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Abstract

The self-assembly and phase separation of mixtures of polyelectrolytes and surfactants is important to
a range of applications, from formulating personal care products to drug encapsulation. In contrast to
systems of oppositely charged polyelectrolytes, in polyelectrolyte-surfactant systems the surfactants
micellize into structures that are highly responsive to solution conditions. In this work we examine
how the morphology of micelles and degree of polyelectrolyte adsorption dynamically change upon
varying the mixing ratio of charged and neutral surfactants. Specifically, we consider a solution of
the cationic polyelectrolyte polydiallyldimethylammonium (PDADMA), anionic surfactant sodium
dodecyl sulfate (SDS), neutral ethoxylated surfactants (CmEOn), sodium chloride salt, and water.
To capture the chemical specificity of these species we leverage recent developments in constructing
molecularly informed field theories via coarse-graining from all-atom simulations. Our results show
how changing the surfactant mixing ratios and the identity of the nonionic surfactant modulates
micelle size and surface charge, and as a result dictates the degree of polyelectrolyte adsorption. These
results are in semi-quantitative agreement with experimental observations on the same system.

Keywords: bottom-up coarse-graining, field theory, micelle, surfactant, polyelectrolyte, turbidity,
complexation
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1 Introduction

Solutions of polyelectrolytes and surfactants
underpin many applications covering personal
care products [1–5], food products [6–8], and
drug encapsulation [9–11]. These systems feature
an interesting range of self-assembly and phase
behaviors, driven by the interplay of hydrophobic
and electrostatic interactions [12–16]. Addition-
ally, polyelectrolyte-surfactant systems are often
highly multi-component, featuring at least one
polyelectrolyte, a mixture of both neutral and
ionic surfactants, cationic and anionic salt species,
and water, with many parameters (composition,
specific chemical species, molecular weight, tem-
perature, etc.) that can be tuned to achieve
desired properties [17–19]. The emergent self-
assembly and phase behavior sets a range of
rheological properties such as viscosity, lubrica-
tion, foamability, and wettability that are key
performance targets in formulation design [20, 21].

There is a significant number of experimen-
tal works on the behavior of polyelectrolyte-
surfactant mixtures. In polyelectrolyte-free solu-
tions of surfactants, the critical micelle concen-
tration (CMC) describes the onset of surfactant
self-assembly into micelles [14, 22]. In the presence
of polymers or polyelectrolytes, there is usually
a critical aggregation concentration (CAC) that
precedes the CMC, where attractions between
polymer and surfactant enables the formation of
aggregates at concentrations lower than the sur-
factant’s intrinsic CMC [23]; these aggregates are
also referred to as complexes [24]. Hydrophobic
polymers are expected to partition to the core
of the resulting aggregates and micelles, while
charged polymers typically decorate the surfaces
of ionic surfactant aggregates and micelles [14,
17, 25, 26]. At higher concentrations, aggregates
and micelles are known to undergo morpholog-
ical changes into cylindrical micelles, spherical
vesicles, lamellar structures, precipitates, and gels
[27–31]. These structures in turn can be highly
sensitive to the chemistry of the employed poly-
electrolytes, surfactants, and salt [13, 18, 29, 32].

Mixtures of polyelectrolytes with oppositely
charged micelles can also undergo phase separa-
tion through complex coacervation [26, 33–36].
This charge-driven phenomenon results in a coac-
ervate phase rich in macroions, and a super-
natant phase lean in macroions, and naturally

is highly sensitive to factors like the salt con-
centration, macroion surface charge, and polymer
charge density. Complex coacervation is a very
general phenomenon such that the macroions can
be polyelectrolytes [37], surfactant micelles [26],
charged colloids [38, 39], and proteins among oth-
ers [40–42], and as a result has garnered significant
interest across many fields. Out of these vari-
ous systems, mixtures of micelles with polyelec-
trolytes are particularly challenging to study and
understand because of the propensity of micel-
lar sizes and morphologies to change significantly
with solution conditions. Additionally, experimen-
tal systems often employ mixtures of surfactants
in order to tune micelle properties, underscor-
ing the importance of understanding self-assembly
[18, 26].

In this work we develop a multiscale mod-
eling framework that directly addresses surfac-
tant self-assembly in the presence of polyelec-
trolytes, and we focus on experimental studies
by Dubin et al.[18, 32] In a series of titration
and dilution experiments, Dubin and coworkers
revealed how polyelectrolyte-surfactant complex-
ation is highly sensitive to polyelectrolyte linear
charge density, micelle surface charge density, and
the ionic strength of the solution [17, 32, 43].
Additionally, the ratios of polyelectrolytes to sur-
factants were also shown to affect the resulting
self-assembly behavior [18]. Taken together, these
observations corroborate the intuition that elec-
trostatic interactions are a primary driving force
for the attraction of polyelectrolytes to charged
surfactant micelles.

