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Abstract

Understanding the phase behavior of polyelectrolyte coacervation is crucial for many
applications, including consumer formulations, wet adhesives, processed food and drug
delivery. However, in most cases, modeling coacervation is not easily accessed by molec-
ular simulation methods due to the long-range nature of electrostatic forces and the
typically high molecular weights of the species involved. We present a modeling strat-
egy to study complex coacervation leveraging the strengths of both particle simulations
and polymer field theory. Field theory is uniquely suited to capture larger length scales
that are inaccessible to particle simulations, but its predictive capability is limited by
the need to specify emergent parameters. Using model coacervate forming systems
consisting of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH), we
show an original way to use small-scale, all-atom simulations to parameterize field-
theoretic models via the relative entropy coarse-graining approach. The dependence
of coacervation on salt concentration, molecular weight and charge stoichiometry are
predicted without fitting to experimental data and are consistent with experimental
trends including asymmetric phase behavior from non-stoichiometric mixtures of poly-
electrolytes. This demonstrates a unique simulation approach to study phase behavior
in coacervate forming systems that is particularly useful when chemical specificity is

of interest.

1 Introduction

Many technological applications and everyday consumer formulations involve complexation
of oppositely charged macro-ions, including processed foods,*™ detergent formulations,* ad-

10 and drug and gene delivery vehicles. ™4 The com-

vanced oil recovery,™ wet adhesives,
plex phase can form in aqueous mixtures consisting any number of natural or synthetic
charged species, including synthetic polyelectrolytes, biological polyelectrolytes (e.g., pro-

teins, proteoglycans, polynucleotides), surfactants and colloids, typically in the presence of

salt. These mixtures can undergo a liquid-liquid phase separation with the majority of the



oppositely charged macro-ions partitioning into the dense phase, which is referred to as a
complex coacervate. 1518

The formation of complex coacervates is governed by the complexation free energy with
entropic and enthalpic contributions.™ Experiments suggest one major driving force of coac-
ervation is the entropy gain from counterion release.”? Although there is a loss in configura-
tional and translational entropy of the macro-ions upon complexation, this contribution is
small relative to the counterion entropy in the limit of long polymers. The aforementioned
entropic gain as well as the enthalpic driving force due to favorable electrostatic interactions
weaken as the salt concentration is increased. Adding salt above a critical concentration
leads to the dissolution of the complex coacervate due to the salt’s screening of electrostatic
interactions.***# Many other variables have been shown to influence coacervation behavior,
including the chemical nature of the charged species, stoichiometry, pH, polymer size, and
temperature. 182123120

The Voorn-Overbeek theory is a classical theory of coacervation that attempts to un-
derstand coacervation by approximating the complexation free energy as the combination of
the Flory-Huggins mixing entropy and the Debye-Hiickle electrostatic energy.2%2® The the-
ory, however, only captures the mean-field electrostatic environment around individual ions
which is only valid in dilute electrolytes (5-10 mM),* resulting in quantitative inadequacies
at typical coacervate salt concentrations (up to ~ 3 M).** Furthermore, polymer charges
are treated as unconnected ions; this is an unrealistic depiction of polyelectrolytes that can
have high linear charge density. Other theoretical models such as the Edwards approach
to polymer field theory properly connect the bound charges to the chain conformations.="
For such models, the Gaussian approximation (often referred to in the literature as the
random phase approximation) is a common analytical method providing the lowest-order
perturbation correction to mean-field theory, where the latter is qualitatively inadequate for
describing electrostatically driven phase separation.*3” Prior studies have shown that the

Gaussian approximation captures a significant portion of the fluctuation effects. #0543 At



low charge densities, however, it overestimates the strength of charge correlations and the
size of the two-phase region, i.e., the supernatant phase is predicted to be overly depleted of
polyelectrolytes by many orders of magnitude. 284244

Simulations, on the other hand, provide in-roads to probe regimes where analytical tech-
niques cannot push further. Field-theoretic simulations (FTS) utilize the exact statistical
field theory to account for field fluctuation effects, which are critical for the study of coacerva-
tion. #2454 TS replaces particle-particle interactions with interactions between individual
particles and one or more fluctuating fields, allowing for efficient sampling of configura-
tional integrals over particle configurations. As a result, this simulation method is uniquely
suited to the study of high molecular weight and high density charged systems. More-
over, in the field representation the species’ chemical potentials are readily available from
ensemble-averaged operators without the need for sophisticated, often expensive, free energy
techniques required in molecular dynamics (MD) simulations.*® A range of studies have used
FTS to elucidate the effects of charge patterning, electrostatic environment and inclusion of
explicit counterions on complex coacervation. 84342

Despite significant effort by theory and simulation with fine-tuned models beyond the
Voorn-Overbeek theory, the asymmetry in coacervation phase diagrams due to the different
chemical structures of the involved charged moieties proves difficult to capture accurately.
For example, it is often assumed in theoretical models that the polyanion and polycation (as
well as the anion and cation) have the same chemical structure except for opposite charges,
resulting in nonphysical symmetric phase diagrams with respect to the oppositely charged
species.??U Tn other studies, chemistry-specific effects are simply reduced to parameters
such as the persistence length or non-bonded cut-off**? or introduced by including phe-
nomenological parameters associated with coarse-grained potentials (e.g., x parameters).”
The latter, although providing chemistry-specific interactions that are consistent with exper-

iments, requires a priori knowledge of the component chemistries and thus is not predictive.

