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Abstract

Complex coacervation refers to the formation of distinct liquid phases that arise when 

polyelectrolytes are mixed under appropriate polymer and salt concentrations. Molecular-level 

studies of coacervation have been limited. In this work, a coarse-grained model of the polymers 

and the corresponding counterions is proposed and used to simulate coacervation as a function of 

polymer length and overall salt concentration. Several sampling methods are used to determine the 

phase behavior of the underlying polymers. In particular, the results of simulations in different 

ensembles are shown to be consistent and to reproduce a number of phenomena observed in 

experiments, including the disruption of complexation by increasing ionic strength or by 

decreasing molecular weight. The coacervate concentrations determined from phase behavior 

calculations are then used to examine the rheology of the corresponding materials. By relying on 

long dynamic simulations, we are able to generate the dynamic response of the material in the 

form of dynamic moduli as a function of frequency, which are also found to compare favorably 

with experimental measurements.
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INTRODUCTION

Charged polymers in solution can adopt a wide variety of conformations and morphologies. 

Examples include films,1 micelles,2,3 hydrogels,4,5 and coacervates.6–8 Such morphologies 

depend on molecular mass, polymer charge density, ratio of cationic and anionic groups, and 

the overall concentration of the polymer and added salts. They also depend on pH, which 

can be tuned to create reversible materials.9 Charged biocompatible polymers, in particular, 

are of interest for biomedical applications.10,11 For example, they can be used as wet 

adhesives12,13 that aid tissue healing and bone growth processes. They can also be used as 

dental implants or for drug delivery.14,15 Bunderberg de Jong and Kruyt16 originally 

introduced the term “coacervation” to describe the assembly of polyelectrolytes in dilute 

solution. They considered the formation of an aqueous phase rich in both polymers and salt, 

in equilibrium with an aqueous, polymer-free aqueous salt phase. There is now a growing 

interest in quantifying the thermodynamics and dynamics of coacervates in a more 

systematic manner.8,17–26 Spruijt et al.,17 in particular, examined a dilute mixture of 

poly(acrylic acid) (PAA) and poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA). 

That study is relevant from a modeling perspective because it considered polymer chains of 

opposite charge, but comparable molecular mass, and because the molecules were relatively 

small, i.e., in the range of 1.5–36 kg/mol for PAA. Furthermore, the pH was adjusted to 

remain in a range in which the polymers were fully ionized. A later study by Priftis et al.20 

considered a ternary coacervate mixture of PAA, PDMAEMA, and poly-(ethylenimine) 

(PEI) or poly(allylamine) (PAH). These authors performed an extensive analysis of 

stoichiometry, salt concentration, and pH. That work is also highly relevant because it 

included a rheological characterization of the coacervate phase.

At the simplest level of theory, coacervation can be described in terms of the Voorn–

Overbeek (VO) model,27 which provided the first theoretical description of coacervation. A 

number of features, however, are absent from this model, and recent theoretical and 

computational efforts have sought to develop more complete representations of 

polyelectrolytes in solution.
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The “random phase approximation” (RPA) was first applied to polyelectrolyte solutions by 

Borue and Erukhimovich,28 who showed its validity for intermediate charge concentrations. 

RPA was applied to coacervate by Castelnovo and Joanny29 by implementing attractive 

electrostatic interaction. Later it was further developed by Kudlay and Olvera de la Cruz.30 

Other theoretical work examples include the “restricted primitive model” (RPM),31 more 

recent studies based on liquid-state theory and approximate closures,32–35 and theoretical 

work aimed at incorporating the effects of charge connectivity and polymer architecture into 

the VO theory.36 Work by Wang37 included effects of chain connectivity as well as dielectric 

and charge correlations on the polyelectrolyte self-energy. Fluctuations beyond RPA have 

been captured by field-theoretic simulations (FTS) by Fredrickson and co-workers.38–42 

Applicability of FTS to coacervates was first shown in the works of Popov and Lee.38,39 

Recent works on FTS study phase behavior and interfacial tension of complexating 

homopolymers as well as copolyelectrolytes.40–42 Finally, a recent study of coacervation 

with Monte Carlo simulations was able to reproduce the phase diagram qualitatively, but the 

authors did not perform dynamical simulations to characterize the rheology of their systems.
43 An extensive discussion of theoretical approaches to polyelectrolytes and specifically to 

polyelectrolyte complexation has been presented in a recent review by Muthukumar.44