We model one of the systems they studied,
featuring the cationic polyelectrolyte polydial-
lyldimethylammonium (PDADMA), anionic sur-
factant sodium dodecyl sulfate (SDS), nonionic
ethoxylated surfactants (CmEOn), sodium chlo-
ride salt, and water (Fig. 1). In these studies, SDS
surfactant solution was prepared above the CMC,
and a mixture of PDADMA and CmEOn was iso-
ionically titrated by the SDS micellar solution,
thus steadily increasing the molar ratio of charged
to neutral surfactants. Turbidity was monitored
and demonstrated distinctive changes upon titra-
tion with the SDS solution. At modest mole
fractions of charged surfactant SDS (∼0.15-0.3)
compared to the total surfactant concentration,
the turbidity begins gradually increasing corre-
sponding to the onset of the formation of soluble
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complexes, before exhibiting a sharp increase indi-
cating a biphasic coacervation regime at higher
mole fractions [32]. In addition to quantifying
the effects of charge, Dubin and coworkers also
demonstrated how changing the nonionic surfac-
tant species CmEOn (i.e., by changing the length
n of the hydrophilic EO group) quantitatively
changes the observed transitions.

While there are numerous theoretical and sim-
ulation models of oppositely charged polyelec-
trolytes [37, 44–51], there is comparatively less
theoretical work addressing the complexation of
polyelectrolytes with surfactants [24, 25, 31, 52–
55]. Directly simulating these systems by molec-
ular dynamics (MD), even coarse-grained MD, is
usually confined to relatively small systems. Addi-
tionally, the equilibration of micellar structures
is itself limited by the slow processes of diffu-
sion, surfactant exchange, and micelle fission and
fusion [56–59]. The characteristic time for these
processes is easily on the order of µs for common
surfactants [60, 61]. Adding slowly equilibrat-
ing polymer chains only makes it more difficult
to confidently equilibrate the resulting systems.
As a result, many molecular dynamics simula-
tions of polyelectrolyte-surfactant systems model
the micelles as pre-assembled colloidal particles
[39, 62]. Similarly, many theoretical treatments of
polyelectrolyte-surfactant mixtures also avoid the
difficult equilibration of surfactants into micelles
altogether [24], and make approximations such
as treating the micelles as spheres with fixed
size and charge [24, 63, 64]. In these models,
the micelles act as external potentials on the
surrounding polyelectrolyte solution, which is in
turn modeled using field-theoretic models. Such
approaches neglect the self-assembly of surfactants
into micelles in order to facilitate evaluation of the
mixture phase behavior.

In contrast to modeling micelles as colloids
with fixed properties, in this study we explic-
itly study the self-assembly of surfactants and
polyelectrolytes in soluble complexes. We achieve
this by developing a molecularly informed field-
theoretic model based on the strategy outlined
in our previous publications (Fig. 1) [65–67].
Briefly, the approach utilizes the field theory
to efficiently simulate large, dense systems con-
taining high-molecular-weight species, while pro-
viding chemical specificity through small-scale,

all-atom simulations. Specifically, we use rela-
tive entropy coarse-graining to derive chemically-
sensitive coarse-grained interaction parameters
from all-atom simulations [68]. The chemical
specificity preserved by this approach allows us
to make direct comparisons to the mixed micelle
experimental studies by Dubin and coworkers
[32]. To facilitate the calculation of equilibrium
micelle properties we transform the coarse-grained
particle-based model into field-theoretic form
[69]. This alternative representation of the same
particle-based model provides facile access to the
free energy, and has been used to evaluate micelle
properties and self-assembled morphologies of sur-
factants [25, 67].

Using this approach, we self-consistently deter-
mine the mixed micelle size and morphology in
tandem with polyelectrolyte adsorption. Subse-
quently, we show that the adsorption of poly-
electrolytes to micelles correlates well with exper-
imental measures of turbidity, and our model
correctly predicts the effect of salt concentration
and nonionic surfactant identity. The proposed
simulation strategy facilitates the rigorous deter-
mination of equilibrium micelle structures, which
is challenging to achieve in particle-based simu-
lations, while considering the intricate balance of
interactions among all components present in the
solution. This establishes a basis for examining
complexation propensity in other polyelectrolyte-
surfactant mixtures, enabling efficient exploration
of formulation space. In Section 2 we describe the
computational details and methods of the entire
workflow. Subsequently in Section 3 we present
the predictions of the model on the behavior
of polyelectrolyte-micelle systems upon titration
with iso-ionic solutions of the anionic SDS as
well as morphological transitions at increasing sur-
factant concentrations. Finally, in Section 4 we
summarize our findings and discuss considerations
for future work.