We present here a molecularly informed field-theoretic model of polyelectrolyte coacer-



vation that utilizes a bottom-up coarse-graining approach discussed in our previous work.??
We build upon our prior work—a multiscale approach to simulating binary water-PEO phase
behavior-by introducing more components and electrostatic interactions. In short, the ap-
proach leverages the efficiency of the field theory in simulating systems that are large, dense
and comprised of high molecular weight species, while providing chemical specificity through
small-scale, all-atom (AA) simulations. We derive parameters for the field theory by perform-
ing a systematic coarse-graining of representative AA simulations, using a strategy based on
the minimization of the relative entropy, S,.;.2>®® The proposed simulation strategy enables
efficient calculation of phase diagrams in the field representation while retaining chemical
details via systematic coarse-graining of AA simulations. We demonstrate the predictive ca-
pability by comparing the phase behavior of a well-characterized model coacervate system
consisting of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH) in a sodium
chloride (NaCl) aqueous solution. PAA, which serves as the polyanion species, has a pK, of
4.5 while PAH, which is the polycation species, has a pK, of 8.5.2** Coacervation in a mix-
ture of PAA and PAH is sensitive to the pH, salt concentration, and molecular weight of the
polyelectrolytes (PEs).2%224 This sensitivity results from the variable ionization state of the
weak PEs and the screening of the long-range electrostatics upon the addition of salt.®! For
the sake of simplicity, we only investigate coacervation in mixtures of fully charged PAA and
PAH, corresponding to a pH ~ 6.5, with the PEs having the same degrees of polymerization.

The article is organized as follows: section [2.1| describes the details of the AA simulations
and coarse-graining procedure. Section discusses our approach to map out the phase
diagram. Section and provide results and discussions on the effect of salt, molecular
weight and charged monomer stoichiometry on coacervation. We show a direct comparison to
experimental results and provide discussion on the CG model’s quality. Section {4] concludes

our findings.



2 Computational details and methods

2.1 Reference all-atom systems and bottom-up coarse-graining

procedure

All-atom (AA) Coarse-grained (CG) Field theoretic
molecular dynamics molecular dynamics simulations (FTS)

Y
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Figure 1: Schematic of the multi-scale simulation workflow that bridges the all-atom and
field models.
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While we have already outlined the workflow for developing a molecularly-informed field

2402 e briefly discuss the protocol used in this study in the current

theory in our prior works,
section as illustrated in Fig. [II The field-theoretic model is a coarse-grained description of
the AA model, and here we define five CG bead types: PAA and PAH monomers, Na*, Cl~,
and water (Fig. . CG sites are generally defined as center-of-mass coordinates of groups
of atoms in the AA representation. For the CG model presented in this paper, we use this
mapping for each small molecule (water, Na™ and Cl7) and each PE monomer, to obtain
mapped AA reference trajectories for coarse-graining. Notably, in this work we introduce CG
sites that carry explicit fixed-point charges, specifically PAA monomer (p_), PAH monomer
(p1), Na™, and Cl~ each carry an integer charge of +1.

We use three reference systems to parameterize the CG model: pure water, NaCl aque-
ous solution, and an aqueous PE-NaCl mixture. We use the Optimal Point Charge (OPC)
forcefield for water,% and the Joung-Cheatham’s forcefield for Nat and CI~ ions.®* For

PAA we use the General Amber Forcefield (GAFF2), while for PAH we use AMBER {f99

forcefield.®>%Y We employ the restrained electrostatic approach to assign atomic fixed-point
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Figure 2: From left to right and top to bottom, the AA-to-CG mappings for PAA monomer
(p—), PAH monomer (p), Na™, CI~ and water (w). The CG bead radius is 0.45 nm for
the PE monomers and 0.31 nm for the small molecules. See main text for details on the
coarse-graining procedure.

partial charges for the PEs at the HF6/31G* level in gas-phase calculations using the Gaus-
sianl6 software package.” We find excellent agreement between aqueous solution densities
from simulations and experiments for 45-mer PAA and 187-mer PAH in water at 1 atm
and 298.15 K, when compared to experiments with synthetic polymers of matching average
molecular weight (Fig. . This agreement suggests that this set of forcefield parame-
ters (OPC, Joung-Cheatham, GAFF2, and AMBER {f99) is a reasonable model for the PE
mixture.

The physical behavior of the AA system is coarse-grained into mesoscale models amenable

to analytical conversion to a field theory. The CG forcefield consists of a harmonic bond



potential

BUba(r) = %ﬁ (1)

where 5 = 1/kgT and b, is interpreted as the root-mean-square length of a bond for a
homopolymer of bead species a. The excluded volume and Coulomb interactions between
all site pairs, including bonded pairs, are described by non-bonded pairwise terms involving

repulsive Gaussian and regularized Coulomb potentials, respectively:

BUey oy (1) = Ume—ﬂﬂ(aiﬂgy) (2)

_ lpoao, r

BUelar(r) = erf (3)

r 24/a%/2+ a2 /2

where v, describes the excluded volume strength between bead species o and v, a, and