Molecular simulations of coacervation have been limited. To the best of our knowledge, only 

one previous study45 considered coacervation involving relatively small chain molecules 

(≤24 beads) and this study of phase stability of coascervates involved Monte Carlo 

simulation rather than molecular dynamics. We also note the interesting work of Ou and 

Muthukumar46 used Langevin dynamics simulations to address polyelectrolyte 

complexation. That study highlighted the importance of entropic effects on complexation, 

but it was limited to only two chains. In this work we perform molecular simulations of a 

many-chain system and rely on simulations in various ensembles to determine the phase 

boundaries for coacervation. An important feature of our work is that having determined the 

composition of the coacervate phase, we proceed to predict its rheological properties. 

Specifically, by relying on long molecular dynamics simulations, we also calculate the linear 

response—or dynamic modulus—of the coacervate phase. The coarse-grained model 

considered here was parametrized to reproduce the experimental data of Spruijt et al.17,47 In 

general, its predictions are found to be in agreement with experimental observations, serving 

to underscore the validity of the approximations implicit in the model and providing a 

platform that might be of use for future studies of complex coacervation.

METHODS AND MODEL

The model considered here represents an extension of the so-called “theoretically informed 

coarse-grained model” (TICG)48 that has been used in the past to describe neutral polymer 

melts consisting of homopolymers, copolymers, composites, and their blends.49–51 The 

model uses a bead–;spring representation of polymer chains and single beads to represent 

ions and solvent. All of the polymer beads are charged. They are connected by stiff 

harmonic bonds, and their number per chain corresponds to the number of monomers. At 

short distances, the TICG model relies on soft-core interaction potentials. A Hamiltonian 

with a soft-core repulsion is written as,
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ℋ
kBT ∑

i, j
∫

V
dr w r−ri w r−rj (1)

where ri denotes the positions of particles and w(r) is a spherical step function:

w r =
0 r > rcut
1 r < rcut

Beads representing polymers, ions, and solvent have the same size (rcut) and the same 

interaction strength. Charged species—polymers and ions—also interact via the Coulomb 

potential. Its strength is expressed in terms of the Bjerrum length lB = e2/εskBT = 0.7 nm for 

water at room temperature). However, instead of a conventional Coulomb functional form, 

we introduce a modified soft Coulomb given by,

FC = lB

1
r2 r > r0

1
r02 r < r0

(2)

where r0 is a characteristic distance where repulsive forces become constant. The repulsion 

strength and rcut parameters are set by comparison to the combination of traditional hardcore 

LJ and Coulomb potentials, as shown in Figure 1.

For oppositely charged particles, the combination of LJ and Coulomb potentials considered 

here has a minimum at a distance r0, where the force is equal to 0. Note that forces labeled 

as “Coulomb+LJ” and “Soft Coulomb & Repulsion” have the same root at a distance r0. An 

overall comparison of the potentials is given in Figure 1. The strength for the LJ potential is 

set to ϵ = 0.2/kBT , and the cutoff radius is set to 2.5σ. As one can appreciate in the figure, 

the long-range nature of the electrostatic interactions is unchanged, and it is only the close-

range packing behavior that is affected by the revised potential. We anticipate that such 

short-range behavior plays a minor role in coacervation, which occurs primarily in dilute or 

semidilute solutions. Electrostatic interactions between charged species are implemented in 

the context of a particle–particle particle–mesh (PPPM) Ewald summation method.52–54

We use a Langevin thermostat under constant volume conditions to evolve the system 

through modified velocity-Verlet algorithm55 (see the Supporting Information for details).

RESULTS

We seek to validate the model by comparing its results to the experimental data Spruijt et al.;
17 as mentioned above, they considered mixtures of PAA and PDMAEMA with degrees of 

polymerization (N) of 20, 50, and 140. Following experiments, our system consists of a 

complex coacervate formed by the stoichiometric blend of oppositely charged 

polyelectrolytes with the same number of segments. In what follows, we refer to these 

mixtures as N20, N50, and N140. To set a length scale for our model, we rely on data from 
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atomistic molecular dynamics simulations, which place the end-to-end distance of a 140 

monomer PAA chain at 10.2 nm.56 We use that length as the simulation unit for our model. 

A monomer concentration of 0.11 mol L−1 corresponds to 71 polymer beads per unit of 

volume (10.23 nm3).