2 Computational details and
methods

2.1 All-atom simulations

We parameterize the pair-wise interactions and
bonded interactions for the eight coarse-grained
(CG) bead types (Fig. 1, first panel) via four
stages based on nine reference all-atom (AA)
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Fig. 1 Schematic of the multi-scale simulation workflow that bridges the all-atom and field theory models. The left
panel lists the components we consider in this work. From left to right and top to bottom, chemical structures of the
polycation PDADMA monomer, Na+, Cl−, water, anionic surfactant SDS and non-ionic surfactant C13EOn overlaid by
the corresponding coarse-grained bead types. The middle panel shows a coarse-grained model parameterized by relative
entropy minimization, while the right panel shows the exact mapping from a coarse-grained particle-based description of a
PDADMA-SDS/C13EOn mixed micelle complex to a field-theoretic model (cross-section of the micelle).

simulations as presented in Fig. 2. We use the
Optimal Point Charge (OPC) 4-point water model
[70] and the Joung-Cheatham ion model [71]. For
the PDADMA and the ethylene oxide block on
C13EO7, we use the General Amber Force field
(GAFF2) [72]. We model the alkyl block (appear-
ing in SDS, C13EO7, and dodecane) with the
Lipid 14 force field [73]. We adopt the same force
field used in our previous work for the headgroup
sulfate SO−

4 [67], which combines the parame-
ters from Yan et al. (2010) [74] and subsequently
adjusted nonbonded Lennard Jones interaction
between sodium ions and oxygens bound to the
sulfate headgroup to reproduce the surface tension
of SDS deposited at a water-vacuum interface.

We conduct reference AA simulations with the
OpenMM simulation package [75]. We use a 1
nm cutoff for the direct space non-bonded inter-
actions and use the Particle Mesh Ewald method
to compute long range Coulomb and Lennard-
Jones interactions (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 temperature is set to
298.15 K using the Langevin thermostat with a
friction coefficient of 5 ps−1, while the pressure is
set to 1 atm using the Monte Carlo barostat that
is updated every 25 time steps. We generate the
initial configurations for the simulations with the
Packmol package [76]. Details of the system sizes
are provided in Table S1 in the SI.

2.2 Bottom-up coarse-graining
procedure

We have previously detailed our workflow for
developing a molecularly informed field theory
[65–67], and here only summarize the key points.
After performing AA simulations as described
in the previous section, we use relative entropy
coarse-graining [68] with these as references
to derive CG interaction potentials that are
amenable to efficient field-theoretic simulations. In
our CG interaction model, bonded interactions are
described using a harmonic bond potential:

βUb,αγ(r) =
3

2b2αγ
r2 (1)

where β = 1/kBT and bαγ is interpreted as the
root-mean-square length of a bond between bead
species α and γ. Nonbonded interactions consist of
an excluded volume and smeared Coulomb inter-
action between all site pairs, including bonded
pairs:

βUev,αγ =vαγe
−r2/2(a2

α+a2
γ) (2)

βUel,αγ =
lBσασγ

r
erf

 r

2
√

a2α/2 + a2γ/2

 (3)

where vαγ is the excluded volume strength
between bead species α and γ, and aα and σα are
the Gaussian regularization length and charge of
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Fig. 2 All-atom simulations used to derived coarse-grained interaction parameters via the relative entropy coarse-graining
framework. Simulations details are provided in Table S1

bead species α, respectively. The Bjerrum length
lB charaterizes the strength of the electrostatic
interactions and is chosen to be 0.74 nm, which
is that of OPC water at 298 K and 1 atm [70].
The smeared Coulomb interaction behaves as an
unscreened Coulomb ∼ 1/r at large separations r
but is regularized to be finite at r = 0 to accom-
modate the soft-core repulsions of the Gaussian
repulsive excluded volume potential. Our choice
of regularized, soft potentials is physically moti-
vated by the desire to retain long-length-scale
physics while coarse-graining over sharp, short-
length-scale features [67].

We translate AA reference trajectories for
coarse-graining by mapping center-of-mass coordi-
nates of groups of atoms in the AA representation
to CG sites. Specifically, we map each water
molecule to a single neutral bead and each Na+

and Cl− ion to a single bead with +1 and −1
charge, respectively. Each monomer of PDADMA
is mapped to one bead that bears a +1 charge. The
12-carbon alkyl tails on both SDS and C13EOn

are mapped to six neutral C2 beads of two carbons
each. The sulfate head group is represented as a
single SO−

4 bead of charge −1. Lastly, the ethylene
oxide repeating unit (CH2OCH2) on C13EOn is
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mapped to one neutral EO bead and the terminal
CH2OH group is modeled as a neutral COH bead.
We fix the Gaussian regularization range, aα, of
each bead species to approximately the cube root
of its molecular volume. By this convention, the
water interaction range, aw, is set to 0.31 nm in
this work. Values for other bead types are listed
in Table S3. The CG bead types and correspond-
ing CG molecules are presented in the first panel
of Fig. 1.