0, are the interaction range and the charge carried by CG-site «, respectively. Here, we
set the Bjerrum length, I3, to 0.74 nm, which is approximately the Bjerrum length of OPC
water at 298 K and 1 atm.®¥ The regularized Coulomb potential of Eq. 3| reduces to the
conventional unscreened Coulomb potential at large separations r, but is finite at contact
due to the error function. Such regularization is necessary because of the soft-core repulsions
adopted in Eq. 2 The field theory representation of the same coarse, particle-based model is
constructed using the Hubbard-Stratonovich-Edwards transformation. This transformation
decouples the non-bonded pair interactions such that particles interact only via the bonded
potential and with auxiliary fields introduced by the transform.?® The result is a partition

function in terms of integrals over field configurations instead of particle coordinates:

Z x / dr e P / Dw / Dp e~ Hwel (4)

where the auxiliary fields w can be viewed as fluctuating chemical potential fields conju-

gate to fluctuating density fields p, and H is the effective Hamiltonian that determines the



statistical weight of a field configuration. The form of H is discussed and given in section
53

As done in our previous work, we enforce specific interaction radii to retain the desired,
long-length scale physics without resorting to an aggressive high-resolution AA to CG atom
mapping.®® A convenient choice is the cube-root of the CG beads’ specific volumes approx-
imated from AA simulations of pure component for water and single component aqueous
solutions for the other components: a,, = an.+ = a¢;- = 0.31nm, a,_ = a,+ = 0.45nm. We
then use S, minimization to obtain the remaining 17 parameters in the following order: (1)
Uy from a pure water system in the NPT ensemble, (2) vy Nat, Vuw.cl— UNat+ Nats Vci-.Ci-
and vy,+ o- from NaCl aqueous solution in the external potential ensemble,®® and lastly, (3)
Vwp—s Vwpts UNat p—sr UNat pts VCI- p—s VO~ pts Vp—p—r Uptpts Up—pts> Op—, and byy from the
10 weight % PE-NaCl mixture in the NPT ensemble. Once the parameters are determined,
they are fixed in subsequent steps.

The necessary three reference AA simulations are conducted with the OpenMM simula-
tion package.®® We use a 1 nm cutoff for the direct space non-bonded interactions and use
the Particle Mesh Ewald method to compute long range interactions for both Coulomb and
Lennard-Jones (LJPME method in OpenMM). In addition, we constrain the length of all
bonds that involve a hydrogen atom and employ a time step of dt = 0.002 ps. The temper-
ature is set to 298.15 K using the Langevin thermostat with a friction coefficient of 5 ps™!,
while the pressure is set to 1 atm using the Monte Carlo barostat with an update frequency
of 25 dt. Details on the system size, components, and simulation parameters are provided
in SI section [ST.2

With the pure water reference simulation in the NPT ensemble, we parameterize the
water-water interaction such that the CG model has a compressibility k7 ~ 0.062 kgT'/a3 ~
4.51 x1079Pa~!, near that of OPC water. As discussed in our prior studies,?® matching rr
between AA and CG simulations uniquely determines the CG pressure of Pog & 8.5 kgT'/a3 .

We employ an external potential ensemble®™ to determine the self (Nat to Nat and C1~



to Cl7) and cross-interactions (Nat to Cl~, Na®™ to water, and Cl~ to water) in a salt-
water solution. For miscible mixtures, coarse-graining in the external potential ensemble
shows improved thermodynamic fidelity and transferability of CG models over the widely
used single, uniform-composition ensembles. As detailed in our previous work,% the coarse-
graining is performed at a state of inhomogeneous response in the composition due to an
applied spatially-varying external potential on different species. The resulting CG model is
then optimized such that its interactions reproduce the same response as the AA reference
system while capturing the dependence on the locally varying composition. Here, we observe
improved NaCl mixing thermodynamics in water, evidenced by the mean ionic activity in
Fig. when we derive the CG model in the presence of the sinusoidal external potential
(visualized in Fig. . We choose the optimal external potential ensemble to optimize the
CG parameters by maximizing the trace of the Fisher information matrix (the Hessian of S,..;
with respect to the interaction parameters); we find the maximum in the Fisher information
matrix for external sinusoidal potentials to lie near an amplitude of 2 kgT', Fig. [S6]

The last reference simulation is a solution of 10 weight % PEs (50:50 mol/mol PAA to
PAH; 24-mers, fully-ionized) and 0.3 M NaCl in the NPT ensemble. We model the PEs as
atactic polymers; they are built with the target dyad composition of around 0.44 meso and
0.56 racemic as per the Bernoullian distribution, Fig. [S45%7 We note that the CG forcefield
is composed of soft interaction potentials that do not account for the bending stiffness that
partially dictates the chain conformation in the reference model. Chain conformation embeds
information about the bending rigidity, intramolecule interactions, volume exclusion effects,
and solvent screening; thus, it is essential for the CG model to reproduce this characteristic
of the reference system. We reduce this complex interplay to a simple quantity - the average
radius of gyration, R,, and require the CG model to reproduce the average R, of PAA and
PAH in the reference AA simulation. This constraint is enforced during the S,..; minimization

by modifying the objective function according to an augmented Lagrangian method: ™3