We follow two different strategies to determine the phase behavior of our model system. We 

do so because simulations of the coexistence of long, charged polymers have not been 

attempted before, and it is therefore important to cross-validate the corresponding results. In 

the first of these, we rely on an iterative process to equate the pressure and chemical 

potentials of salt ions and solvent in the two phases. The concentrations of polymer beads, 

salt ions, and solvent beads are the key variables in the coacervate phase (Cpol
coacervate, 

Csalt
coacervate, and Csolv

coacervate); we assume that the supernatant contains no polymer 

Cpol
supernatant = 0, and we fix the salt concentration Csalt

supernatant = constant. For all salt 

concentrations, the supernatant’s total bead density is held constant by altering the solvent 

content. We use large simulation boxes, and the results presented here represent an average 

over uncorrelated configurations separated by 105 timesteps. The chemical potential of the 

system is determined through a Widom insertion technique.57 Ideal gas contributions to the 

chemical potentials and the pressure are included after the fact according to P = PMD + nkBT

and μi = μWidom
i + kBT log ni , where i is salt or solvent, n is the concentration, and PMD is a 

negative one-third of the trace of the stress tensor. Typical configurations of simulation 

boxes are presented in Figure S1. Figure S2 illustrates a typical workflow for the iterative 

calculation.

In the second strategy, we rely on simulations in the Gibbs ensemble. In that case, simulation 

boxes communicate directly via Monte Carlo exchange moves with traditional Metropolis 

acceptance criterion. The goal of the exchanges is to equilibrate a species’ chemical 

potential between the boxes. Exchanges are allowed for all species except the polymers; all 

polymers are restricted to remain in the “coacervate” box. In our Gibbs ensemble 

calculations, we fix the polymer concentration at the values provided by the previous 

iterative Widom-insertion-based calculations. For ions, exchanges are performed in pairs to 

ensure electroneutrality. Additionally, in between Monte Carlo steps, the boxes relax via 

molecular dynamics at constant pressure condition. As shown in the Supporting Information 

(Figure S3), both strategies adopted here lead to the same results, serving to establish the 

validity of the underlying methods and codes.

Spruijt et al.17 reported that the concentration of polymers in supernatant is on the order of 

0.01–0.1 mol L−1. Simulating 100 chains of 50 monomers at 0.01 mol L−1 with our model 

requires a simulation box with V = 142 × 10.23 nm3 containing 213000 beads total. Our 

calculations are focused on the region far away from the critical point, and we therefore 

assume that the polymer concentration in the supernatant is negligible—a feature that is 

consistent with experiments and that simplifies our calculations considerably. Note that such 

an assumption was also justified by a recent work of Delaney and Fredrickson,42 where very 

low polymer concentration in the supernatant was observed with field-theoretic simulations.
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The results of our simulations are presented in Figure 2. We compare the phase diagram 

extracted from simulations to experimental data. Gray dashed lines represent tie-lines for the 

salt concentration in the coacervate and the corresponding supernatant phase. In general, one 

can appreciate that salt concentration in the coacervate phase is lower than in the 

supernatant. The simulated phase diagram appears to reproduce the experimentally observed 

effect of molecular weight on coacervation. Shorter chains (N20) show a significantly lower 

concentration of polymer than longer chains and exhibit a much stronger sensitivity to the 

overall salt content. The N20 coacervate phase formation is disrupted by high salt content; 

coacervation is no longer possible above 0.5 M salt. Overall, the effect of polymer molecular 

mass on phase behavior is more pronounced when comparing the short- and intermediate-

length polyelectrolytes N20 and N50; the difference in coacervate composition in going from 

N50 to N140 is less evident. It seems a stronger correlation between like-charge beads, due to 

bonded forces, enhances the assembly process; longer chains lead to denser coacervates. On 

the basis of these observations, we anticipate that the effects of chain length will saturate at 

some point, with polymer concentration in the coacervate becoming independent of 

molecular mass. The overall agreement with experiment is satisfactory, particularly given the 

difficulty of performing such measurements and the large error bars that are associated with 

the corresponding experimental data. For completeness, we also show results of calculations 

with the Voorn–Overbeek model in Figure 3 as presented in work by Spruijt et al.,17 with 

model parameters: α = 0.9, σ = 0.95; Np is equal to number of monomers. Note that several 

parameters in the model were adjusted by those authors to fit the data, leading to a 

concentration of polymer that reproduces experiments and that captures at a qualitative level 

the general trends observed in experiments (dependence on molecular mass and salt 

concentration).