We derive CG parameters in successive stages;
once the parameters are determined, they are
fixed in subsequent steps. In the first stage, we
determine CG parameters for the interactions
between intramolecular bead species. The water-
water repulsion vww was derived in previous work
[66] from pure water AA simulation to repro-
duce the compressibility of OPC water, κT ∼
0.062 kBT/a

3
w ∼ 4.51 × 10−10 Pa−1. This deter-

mines the CG pressure of PCG = 8.5 kBT/a
3
w

that we use in the subsequent coarse-graining
stages. We follow the previously published coarse-
graining procedure [67] to parameterize pairwise
and bonded interactions for the CG beads in
SDS (vC2 C2 , vSO−

4 SO−
4
, vC2SO−

4
, vC2C2 , bC2C2 , and

bC2SO−
4
) from SDS deposited at a water/dode-

cane interface at 298.15 K. The EO-EO repulsion
vEOEO and root-mean-square bond length bEOEO

are derived using a neat PEO simulation in the
NPT ensemble. Similarly, pairwise excluded vol-
ume and bonded parameters for the polycation
monomer, vp+p+ and bp+p+ , are also determined
from neat PDADMA chains in the NPT ensemble.

In the second stage, we parameterize the ions
and cross-interactions involving water as well as
those between PDADMA and SDS. We adopt
the ion parameters (vNa+Na+ , vCl−Cl− , vNa+Cl− ,
vNa+w, and vCl−w) from our previous polyelec-
trolyte work [66] in which we coarse-grained from
an aqueous NaCl solution in the external poten-
tial ensemble [77]. From the AA simulation of the
non-ionic surfactant C13EO7 micelle, we derive
the following parameters: vCOH COH , vCOH C2

,
vCOH EO, vC2EO, vCOH w, vC2 w, vEOw, bC2EO,
and bCOH EO. Lastly, we determine the cross-
interactions among PDADMA, SDS and water
(vp+C2

, vp+SO−
4
, vp+w, vSO−

4 w) from a mixture of

PDADMA with a SDS micelle.
In stage three, we derive the ions-PDADMA

and ions-SDS pair-wise interaction parameters

(vp+Cl− , vp+Na+ , vC2Cl− , vC2Na+ , vSO−
4 Cl− , and

vSO−
4 Na+) from a similar PDADMA and SDS

micelle system in the presence of NaCl. In the
last stage, the remaining parameters (vp+COH ,
vp+EO, vCOH Cl− , vCOH Na+ , vCOH SO−

4
, vEOCl− ,

vEONa+ , and vEOSO−
4
) are derived from a mix-

ture of a SDS/C13EO7 micelle, PDADMA, and
NaCl, around the composition range that we tar-
get in this study. We tabulate the parameters in
Tables S2 and S3.

2.3 Coarse-grained molecular
dynamics (CGMD)

CGMD simulations are conducted using a
Langevin Dynamics integrator. The Langevin
relaxation time τCG is taken as the unit of time.
Due to the soft nature of the CG interactions and
bonds, large time steps of 0.1 τCG are feasible.
The inner-loop of relative entropy optimization
requires CGMD simulations, which we run for
2× 105 − 1.5× 106 time steps (2× 104 − 1.5× 105

τCG of simulation time), sufficient to equilibrate
slow relaxation modes in the systems, such as
the surface area in the interfacial system used
to parameterize SDS interactions with water and
salt.

2.4 Micelle simulations with the
field theory

One of the primary strengths of the nonbonded
CG potentials defined in Section 2.2 is that
they can be readily represented and simulated
using a field-theoretic representation by means
of a Hubbard-Stratonovich-Edwards transforma-
tion. This field-theoretic transformation decouples
nonbonded pair interactions, resulting in parti-
cles interacting only with an auxiliary field. As
a result, particle coordinates can be analytically
integrated, yielding a partition function in terms
of integrals over field configurations:

Z =

∫
drne−βU(rn) →

∫
Dwe−H[w] (4)

where H is an effective Hamiltonian describing
the statistical weight of the auxiliary field con-
figuration w(r), and is systematically described
elsewhere [69]. It should be emphasized that w
represents a set of auxiliary fields that is sufficient
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Fig. 3 (a) Concentrations of SDS (chain basis), C13EOn

(chain basis), and DADMA (monomer basis) as the titra-
tion proceeds. (b) An example density profile and a cross
section of the micelle from SCFT. Dashed line indicates the
0.1 EO locus introduced in the main text. A representative
snapshot from CGMD is shown in (c).