10



Fopi(x) = Srer(x) — A (<Rg>cc (z) — <R9>AA) + g (<Rg>co (z) — <RQ>AA)2 (5)

where x are the CG forcefield parameters of interest, the coefficient ¢, typically ~ O(10'°),
is chosen to bias the CG model’s average radius of gyration, (R)., towards that of the
mapped AA system,(R,) , ,- The Lagrange multiplier at iteration k is defined as A\, = Aj_1 —
c (<RH>CGJ€—1 — (Rg)AA>. In contrast to neutral polymers, PEs often have long persistence
lengths (~ 10 nm as suggested from our simulations and other works)™ due to the repulsion
of backbone charges. Hence, the mismatch in the chain conformation between the CG and
AA systems will be significant without considering chain stiffness in the coarse-graining,
especially for stiff polymers. We tabulate all forcefield parameters for the CG model and
provide them in Tables [S1] and [S2]

2.2 Multi-component phase boundary calculations

Phase ! ‘l \ Phase I
& H_q1_ ¢l
flz? /=l ];1
I ”_pi_fpi

Pi pi _?

Figure 3: Schematic of the Gibbs ensemble. Coexisting dilute and coacervate phases are
partitioned into separate simulation boxes. Neutral pairs of charged molecules (p—/Na',
p+/Cl~ and Nat/Cl™) and water are exchanged to achieve electrochemical equilibrium and
phase volumes are exchanged to achieve mechanical equilibrium.

11



We determine the multi-component phase equilibrium conditions within the field theory
in the Gibbs ensemble where the coexisting phases are partitioned into separate simulation
boxes.™ The overall Gibbs ensemble consists of two subsystems; each is treated in the
canonical ensemble, with the distribution of mass and volume in each subsystem being
constrained by the overall species densities. At phase coexistence, the overall free energy, F,

is minimized and the system is in mechanical and electrochemical equilibrium,

oF
a7 = (P =P =0 (6)
oF

where V' is the simulation box volume, P is the pressure, n,, is the number of molecules m
and i, is its chemical potential, and the superscript denotes phase I or II. The last term in
Eq. [7] accounts for the electrostatic potential difference between the two phases and depends
on the charge of molecule m, o,,, and the Galvani potential, AU. Instead of exchanging
individual molecular species, we exchange neutral pairs of charged molecules such that the
equilibrium condition of Eq. [7] becomes

or I

ol — i =0 (8)

where ¢ denotes the following neutral pairs: p—/Na®, p+/Cl~ and Na®/Cl~, in addition
to water. We note that n — 1 linearly independent neutral pairs are sufficient to span all

possible values of n —1 independent densities in a system of n charged species. We define the

effective chemical potentials of the neutral pairs from the chemical potentials of the charged

12



molecules as

Pp—/Na+ = Hp— + Np— fina+ (9)
Pyt jci- = Hp+ + Npy pior- (10)
HNa+/Cl= = [Nat+ T Hei- (11)

where N,_ and N, are the degrees of polymerization of PAA and PAH, respectively, and
u; are the per molecule chemical potentials. The mass balance gives the expression for the

overall monomer density of pair ¢

pi=f'pl+ Mol (12)

where the volume fractions of phase [ is f/ = V!/V and phase [T is f// = 1— f!. Equilibrium
is achieved by performing mass and volume swaps between the simulation boxes formulated

as the following differential equations in a fictitious time ¢

iI — PI o PII
dit[ (13)
o= =)

In practice, we conduct a series of iterative simulations. In each iteration, we perform
two separate canonical simulations that represent phases I and 1. We update the volume

fractions and species’ densities with the following scheme until the equilibrium conditions,

13



Eq. @,, are satisfied:

prot(k 4+ 1) = prot (k) — Aty (P' — Peg) (14)
fHk+1) = fl(k) + Aty (P'(k) — P (k) (15)
pi(k+1) = pj (k) — At (1 (k) — pi' (k) (16)

fAk+1)=1— f(k+1) (17)
7 _,Oz‘—fl(k"‘l),@i[(k"‘l)

where k is the discrete time index, Aty, At,, ., and At,, are step sizes for volume fraction,
overall density, and species density swaps, respectively. Eq. updates the overall bead
density, pior = Eme[p,,ﬁ, Na+,Cl- w] Pms at fixed overall species fractions such that the coex-
isting phases will be at the pressure of the CG model, Pog. This condition emulates the
experimental conditions at constant temperature and pressure. We find that At,, , = 0.002,
At; = 0.01 and At,, = 0.1min(p!, p!’) work well. From our definitions of neutral pairs, the

bead density for each charged species follows as

Pp— =Pp—/Nat (19)
Pp+ =Pp+/Cl- (20)
PNa+ =Pp—/Na+ + PNa+/C1- (21)
pci- =Pp+/ci- + PNat/CI- (22)

To rapidly screen phase behavior, we use a Gaussian approximation to evaluate the
pressure and chemical potentials used in field-theoretic Gibbs ensemble simulations. Previous
efforts have shown that the Gaussian approximation, while it only includes field fluctuations
up to second order, is semi-quantitative in reproducing the dense branch of the coacervate

3RIA0/AT

phase diagram. Specifically in our work, we add Gaussian fluctuation modes of the

electrostatic interactions on top of a mean-field treatment of excluded-volume interactions.

