for conditions of no salt (open symbols) and 100 
mM NaCl (closed symbols). (b) Turbidity as a function of NaCl concentration at pH 6.5 where both polymers are 
fully charged (closed) and pH 8.5 where the PAH is half-charged (open). All samples were prepared at charge-
neutral conditions (50/50 mol% PAA/PAH at pH 6.5 and 33/67 mol% PAA/PAH at pH 8.5). Plots of turbidity as a 
function of (c) salt concentration and (d) ionic strength for a selection of monovalent and divalent salts for 
samples were prepared at 50/50 mol% PAA/PAH ratio at pH 6.5. All samples were prepared at 1 mM total 
monomer concentration. Figures adapted with permission from Ref. [77] (Perry et al., Polymers, (2014), 6, 1756-
1772). 

Figure 3. (a) Schematic depiction of the formulation of fluorescently labeled coacervates using fluorescein-
labeled PAA in complex with PDMAEMA. The confocal fluorescence micrograph shows an equilibrated mixture of 
the brightly fluorescent coacervate phase of PAA and PDMAEMA with droplets of coexisting dilute phase. (b) 
Three-dimensional representation of a phase diagram for polyelectrolyte complexation calculated using the theory 
of Voorn and Overbeek [163]. Points below the drawn surface are unstable and result in phase separation where 
compositions are dictated by the phase equilibrium. (c) Experimentally measured phase diagrams depicting the 
binodal curve for coacervation between stoichiometric (1:1) mixtures of PAA and PDMAEMA at pH 6.5 in the 
presence of KCl on a logarithmic scale (left) and a linear scale (right). Solid lines are theoretical predictions of the 
phase behavior generated using the Voorn-Overbeek theory. Figures (a) and (c) adapted with permission from 
Ref. [78] (Spruijt et al., Macromolecules, (2010), 43, 6476-6484). Copyright 2010 American Chemical Society. 
Figure (b) adapted from Ref. [1] (van der Gucht et al., J. Coll. Interf. Sci., (2011), 361, 407-422) with permission 
from Elsevier. 

Figure 4. Photographs of (a) as-prepared PSS/PDADMAC coacervate samples stored for 30 days and (b) the 
samples 10 days after annealing for about 3 hrs at 60°C and cooled to room temperature. The numbers indicate 
the concentration of KBr (in M) for each sample. Increasing water content is observed in the coacervate phase up 
to 1.80M KBr, above which, only a single solution phase is observed. Figure adapted with permission from Ref. 
[157] (Wang and Schlenoff, Macromolecules, (2014), 47, 3108-3116). Copyright 2014 American Chemical 
Society. 

Figure 5. (a) Zero shear viscosity (η0) vs. overall KCl concentration for coacervates of different chain lengths. The 
linear trend observed on a semi-log plot is indicative of an exponential behavior with respect to salt concentration. 
(b) Zero shear viscosity (η0) vs. the average polymer length (N) for coacervates formed at different overall 
concentrations of KCl. The linear trend on the log-log plot is indicative of a power law trend with respect to N. 
Data are for stoichiometric (1:1) PDMAEMA/PAA coacervates formed in the presence of varying concentrations of 
KCl, pH 6.5. Figures adapted with permission from Ref. [79] (Spruijt et al., Macromolecules, (2013), 46, 1633-
1641). Copyright 2013 American Chemical Society.  

Figure 6. Schematic depiction of the viscoelastic behavior for polymer solutions as a function of frequency, 
showing the terminal behavior of the storage and loss moduli at low frequency (with indicated slope), the rubbery 
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plateau, transition region, and final glassy region at high frequency. The logarithmic indicators on the axes are for 
visualization purposes only.  

Figure 7. Frequency sweep data for ternary coacervates composed of the polyanion PAA in complex with the 
polycations PDMAEMA and PEI in a molar ratio of 37/10/53 (a) as a function of NaCl concentration at pH 7, and 
(b) at 500 mM NaCl, as a function of pH. The shift in the crossover point to lower frequency is indicative of longer 
relaxation times. Figures adapted with permission from Ref. [75] (Priftis et al., Macromolecules, (2014), 47, 3076-
3085). Copyright 2014 American Chemical Society. 

Figure 8. Frequency sweep data for stoichiometric (1:1) PDMAEMA/PAA coacervates with increasing polymer 
chain length, formed in 0.5M KCl, pH 6.5. The shift in the crossover point to lower frequency with increasing 
polymer chain length is indicative of an increase in the relaxation timescale for the system. Figure adapted with 
permission from Ref. [79] (Spruijt et al., Macromolecules, (2013), 46, 1633-1641). Copyright 2013 American 
Chemical Society. 