to decouple all pairwise interactions of the func-
tional forms defined in Section 2.2. As a result,
the field-theoretic transformation is exact for the
coarse-grained model, and full field-theoretic sam-
pling of the partition function is equivalent to
performing CGMD. However, one strength of the
field-theoretic representation is that it is amenable
to a host of analytical tools that facilitate its eval-
uation, including the mean field approximation,
also termed self-consistent field theory (SCFT):

Z ≈ e−H[w∗] (5)

where w∗ is the saddle-point value of each aux-
iliary field, and represents the dominant field
configuration contributing to the partition func-
tion. SCFT provides a readily-accessible approx-
imation of the free energy, which is a powerful
tool for evaluating the relative stability of com-
peting structures particularly in comparison to
conventional MD-based methods requiring signif-
icant, often intractable efforts to evaluate phase
free energies. For example, minimizing the free
energy at constant concentration with respect
to the simulation cell size allows one to deter-
mine equilibrium sizes and aggregation number
of molecular self-assemblies. Additionally, one can
compare the free energies of different morpholo-
gies (e.g., spherical, cylindrical, lamellar) under
stress-free conditions to determine the putative
equilibrium structure.

In this work, we take advantage of this par-
ticular strength of the field-theoretic transforma-
tion to characterize the equilibrium self-assemblies
of the multi-component polyelectrolyte-surfactant
mixture. We perform simulations of micelles at
varying compositions as in the titration experi-
ment outlined by Dubin et al. (2017) [32]. Briefly,
60 mM SDS in NaCl is added to solutions of 1
g/L PDADMA (with Cl− counterions), 20 mM
C13EOn, and the same NaCl concentration as
in the SDS stock solution. As the titration pro-
ceeds, the anionic surfactant fraction increases
and the composition changes according to Fig. 3a.
This fraction is defined by the surfactant number
densities as:

Y =
ρSDS

ρSDS + ρC13EOn

. (6)

Fig. 3b presents an example density profile
of a micelle from SCFT. A CGMD snapshot of
an equivalent particle-based model is shown in
3c. The mixed micelle comprises of the non-ionic
surfactant C13EOn and SDS with an alkyl-rich
core and a corona of SO−

4 , EO, and COH groups.
At conditions where the micelle surface charge is
above a critical value, the density profile shows
an enrichment of PDADMA around the peak
concentration of the SO−

4 head group, indicating
the adsorption of polyelectrolytes on the micelle
surface.

We define several variables to characterize sur-
factant assembly. First, the number density of
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PDADMA monomers adsorbed onto the micelle is
calculated by summing over their densities ρp+,m

at mesh pointsm that are enclosed within a cut-off
distance from the micelle center:

ρp+,adsorbed =
∑

m ∈r=[0,0.1 EO locus]

ρp+,m (7)

Here, we choose the cut-off distance where the EO
density is 10% of its peak value to the right of
the peak (dashed line in Fig. 3b); we refer to this
as the “0.1 EO locus”. We note that results are
not very sensitive to the exact choice of this locus,
as long as the adsorbed polyelectrolyte layer lies
fully within its radius. Consequently, the fraction
of adsorbed PDADMA monomers is

fp+,adsorbed =
ρp+,adsorbed∑

m ρp+,m
(8)

The micelle surface charge density is calcu-
lated based on contributions from the surfactant
only, i.e., SDS and C13EOn. Since SO

−
4 is the only

charged species, the surface charge density is

σ =
σSO−

4

4πr2s

∑
m ∈r=[0,0.1 EO locus]

ρSO−
4 ,m (9)

where σSO−
4

= −1 e is the charge of SO−
4 bead.

The cut-off distance rs is taken to be at the 0.1
EO locus and is used to estimate the surface area
in the normalization factor.

The aggregation numbers for SDS and C13EOn

are

Nagg,SDS = ∆V
∑

m ∈r=[0,0.1 EO locus]

ρSO−
4 ,m (10)

Nagg,C13EOn
=

∆V

n

∑
m ∈r=[0,0.1 EO locus]

ρEO,m

(11)
where n is the number of EO beads in each non-
ionic surfactant molecule. In addition, we measure
the core and micelle radii at the 0.1 C2 and 0.1
EO loci, respectively.

3 Results and discussion

3.1 SDS titration

We assess the the binding between the polyelec-
trolyte and the surfactant micelle via the amount
of 100-mer PDADMA chains adsorbed onto the
micelle, as defined in Eq. 8, as the SDS mole
fraction Y increases during the titration. Fig. 4a
shows that the fraction of adsorbed PDADMA
relative to the total PDADMA in the simula-
tion box increases with Y for both SDS/C13EO11

and SDS/C13EO7 mixed micelle systems in 0.4
M NaCl, indicating more PDADMA binds to the
mixed micelles with the addition of SDS to the
mixture. This is expected as micelle surface charge
density becomes more negative with increasing
anionic surfactant mole fraction (Fig. 4b) which
strengthens electrostatic interactions. Experimen-
tal measurements that infer micelle charge via zeta
potential measurements also find that the micelle
surface charge density increases with increasing
SDS content [32].