Having shown that the coarse-grained model introduced here is capable of describing the 

equilibrium phase behavior, we turn our attention to the dynamic response of the model in 

the linear regime and refer to later experimental work of Spruijt et al.47 on the same system. 

In that study, the authors characterized the effect of salt concentration on relaxation times. 

Interestingly, upon addition of salt, the shape of the modulus curve over a wide range of 

frequencies is unaffected, but relaxation happens at shorter time scales. In other words, the 

whole dynamic modulus is shifted to higher frequencies, leading to a “time–salt 

superposition” behavior that was reminiscent of that observed in neutral polymer solutions 

as temperature is changed. More specifically, the relaxation curves for different salt 

concentrations could be shifted and superimposed on each other, leading to a universal 

curve. Spruijt et al.47 exploited that feature to arrive at a complete mechanical relaxation 

spectrum spanning several orders of magnitude in the frequency domain. Figure 4 shows the 

mean-squared displacement (MSD) of the polymers’ center of mass for concentrations 

corresponding to the equilibrium coacervate phase. The results are consistent with fluid-like 

behavior and exhibit a diffusive regime at long times. However, the electrostatic forces lead 

to an intermediate subdiffusive region that is particularly pronounced in the N50 and N140 

systems. For reference, Figure 4 also shows the MSD for electrostatically neutral systems 

having the same composition as the coacervate. The neutral system does not exhibit a 

subdiffusive region, and the corresponding diffusion coefficient is larger by a factor of ≈2.4 

for N20 and N50 and by a factor of ≈1.7 for N140. These results show that electrostatic 
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attractions between beads of different polymers and ions slow down motion and change the 

overall dynamics of the coacervate system. However, in contrast to the experimental 

observations mentioned above, we do not observe the relaxation time dependence on salt 

content (see the insets of Figure 4). Instead, we observe a slight, insignificant change in the 

MSD with added salt. The changes are systematic with higher salt concentration, resulting in 

larger MSD. Importantly, the changes in diffusion coefficient are on the order of 1% at most, 

orders of magnitude smaller than in experiments.

Figure 5 shows the dynamic modulus G* of the coacervate as a function of molecular 

weight. As expected from the MSD results, G* exhibits liquid-like behavior, with a loss 

modulus that is higher than the storage modulus everywhere except in the high-frequency 

region. Compared to the dynamic modulus of neutral polymers, which can be described by 

the Rouse model, the coacervate has a more slowly decaying response at intermediate 

frequencies and a stronger elastic component. Electrostatic interactions in the coacervate 

phase shift the terminal relaxation region to much lower frequencies. It is important to 

mention that these extensive relaxation calculations are only accessible through the use of a 

soft-core model implemented on GPUs. In agreement with the MSD results, we observe 

only slight changes in G* with salt content, as shown in Figure S4. The Supporting 

Information also provides details pertaining to the dynamic modulus G*. The shape of the 

dynamic modulus is similar for all salt concentrations considered here; changes in the 

height, however, are proportional to polymer concentration in the coacervate. Rather than 

presenting the dependence of G* on salt content, we focus on a comparison of the dynamic 

modulus of our model to that reported in the measurements of Spruijt et al.47 The model 

predictions were individually shifted to superimpose them on the experimental data. The 

frequency shifts factors are 0.0006 s, 0.012 s, and 0.12 s for N20, N50, and N140, 

respectively. The vertical shift is 500 kPa. The predictions of the model can be seen to 

capture both the length and slope of the intermediate relaxation region for all molecular 

weights. A comparison to results for neutral polymers shows that electrostatic interactions 

play a key role in leading to agreement with such experimentally observed features and 

shapes. Unfortunately, however, the model cannot simultaneously capture the experimental 

time scales for all the molecular weights as well as the effect of salt concentration. 