14



The analytical expressions for the requisite thermodynamic quantities are provided in section

53l

3 Results and discussion

3.1 Polyelectrolyte mixture with no added salt

Prior experiments have suggested that the propensity for coacervation decreases with the
degree of non-stoichiometry in charged monomer compositions.?22 We probe the effect of
charged monomer stoichiometry in a salt-free mixture consisting of PAA, PAH, the appro-
priate ion needed to neutralize the system, and water. The amount of PAA relative to PAH
in the mixture is controlled by the PAA fraction parameter defined as f,— = p,_/p, where
Pp = Pp— + pp+ is the total bead number density of the PEs. The bead density of PAH is thus
ppt = (L — fo)pp—/fo—. When f,_ > 0.5(< 0.5), PAA (PAH) is in excess and we include

Na™ (C17) to neutralize the system.

15



Pp— (nm™~3)

Figure 4: (A) Phase diagram for the salt-free condition of a PAA/PAH mixture at varying
chain length, N. The solid lines denote the binodals and dotted lines are example tie lines.
Gray solid lines represent compositions corresponding to specific f,— values, as annotated
on the figure. The faded dashed line is the hypothetical binodal for excess PAA conditions
at N = 30 if the phase diagram is symmetric (p,— = p,+). The red arrow shows a path
traversing from a PAH-rich mixture (f,— — 0) to a PAA-rich mixture (f,— — 1) for N = 20.
(B) A plot of the monomer fraction of PAA in the coexisting dilute, f]f_, and coacervate
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phases, Iff, along this path at N = 20.

Fig. shows the binodals for the PE chain lengths N = 20, 24 and 30. The tie line,

connecting the compositions in the dilute and coacervate phases, shortens with increasing

16




deviation from charged monomer stoichiometry. The stoichiometric condition is denoted by
the diagonal line, whereas other stoichiometries are gray lines above (f,— > 0.5) or below
(fp— < 0.5) the diagonal. The increased propensity for coacervation with increasing N is
reflected by both longer tie lines (evident at f,— = 0.5) and larger range of composition
enclosed by the binodal.

For values of N shown here, the alignment of tie lines and the stoichiometry lines suggest
that the coacervate retains the overall stoichiometry. This also indicates that most of the
excess PEs go into the coacervate phase (with the excess charges being neutralized by the
counterions) while the dilute phase is almost devoid of both species of PE. This observation of
the coacervate’s stoichiometry relative to the overall mixture’s is qualitatively different from
previous theoretical work by Zhang et al.“” In their work, the tie lines are almost parallel to
the diagonal line, suggesting the that the PEs re-distribute in the coexisting phases such that
the coacervate phase composition is less asymmetric in terms of the number of oppositely
charged monomers as compared to the overall mixture. These differences could be the results
of the enhanced charged connectivity in the Gaussian approximation of the field theory and
chemical specific interactions that we employ here.

For the dilute phase, it is more illustrative to show the trajectory of the stoichiometry in
the coexisting dilute phase (phase I) and coacervate phase (phase IT), Fig. [AB, as we follow
the path traversing across tie lines starting from f,_ — 0 to f,— — 1 (red arrow in Fig. )
While the PAA fraction in the coacervate phase varies continuously from 0 to 1, this value
is either near 0 for f,_ < 0.5 or near 1 for f,_ > 0.5 in the dilute phase, suggesting that the
dilute phase, while being depleted of PEs, is composed of mostly the PE species in excess. It
is also inferred from Fig. that the coacervate is stabilized for all range of stoichiometry,
even at f,_ — 0 and 1. We hypothesize that the stability of the coacervate over the full
range of stoichiometry is due to the parameterization of the coarse-grained PE models at the
phase separated state (at f,— = 0.5 and 0.3 M NaCl). Interaction parameters derived from

this reference state are biased toward the collapsed configurations of PAA and PAH that

17



promote phase separation even when only one PE species is present. This is related to the
transferability of the PE model across stoichiometries which can be improved by employing

the external potential ensemble in the parameterization step of the PE-NaCl mixture.
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Figure 5: Radial distribution functions (RDFs) between the center-of-mass of the PE
monomers and (A) that of the same PE species and (B) water in the CG simulation (solid
lines) and the AA simulation (dotted lines). Red and blue lines correspond to PAA and
PAH monomers, respectively. The simulation composition is that of the third AA reference
simulation discussed in section [S1.2.3] The CG models do not retain liquid structuring of
the AA model due to our choice of large interaction radii that only resolves long length-scale
physics.

Lastly, we want to note that the phase boundaries are not symmetric across the diagonal,

18



comparing actual phase boundaries to hypothetical boundaries by assuming p;;’i[ = fofj

clearly shows the asymmetry (faded dashed lines in Fig. and Fig. |S7). The coacervate
dense phase incorporates slightly more PAH in non-stoichiometric mixtures with excess PAH
(e.g., fp— = 0.3), as compared to the incorporation of PAA when it is in excess by the same
amount (e.g., f,— = 0.7). The tendency of PAH to form a denser coacervate is explained by
the radial distribution functions (RDFs) in a mixture of 10 wt % PAA and PAH at f,_ = 0.5
and 0.3 M NaCl (the composition of the third reference AA system discussed earlier). The
analysis of the CG model shows that the PAH monomer-PAH monomer RDF has higher
intensity than the PAA monomer-PAA monomer RDF (Fig. [5A) while the PAH monomer-
water RDF shows less pronounced structuring than the PAA monomer-water RDF (Fig.
). This suggests that PAH is less soluble in water; the same trend is observed in the AA
model (dotted lines). This asymmetry arises from the chemistry embedded in our model

that leads to different interaction parameters among the charged moieties.
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3.2 Polyelectrolyte mixture with added salt
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Figure 6: (A) Binodals at f,— = 0.5 for varying N. Dotted lines are tie lines for N = 100.
The negative slope in the tie lines suggests that there is slightly more salt in the dilute
phase than in the coacervate phase. This is more evident in (B), a plot of the ratio of salt
concentrations in the coacervate phase and the dilute phase as a function of the excess salt
concentration in the coacervate. The ratio is always below unity for any values of added salt

concentration and V.