Fig. 4 (a) SCFT-predicted binding isotherms showing the
fraction of bound PDADMA (100-mer) as the anionic sur-
factant mole fraction, Y , increases during the course of
the titration at a constant NaCl concentration of 0.4 M
for SDS/C13EO11 and SDS/C13EO7 micelles. Solid lines
are fits to sigmoid functions and Yc is the Y value at the
inflection point. (b) Corresponding micelle surface charge
density.
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CGMD provides further insight about the
interactions between the micelle and polycations.
In the first set of CGMD runs, Fig. 5, we initial-
ize a single micelle using the aggregation numbers
obtained from SCFT simulations and observe the
interaction between a 24-mer PDADMA and the
micelle for 2 × 104 τCG. As expected from SCFT
results, PDADMA does not interact with the
micelle at Y = 0 whereas it adsorbs to the
micelle surface when the SDS content increases
to Y = 0.31. We further investigate the inter-
micelle binding at Y = 0.31 by doubling the
system size to realize two identical micelles and
one 48-mer PDADMA. The polycation initially
binds to one of the micelles at t = 0 and quickly
binds to both as the simulation proceeds (Fig. 6a).
This inter-micelle binding results in an aggrega-
tion of the two micelles, evidenced by the decrease
in the center-of-mass distance between them as
shown in Fig. 6b. This observation aligns with
experimental hypothesis that the increased num-
ber of multi-micelle aggregates increases solution
turbidity near the onset of complexation [32].

Previous experimental studies [18, 32] have
quantified the onset of polyelectrolyte-micelle
complexation with the critical composition Yc,
indicated by the initial increase in the turbidity.
For comparison, we choose the inflection point
of the PDADMA binding isotherms shown in
Fig. 4a as Yc. While this choice is arbitrary, it
has relevant implications: complexation is con-
sidered to begin when a substantial number of
polycation monomers (50% in this case) adsorb
onto micelles, and the complexation is detectable

Fig. 5 CGMD snapshots of a single SDS/C13EO11 micelle
with a 24-mer PDADMA in 0.4 M NaCl at (a) Y = 0 (no
SDS) and (b) Y = 0.31, respectively, with the aggregation
numbers taken from SCFT solutions at same conditions.
CGMD confirms that PDADMA binds to the micelle at
high Y , as suggested by the SCFT binding isotherms.
Water and NaCl molecules are not shown for clarity.

through increased turbidity. Notably, the calcu-
lated Yc values from the simulations are 0.18 and
0.23 for SDS/C13EO7 and SDS/C13EO11 mixed
micelles, respectively, which are in good agreement
with the Yc values of 0.17 and 0.28 from experi-
mental works by Dubin et al. (2017, 2018) [18, 32].
Good quantitative (Yc of SDS/C13EO7) and qual-
itative (increasing Yc from SDS/C13EO7 system
to SDS/C13EO11 system) agreement with exper-
imental results suggests that the Y value at the
inflection point of the binding isotherm can reli-
ably describe the onset of complexation observed
in previous experimental works. We note that
the qualitative trend of SDS/C13EO11 micelles
exhibiting higher Yc values than SDS/C13EO7

micelles remains consistent, even when considering
other fractions of bound PDADMA as the crite-
ria for the onset of complexation. This agreement

Fig. 6 (a) CGMD snapshots of the same system of Fig.
5b at Y = 0.31 but at double the system size with a 48-mer
PDADMA. PDADMA initially binds to one micelle t = 0
then bridges the two micelles as the simulation proceeds.
(b) Center-of-mass distance between the two micelles dur-
ing the course of the simulation. For reference, the average
simulation box size length is 24.3 nm.
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helps to validate that our coarse-graining proce-
dure produces a reasonable parameterization of
this complex multicomponent system.

Fig. 7 (a) SDS aggregation number and (b) micelle radius
measured at 0.1 EO locus as a function of Y .