Specifically, it does not reproduce the time–salt superposition reported by Spruijt et al. It is 

important to point out that the estimated overlap concentrations58 for the polymers 

considered here are c* = (7.6 mol L−1, 4.8 mol L−1, and 2.8 mol L−1) for N20, N50, and 

N140, respectively. The highest concentration considered in our rheological calculations of 

coacervates is 2.2 mol L−1, thereby suggesting that overlap concentration or entanglement 

effects play a negligible role in the effects outlined above. Given the overall agreement with 

the experimental phase composition and the shape of the dynamic modulus curves, we 

anticipate that we should be able to capture the reported salt–time superposition behavior by 

modifying ion mobility–water dispersion interaction strength, and thus the relative ion 

mobility. A feature that was not included in our simulations is the effect of ion hydration as a 

function of salt concentration; note that experimental data indicate that ion hydration plays 

an important role in the dynamic properties (e.g., viscosity) of salt solutions.59–61 We 

therefore speculate that such effects could be partly responsible for deviations in the absolute 
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frequency observed in experiments and simulations—a feature that we plan to address in 

future work.62

CONCLUSION

We conclude our observations by pointing out that a simple model consisting for charged 

bead–spring polymers is capable of capturing the complex coacervation behavior of 

polyelectrolytes. A first important prediction of the model is that in a good solvent the 

concentration of salt in the coacervate phase is slightly larger than in the supernatant phase. 

This result is contrary to the predictions of the VO model, where the concentration of salt is 

higher in the supernatant than in the coacervate. Note that past analysis of experimental data 

assumed that the salt concentration is comparable in the two coexisting phases—a feature 

that is not generally valid. A second important prediction of the model is that the 

concentration of polymer in the coacervate phase increases with molecular weight only up to 

a point after which it appears to become saturated. A simulation of the thermodynamic and 

transport properties of polyelectrolytes has been proposed. The model consists of an 

extension of previous models shown to provide excellent agreement with experiment in 

studies of neutral polymers, block polymers, and their mixtures. The predictions of the 

model are shown to be in good agreement with experimental measurements of polymer 

coacervation and capture the effects of salt concentration and polymer length. Salt 

concentration is found to be lower in the coacervate phase than in the supernatant phase. 

Precise data on salt concentration are not available, and it will be important to address and 

verify this prediction in future experimental and theoretical work. We note that the model 

relies on soft potentials to attain long time scales. As presented here, the model is able to 

describe the general effects of molecular mass and salt on the dynamic modulus, but it is 

unable to describe the salt–temperature superposition behavior that has been observed in 

recent experiments. We suggest that this discrepancy is due to the hydration of the ions, but 

at the same time we stress that additional experiments and more detailed models should be 

used to address this issue. Moving forward, it will also be of interest to examine how chain 

stiffness and ion valency influence not only phase behavior, but also the rheology of 

coacervates.63

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modification of Coulomb force and comparison to inclusion of pairwise forces. “Soft 

Coulomb & Repulsion” are set to capture the interplay of long-range Coulomb and short-

range LJ interactions “Coulomb+LJ”. The attractive Coulomb force is shown.
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Figure 2. 
Prediction of composition of the supernatant and the coacervate and comparison with 

experimental data by Spruijt et al.17 Here cAA is monomer concentration of polyanion 

(poly(acrylic acid)), and csalt is concentration of added salt ions. Filled color symbols are 

coacervate predictions of the model, filled black symbols correspond to experimental data 

for coacervate, and empty color symbols are supernatant predictions of the model; 

experimental data for supernatant is not shown. For all predictions of supernatant the 

polyelectrolyte concentration is 0. Predictions are obtained with Gibbs ensemble 

calculations. Dashed lines show corresponding supernatant and coacervate phases. See 

Spruijit et al.17 for a discussion of the determination of the uncertainty in the measurements.
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Figure 3. 
Prediction by the Voorn–Overbeek model and comparison with experimental data as 

presented by Spruijt et al.17 Model parameters: α = 0.9, σ = 0.95; Np is equal to the number 

of monomers.
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Figure 4. 
Soft-core model prediction for polymer center-of-mass mean-square displacement. Also 

shown is the mean-square displacement for the neutral polymer at the same concentration as 

coacervate. Insets highlight the small effect of salt concentration on MSD.

Andreev et al. Page 15

ACS Macro Lett. Author manuscript; available in PMC 2020 December 08.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Figure 5. 
Prediction for dynamic modulus superimposed on experimental data.47 Filled symbols show 

the G′ elastic component of the modulus, and empty symbols show the G′ viscous 

component of the modulus. Predictions are scaled by 500 kPa vertically and by {0.0006 s, 

0.012 s, and 0.12 s} for N20, N50, and N140 horizontally. Also shown is the dynamic 

modulus of the neutral N50 polymer at the same concentration as coacervate.
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