Figure 9. (a) Frequency sweep data for stoichiometric PDMAEMA/PAA coacervates prepared in KCl solutions at 
pH 6.5 with an average degree of polymerization of N = 527 for PDMAEMA and N = 1728 for PAA. The storage 
modulus G’ is shown in open symbols, the loss modulus G” is shown in closed symbols. (b) A rescaled time-salt 
superposition of the data from (a) where the frequencies have been rescaled using a salt-dependent shift factor τc 
shown in (c), and the storage (open) and loss moduli (closed) have been rescaled using a salt-dependent shift 
factor Gc shown in (d). The continuity of the tan(δ) plot (line) demonstrates the quality of the superposition. The 
crossover between G’ and G” was taken as the reference condition to define ωτc = 1 and G’/Gc = 1. Figures 
adapted with permission from Ref. [79] (Spruijt et al., Macromolecules, (2013), 46, 1633-1641). Copyright 2013 
American Chemical Society. 

Figure 10. (a) Master curves resulting from the time-pH superposition of frequency sweep data for stoichiometric 
PDADMAC/PAA coacervates prepared at various KCl and pH conditions. (b) A super-master curve combining the 
time-pH superposition from (a) with a subsequent time-salt superposition. The inset shows the scaling factors 
used for this procedure. Shift factors for the superposition shown in (a) as a function of (c) pH and (d) the 
dissociation constant (α) for PAA. Lines are provided as a guide to the eye. Figures adapted from Ref. [79] with 
permission from the PCCP Owner Societies.  

Figure 11. (a) Stress relaxation modulus for stoichiometric PDMAEMA/PAA coacervates prepared in different 
concentration KCl solutions (labels on the right of the curves) at pH 6.5 and for different polymer chain lengths 
(labels on the left of the curves, i.e., Ncat/Nan for the polycation and polyanion, respectively). A step strain of 10-
20% was applied. (b) Relaxation time spectra for the same samples as in (a). All curves are shifted vertically for 
clarity using the shift factor shown in parentheses at the left of the curves. Figures adapted with permission from 
Ref. [79] (Spruijt et al., Macromolecules, (2013), 46, 1633-1641). Copyright 2013 American Chemical Society. 

Figure 12. Rescaled relaxation time spectra for stoichiometric PDMAEMA/PAA coacervates with polymer chain 
length Ncat/Nan = 527/1728, prepared at different concentration KCl solutions, pH 6.5. The inset shows the scaling 
factors as a function of salt concentration. Figure adapted with permission from Ref. [79] (Spruijt et al., 
Macromolecules, (2013), 46, 1633-1641). Copyright 2013 American Chemical Society. 

Figure 13. (a) Complex viscosity, η* vs angular frequency for fish gelatin/sodium montmorillonite (clay 
nanoplatelets) coacervates prepared at different pH conditions. The solid lines are η* = Sωn−1 (Winter-Chambon 
model) fitting to the data points. The inset table lists the model parameters. (b) Structural recovery behavior as a 
function of time, assessed by monitoring G’ after the application of a 100% oscillatory shear strain. The solid lines 
in regime III are fitting of G′ = G′∞(1 − exp(t/τ)β) to the data points. The inset table lists the fitting parameters. 
Figures adapted with permission from Ref. [178] (Qazvini et al., Biomacromolecules, (2012), 13, 2136-2147). 
Copyright 2012 American Chemical Society. 

Figure 14. Rheological characterization of hierarchically structured coacervate-based hydrogels formed from the 
complexation of guanadinium and sulfonate functionalized PAGE31-PEO455-PAGE31 ABA triblock copolymers. (a) 
Frequency sweep data at varying polymer concentrations. The G′ data are shown as solid symbols whereas the 
G′′ data have open symbols. (b) Dynamic mechanical spectra showing the effects of high strain on the ordering of 
the triblock copolymer gels. After 2000 s at 1% strain, 100% strain was used to break down the gels for 5000 s. 
After switching back to 1% strain, the 10 wt% (disordered arrangement of spheres) showed an increase in G' 
while the 20 wt% (BCC spheres) showed a slight increase and the 30 wt% (hexagonal cylinders) showed a 
decrease in G'. (c) Schematic depictions of the BCC spheres, hexagonal cylinders, and disordered arrangement 
of connected spheres, color-coded and arranged to match the data in (b). Figures adapted from Ref. [186], with 
permission. 
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