Dubin et al. [32] defined polyelectrolyte-
micelle binding affinity as the resistance of
polyelectrolyte-micelle complexes at fixed salt
concentration to dissociation by the addition of
non-ionic surfactant (decreasing Y ), where smaller
resistances indicate higher affinity. Thus, from this
point of view, lower Yc in the SDS/C13EO7 system
from both simulations and experiments implies
that SDS/C13EO7 micelles have higher poly-
electrolyte binding affinity than SDS/C13EO11

micelles. This is supported by the higher micelle
surface charge density when the non-ionic sur-
factant is C13EO7 (Fig. 4b). At a given value
of Y , SDS/C13EO7 micelles have a higher SDS
aggregation numberNagg,SDS than SDS/C13EO11

(Fig. 7a). The radius of the SDS/C13EO7 micelle
is also larger than that of the SDS/C13EO11

micelle as expected from significantly higher
aggregation numbers of SDS and the nonionic
ethoxylated surfactant (Fig. S3). Despite hav-
ing larger surface area, SDS/C13EO7 micelles

still have higher surface charge density (Fig. 7b)
which leads to stronger electrostatic interactions
between PDADMA and SDS/C13EO7 micelles.
Interestingly, the critical micelle surface charge
density σc (σ at the Yc transition) is more negative
for SDS/C13EO7 than SDS/C13EO11 (Fig. S2),
suggesting higher charged micelles are required
for complexation with the former system. We also
note that experimentally-reported hydrodynamic
radii of the complexes are in the range of 4-8 nm,
which is in relatively good agreement with our
simulation predictions.

Fig. 8 Dependence of critical (a) SDS content Yc and (b)
micelle surface charge density on added salt concentration.
Solids lines are linear regressions with respect to the square
root of the salt concentration.

Next, we investigate the effects of salt
on the complexation between PDADMA and
SDS/C13EO11 micelles by repeating the titration
procedure at various NaCl concentrations. Fig.
8 presents critical conditions for polyelectrolyte-
micelle complexation at added salt concentrations
between 0.1 and 1.0 M. While the micelle surface
charge density at fixed Y is essentially constant
with salt concentration (Fig. S5), the critical SDS
content Yc shifts upward. The increase in Yc with
increasing salt concentration coincides with an
increase in the magnitude of the critical micelle
surface charge σc, which accounts for the salt’s
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screening of electrostatic interactions. Notably,
McQuigg et al. has also observed the linear depen-
dence of the critical SDS content, Yc, and micelle
surface charge density σc with the square root
of the added salt concentration in their experi-
mental study of a similar system, PDADMA and
SDS/C12EO6 micelles [78]. According to their sim-
plified model for the binding of a polyelectrolyte to
an oppositely charged colloid, such scaling arises
when the electrostatic potential in the vicinity of
the colloidal particle is less than 0.5 kBT and
the colloidal radius is large relative to the Debye
length. As shown in Fig. S7, the electrostatic
potential at the 0.1 EO locus in our work is also
less than 0.5 kBT , and the micelle radius, either
the core or total micelle radius (Fig. S6c, d), is
consistently larger by a factor of ∼2-10 than the
Debye length, which varies from 0.96 to 0.30 nm
in the 0.1-1.0 M salt concentration range. This
implies that McQuigg’s simplified model offers
a reasonable representation of the micelles in
our study, and the consistency in the scaling is
justifiable.

3.2 Mesophase transitions

Fig. 9 (a) SCFT free energy densities for mixtures of
PDADMA and SDS/C13EO11 micelles in 0.4 M NaCl at
Y = 0.3 and stoichiometric charge. The considered phases
are simple cubic sphere (sc), hexagonal cylinder (hex), and
lamellae (lam). The disordered free energy is used as ref-
erence values. (b) CGMD snapshots at solid (PDADMA,
SDS, and C13EO11) weight fractions 0.08, 0.38, and 0.75.

So far, we have demonstrated that the CG
model presented here shows good agreement
with experimental observations for the binding of
PDADMA and SDS/C13EOn micelles in the low
concentration regime. Next, we utilize field the-
ory to determine self-assembled structures across
a larger range of compositions for mixtures of
PDADMA and SDS/C13EO11 micelles in 0.4 M
NaCl. We set the SDS mole fraction to a fixed
value of Y = 0.3 and maintain a charge stoichiom-
etry of 1 between PDADMA and SDS. Then,
we search for stable phases at increasing weight
fractions of PDADMA, SDS, and C13EO11. As
detailed elsewhere, the free energy density for a
given mesophase, which can be directly accessed
in SCFT, is minimized with respect to the sim-
ulation cell size [79]. A structure is stable when
its free energy density is the lowest relative to
other candidate structures as well as the homoge-
neous disordered phase. Here, we consider three
phases: simple cubic spheres, hexagonal cylinder,
and lamellae (Fig. 9).