We now consider the addition of salt in a PE mixture where the ions stem from both the

counterions (one counterion per PE charge) and added salt, i.e., pno+ = pp— + psar and

I -3
Phac (NM™3)
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pci- = Pp— + psair- Since the small ions have different partitioning behavior in the coexisting
phases, we report their concentration in each phase as the smaller value of the Nat and C1~
concentrations, i.e., pf\}ffa = min (pfvii, péll,l ); this is equivalent to assessing the excess salt
in each phase.

Fig. [(]A shows how the dense branch concentration of the two-phase coexistence region for
the stoichiometric mixture reduces with salt concentration. The dilute branch concentration,
on the other hand, becomes denser with added salt (Fig as the binodal region shrinks
from both sides. Increasing salt concentration reduces the effective electrostatic strength
due to screening from the increased charge density. Both the entropic and enthalpic driv-
ing forces for coacervation diminish with increasing ionic strength before coacervation is
thermodynamically unfavorable, at which point the complexation free energy becomes zero
(Fig. [S9). The salt concentration at this transition, p,,, characterizes the salt resistance
of the coacervates, i.e., the minimum amount of salt to dissolve the coacervate phase. The
two-phase region also has a lower bound at N ~ 15 and increases with molecular weight
until approximately saturating above N ~ 150. The higher solubility of shorter PEs is not
surprising and is a result of their increased translational entropy and weaker electrostatic
correlation energy.=®

The negatively sloped tie line suggests the excess salt concentration in the dilute phase
is slightly higher than in the coexisting coacervate phase. This is readily apparent from the
ratio of the salt concentration in the coacervate phase with respect to the dilute phase in
Fig. [6B, which is less than unity for all salt concentrations; observations that are consistent
for the individual anion and cation species are shown in Fig. [SI0] As salt is increased at
constant N, or as N is decreased at constant p! -, the PE concentration in the coacervate
phase decreases. This reduces the excluded volume asymmetry between the two phases the
salt partitioning ratio increases from values less than 1 towards 1. While experimental efforts
have shown the salt partitioning behavior is not universal and depends on other factors such

7778

as the chemistry of the PE and charge density, our prediction of higher salt partitioning

21



in the dilute phase is consistent with the experimental observations for the stoichiometric

PAA/PAH mixture.?#%
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Figure 7: The overall PE stoichiometry f,_ along a tie line by varying the dilute phase volume
fraction f! for the case of the coacervate stoichiometry of 0.1. Different series represent tie
lines corresponding to different excess salt concentrations in the coacervate (in nm~2). Cross
symbols denote the overall compositions used in Gibbs ensemble calculations to obtain the
coexisting phases. Inset: expanded region near the dilute phase to highlight the continuous
transition of the stoichiometry from 0.1 to 0 at moderate to high salt concentrations.

Using the same protocol, we construct phase diagrams for N = 150 at non-stoichiometric
conditions. Although in general the stoichiometry of the coacervate phase can be different
from that of the initial mixtures and depends on the overall composition, we find that the
coacervate maintains the overall stoichiometry and this observation is mostly independent
of the overall composition. As a demonstration, for a pair of the coexisting phases we
calculate the overall stoichiometry of different mixtures with overall compositions at different
points along the tie line by varying the dilute phase volume fraction f!, which controls the
relative proportion of the two phases. The overall stoichiometry along the tie line for the
coacervate stoichiometry flff = 0.1 is presented in Fig. Where different series represent
tie lines at different salt concentrations. The overall stoichiometry, f,—, approaches the

coacervate (dilute phase) stoichiometry as the dilute phase volume fraction approaches 0
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(1). At low salt concentrations, the stoichiometry along the tie line is the same as that of
the coacervate phase and has a discontinuity at the dilute phase (ff = 1). At moderate to
high salt concentrations, the stoichiometry varies continuously from 0.1 to 0 as we approach
the dilute phase. This transitional region is indeed quite narrow and appears very close to
the dilute phase (f! > 0.8) for all stoichiometries we investigated (Fig. , suggesting
most compositions enclosed by the binodals of Fig. have the same stoichiometry as that
of the corresponding coacervate phase. This is expected because the dilute phase has very
low concentrations of PE and contributes very little to the overall polymer mass. Going
forward, we refer to “non-stoichiometric” mixtures as those with the coacervate phase at

non-stoichiometric conditions.
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Figure 8: (A) Binodals for N = 150 at stoichiometries fsz =0.1,0.3,0.5,0.7,0.9 with dotted
lines denoting tie lines. The reduced number of potential ion pairs in non-stoichiometric
mixtures leads to the shrinkage of the coacervation region. (B) The same salt concentration
versus the excess PE concentration p cpcess = |pp— — pp+| in the coexisting phases; pp ezcess
is essentially zero for the stoichiometric mixture.

Notably, the coacervation regions for non-stoichiometric mixtures are smaller than stoi-
chiometric mixtures as evident in Fig. . At the same overall PE concentration p,, more
asymmetric mixtures have fewer potential ion pairs. Thus, less salt is needed to screen the

electrostatic interactions and dissolve the coacervate as compared to the stoichiometric con-
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dition. Unlike in the stoichiometric mixture, cations and anions have different partitioning
behavior in non-stoichiometric mixtures (Fig. @ due to the electroneutrality constraint:
excess PAA (PAH) coacervate require excess Nat (Cl7) in the same proportion to neutral-
ize the charge. For fsz = 0.5, the coacervate phase has equimolar amounts of oppositely
charge monomers such that the small ions have freedom to partition in the dilute phase
where it is less crowded. We show in Fig. the partitioning ratio of “free ions” that are
not neutralizing the excess PEs and have concentration pfc’fe[e ion = pf\,{l{r + pIClI_I — pf,zgcess.
This characterizes the degree of ion partitioning after accounting for the partitioning due to

neutralizing the excess PEs in both phases. As expected, when the PE complex is sufficiently

neutralized, small ions preferentially partition in the dilute phase.
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Figure 9: Partitioning ratios of (A) Na®™ and (B) Cl~ across excess salt concentrations in
the coacervate for different f}ff at N = 150.

Interestingly, at non-stoichiometric conditions the dense branch shows a looping-in shape
that has been observed experimentally in other non-stoichiometric PE systems.™ This looping-
in feature is representative of a salting-out phenomenon, where a homogeneous solution un-
dergoes phase separation upon an initial addition of salt.®” Friedowitz et al. attribute the

looping-in feature in their phase diagrams to the competition of the counterion mixing en-
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tropy and the electroneutrality constraint in the coacervate when there is charge asymmetry.
They argue that when excess PEs preferentially partition into the coacervate, as is observed
in our system, salt ions that are not participating in neutralizing the complex preferentially
populate the dilute phase to maximize their translational entropy. Consequently, the PE
concentration in the coacervate must increase in order to maintain the osmotic pressure bal-
ance between the two phases. With sufficient added salt, the salt partitions more evenly
across the two phases, and eventually the screening effect dominates, leading to a decrease
in coacervate concentration with increasing salt. Fig. shows a drastic decrease in the
free ion partitioning ratio for non-stoichiometric mixtures as compared to the stoichiometric
condition, especially at low added salt concentrations, which is consistent with the earlier
argument of the increased accumulation of free ions in the dilute phase. Furthermore, the
salt concentration where the free ion partitioning ratio crosses ~ 0.8 (the partitioning of the
fp— = 0.5 mixture at low salt) is qualitatively where the looping-in feature ends, suggesting

the looping-in shape in the dense branch is indeed related to the partitioning behavior of

small ions.
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Figure 10: Partitioning ratios of the free ions, Ptreeion = PNa+ T PCI- — ;:gcess, across excess

salt concentrations for different 1{1 at N=150. At low added salt concentrations, this ratio

is significantly lower in non-stoichiometric mixtures as compared to stoichiometric mixtures.
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Similar to the salt-free condition, we note that the change in the coacervation region is
not symmetric between the excess PAA (f!1 > 0.5) and excess PAH (f}! < 0.5) conditions.
Specifically, the two-phase window for the excess PAH is larger than the excess PAA case
at the same degree of non-stoichiometry (e.g. fsz = 0.1 versus 0.9, 0.3 versus 0.7, etc.). In
addition, the PE complex carries more charge, characterized by the excess PE concentration
Phlncess = 1B — péﬂ, in the case of excess PAH conditions relative to excess PAA conditions
at the same ionic strength (Fig. ); thus, more counterions (Cl~ for fI < 0.5, Na* for

Iff > 0.5) are needed to neutralize coacervates with excess PAH (Fig. @ Lastly, it is
inferred that the propensity for coacervation at a fixed degree of non-stoichiometry is higher
when the excess species is PAH than when it is PAA. A similar observation is suggested by
the experimental ternary phase diagrams at moderate salt concentrations by Chollakup et
al. where the critical stoichiometry, beyond which coacervation does not occur, appears to
be biased toward mixtures with higher degree of excess PAH.?Y The fact that we can predict
this asymmetry provides some validation of the workflow’s ability to preserve the chemical
specificity of the AA model in the CG model.

The phase diagram from the Gaussian approximation for N = 150 at 1:1 stoichiometry
is directly compared to experimental results of the similar system reported by Li et al. and
Luo et al. at pH = 6.5 (Fig. [11).2#™ While qualitatively capturing the screening effect of
added salt, the phase diagram shown here: 1) overestimates the critical salt concentration;
and, 2) underestimates the PE compositions in the coacervate phase. Deficiency 1) is largely
attributable to the Gaussian approximation which neglects higher-order fluctuations that
become more important near the critical point (can be resolved by including fields other
than the electrostatic potential). From a limited number of particle-based MD simulations
of coacervates in equilibrium with a supernatant phase (circles in Fig. , we show that
with full incorporation of fluctuations the CG model indeed has a comparable salt resistance

3

with experiments and becomes homogeneous above pyoor ~ 4.5 nm™".