Fig. 9a presents free energy densities of these
three phases relative to that of the homoge-
neous disordered phase. At low weight fractions,
less than 0.21 weight fraction, SCFT predicts
the stable structure is simple cubic with dis-
crete micelles. When fluctuations are included,
i.e., in CGMD, unbinding of the lattice occurs and
and we observe a solution of spherical micelles
(Fig. 9b). Previous assessments of polyelectrolyte-
micelle binding reported in Section 3.1 lie in
this regime. As the concentration increases above
0.21 weight fraction, we cross over to a region
where infinitely long cylindrical structures are sta-
ble. Since fluctuations are not included in SCFT,
the infinitely long hexagonal cylindrical structure
serves as an idealized estimate to an elongated
micelle, and can correspond to both wormlike
micelles as well as well-ordered hexagonal cylinder
phases. Nevertheless, the infinitely long cylin-
der is a reasonable approximation, as evidenced
by the CGMD snapshot of elongated micelles at
0.38 weight fraction. Lastly, lamellar structures,
which are also captured in CGMD, are predicted
to form above 0.59 weight fraction. This overall
sequence of microstructures follows fairly stan-
dard, commonly-reported sequences (solution of
spherical/rod micelles → ordered cubic and/or
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cylindrical phases → lamellar structures) in other
surfactant systems [67, 80].

4 Conclusions and outlook

In this work, we have developed a molecularly
informed field theory that faithfully describes
the complexation behavior between polyelec-
trolytes and micelles. The model uses relative-
entropy minimization to systematically coarse-
grain from all-atom simulations. The resulting
coarse-grained models are then transformed into
a field-theoretic description, which enables rapid
self-consistent field-theoretic simulations. Most
importantly, field-theoretic simulations allow for
direct the evaluation of free energies, and hence
the rigorous determination of equilibrium micelle
size and structure. In turn, we were able to show
how self-assembled micelles change over varying
compositions of the nonionic and ionic surfac-
tants, the polyelectrolyte, and salts. Such cal-
culations are possible but much more difficult
to perform accurately with equivalent particle-
based representations owing to long time scales
associated with micelle equilibration processes.
Using our workflow, we were able to build a
fully-parameterized model of the same molecu-
lar system considered by Dubin et al. [32] and
studied how mixed micelle size and properties
can change dramatically as surfactant concentra-
tion and mixing ratios change along experimental
titration paths. Additionally, at high surfactant
concentrations, we were also able to locate mor-
phological transitions to cylindrical and lamellar
structures to confirm that, for the system under
consideration, no cylindrical micelles are expected
for the titration paths we considered.

We found that the degree of polyelectrolyte
adsorption correlated well with experimentally
observed turbidity transitions that announce the
onset of polyelectrolyte-micelle complexation. The
turbidity transition was also estimated to within
5% of the experimentally reported anionic sur-
factant mole fraction. Additionally, our model
correctly predicts that nonionic ethoxylated sur-
factants with shorter hydrophilic groups undergo
complexation transitions at lower mixing ratios
of anionic to nonionic surfactants. While ethoxy-
lated surfactants with shorter head groups tend
to form larger micelles than their counterparts
with longer head groups, the micelles formed

from ethoxylated surfactants with shorter head
groups also exhibit higher surface charge density,
thus explaining their stronger interaction with
polyelectrolytes. Lastly, the critical mole ratio of
anionic surfactants and surface charge density of
micelles were shown to vary linearly with the
square root of salt concentration, in agreement
with experimental observations [78].

In conclusion, we have demonstrated that
molecularly informed field theories are a power-
ful tool for exploring the self-assembly of multi-
component systems like polyelectrolyte-surfactant
mixtures. These field theories have the poten-
tial to be chemically specific and allow direct
comparison with experiment. Using this tool,
we studied how equilibrium self-assemblies of
mixed micelles change with solution mixing con-
ditions, and found that polyelectrolyte adsorption
curves correlate well with experimental turbidity
curves and the onset of soluble polyelectrolyte-
micelle complexes. Although previous work [67]
and the semi-quantitative agreement with exper-
iments validate that the mean-field approxima-
tion used in this work is qualitatively good to
describe surfactant self-assembly, including fluc-
tuation effects could further improve predictions
of the field-theoretic model. Within the confines
of field theory, composition fluctuations that are
ignored in the mean-field approximation could be
incorporated using techniques such as complex
Langevin sampling [69, 81]. By fully sampling
the partition function, complex Langevin recov-
ers the same thermodynamic properties as CGMD
while retaining rapid equilibration. However, while
collective variables like the density are readily
accessed within a field theoretic simulation, single-
molecule properties require more care [82]. In
this study, we focused on investigating the sol-
uble polyelectrolyte-surfactant complexes which
only covers a small region of a much richer phase
diagram in these systems [17]. Future work can
extend this study and rigorously determine phase
boundaries in biphasic regions with complex coac-
ervation between polyelectrolytes and surfactants
[66].

Supplementary information. Provides
details on all-atom simulations, coarse-grained
interaction parameters, and additional figures
from self-consistent field theory.
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