In contrast, the underestimation of the coacervate phase polymer density is attributed
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Figure 11: Phase diagrams for stoichiometric mixutures at N = 150 from the Gaussian
approximation (black line) and CG MD (circles) compared to the experimental data by Li
et al. (triangles) and Luo et al. (squares).?#™ MD simulations are conducted in the NPT
ensemble at 298.15 K and Pg¢ in rectangular box of dimensions ~ 11 x 11 x 80 nm?®. Red
circles reflect the PE and salt compositions in the coacervate while black circles are the
overall compositions. The PE composition in the dense branch from CG MD approaches the
bulk with increasing salt concentration much faster than the Gaussian approximation. The
two simulation snapshots from CG MD, showing PAA (red chains) and PAH (blue chains),
correspond to the highest (top) and lowest (bottom) salt concentrations shown here; water
molecules are not shown for clarity.

to the assumption of a constant dielectric screening effect of the solvent with added salt
and PE. The current CG model assumes the Bjerrum length of pure water throughout the
coexisting regions while in reality the Bjerrum length is likely larger in the dense coacervate
(corresponding to smaller dielectric constant). With an increased Bjerrum length, the at-
tractive interactions between PE monomers will be stronger, resulting in more concentrated
coacervate branch. A more sophisticated model that better describes the actual electrostatic
environment would be one with a dielectrically active solvent. Specifically, one can model
the solvent as a polarizable or fixed-dipole solvent such that the screening depends on the
local environment;® we leave investigating such a model to future work.

A potential further refinement to the workflow would be to coarse-grain the PEs-PEs,
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PEs-ions and PEs-water interactions in the external potential ensemble. Deriving the CG
parameters in this ensemble improves thermodynamic faithfulness and transferability across
state points (e.g., salt concentrations, PE concentrations and stoichiometries) by applying
spatially varying external potentials to one or more species to force local composition varia-
tions and fluctuations.®? From the profound improvement observed in the thermodynamics
of the NaCl model across concentrations (Fig. , we expect this strategy will also improve
the quality of the PE-NaCl model. However, probing fluctuations in both PE and salt com-
positions will require multiple external potentials to be applied on different components, the
design of which is not obvious. Thus, further investigation is necessary to find an optimal

reference ensemble for coarse-graining the PE-NaCl system.

4 Conclusion and outlook

This work presents phase diagrams for a PAA/PAH complex coacervate system from a
molecularly-informed field theory that captures not only the effects of charged group stoi-
chometry, electrostatic screening with added salt, and salt partitioning behavior, but also
chemistry-specific effects due to the molecular details of the polyelectrolytes (i.e., PAH-PAA
asymmetries in non-stoichiometric mixtures). At the same overall PE concentration, the
coacervation propensity decreases as the PAA ratio, f,— = pp,—/(pp— + pp+), deviates from
the stoichiometric condition (f,— = 0.5). By reducing the number of potential ion pairs, the
coacervate phase is more dilute, evidenced by shorter tie lines (Fig , and less salt is needed
to dissolve the coacervate, resulting in a smaller two-phase region (Fig. [§]A). The two-phase
region shrinks at higher salinity (Fig. [6]A and [§]A) and the model predicts that small ions fa-
vor the dilute phase for stoichiometric mixtures (Fig. [6B). For non-stoichiometric mixtures,
however, cations and anions have different partitioning patterns due to the electroneutrality
constraint such that Na™ (C17) ions populate the coacervate phase when PAA (PAH) is in

excess (Fig. @ The looping-in behavior in non-stroichiometric mixtures at low salt concen-
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trations, also observed previously in experiments,™ is attributed to the competition between
maximizing the translational entropy of the free ions (ions that are not neutralizing the ex-
cess charge in the coacervate) and the electroneutrality constraint in the coacervate. While
the simulations do not produce quantitative agreement with the experiments they neverthe-
less capture qualitative trends with no fit parameters, providing an important screening tool.
Nonetheless, with simple potential functional forms and assuming a constant electrostatic
screening environment throughout the phase separating regimes (constant Bjerrum length),
the model qualitatively captures the coacervation response to added salt concentration and
mixing stoichiometries.

Atomic-scale details are extremely important in formulation and material design involv-
ing the fine-tuning of component chemistries. We believe that molecularly-informed field
theories are a promising way to overcome long-standing challenges in studying coacervation
physics with either 1) traditional particle-explicit models that struggle to sample mean-
ingful conformations or 2) phenomenological field theories that lack chemical specificity.
For example, it is often assumed in theoretical models that the polyanion and polycation
have the same chemical structure except for opposite charges, resulting in often nonphysical
symmetric phase diagrams with respect to the two PE species. We have demonstrated a
bottom-up coarse-graining methodology that molecularly informs the field-theoretic model
with chemical details from atomistic simulations. A notable outcome is the prediction of a
non-symmetric diagram where coacervation is more favorable when the PE in excess is PAH.
We believe the present coacervate model of PAA/PAH represents a significant step forward
over prior simulation and theoretical studies in that it retains chemical specificity of the in-
volved components while still making use of a computationally efficient field representation

capable of rigorous phase diagram calculations.
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