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Molecular Modeling of Interfacial Layer-by-Layer Assem-
bly Towards Functionalized Capsule Materials’

Andrew W. Ruttinger® and Paulette Clancy*”

Encapsulated nanomaterials, such as polymer-coated nanoemulsions, have highly tunable properties
leading to versatile applications. A current lack of understanding of the fundamentals governing the
choice of “capsule” materials (polyelectrolyte + surfactant) and its ensuing performance effectively
precludes their widespread use. Computational methods can start to redress this by discovering
molecule-scale attributes that significantly control the design of capsule materials tuned to fit de-
sired properties. We use molecular dynamics (MD) to carry out the layer-by-layer (LbL) assembly
of six unique polyelectrolyte bilayer systems at a surfactant-mediated interface, modeling early-stage
capsule synthesis. Monolayer thickness is related to layer density and polyelectrolyte/surfactant inter-
action energy through polyelectrolyte molecular weight and radius of gyration, respectively, yielding
a simple relationship between absorption kinetics and layer structure. For the second monolayer,
faster absorption kinetics are observed for pairings of polyelectrolytes with similarly sized functional
groups. Surfactants with a more delocalized charge on the head-group catalyze the build-up of ions
at the interface, resulting in faster absorption kinetics and greater confinement of the encapsulated
material but leading to thicker, less uniform bilayers. These relationships between capsule building
block molecules and nanomaterial capsule properties provide a foundation for property prediction
and rational design of optimized multi-functional capsule materials.

Abbreviations

LbL: Layer-by-layer; MD: molecular dynamics; PSS: poly(styrene
sulfonate); PAH: poly(allylamine) hydrochloride; PA: sodium
poly(acrylate); SDSn: sodium dodecyl sulfonate; SDBS: sodium
dodecyl benzene sulfonate; DTAC: dodecyl trimethyl ammonium
chloride; Rg: radius of gyration; SAPM: surface area per molecule

1 Introduction

1.1 Nano-encapsulation and Applications
The rise of highly functionalized nanomaterials, mainly due to
their precise tunability, has spurred development in materials dis-
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covery and specialized fabrication techniques.? In numerous ap-
plications, innovation in this area is aided by encapsulation, pro-
viding additional functionality while improving the surface area
to volume ratio - a key driver for nanomaterial development. 22!

Encapsulation can also serve the purpose of material storage,
controlled release, protection from an external environment, and
improved shelf-life.# As a result, nano- and micro-encapsulated
materials have gained traction in recent years due to their promis-
ing applications in, but not limited to, the food industry,>"7
biomedicine,®? thermal energy storage, catalysis,m and
photovoltaics.13 As one example, materials capable of storing
the latent heat of a phase transition - typically solid-to-liquid -
for thermal energy storage, known as “phase change materials,”
can be encapsulated to improve their stability and thermal con-
ductivity® Despite the versatility of encapsulated nanomaterials,
current synthesis techniques often produce materials marred by
defects that reduce their quality.? Efforts focused on the develop-
ment of controllable encapsulation methods can offer a solution
in this regard.

1.2 Layer-by-layer Assembly

One popular approach for the encapsulation and coating of func-
tional materials involves layer-by-layer (LbL) assembly/1# This
fabrication technique is based on the iterative assembly of oppo-
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sitely charged molecules to form monolayers — different combina-
tions of polymers and particles, say — with this diversity leading
to high tunability of capsule properties.2'14 Charged polymers,
called polyelectrolytes, are most commonly used as the capsule
materials due to their functional diversity and balance between
strength and flexibility®) Encapsulation of liquids is possible
through an adaptation of LbL assembly to a surfactant-mediated
interface of an oil/water emulsion, allowing additional control
over capsule properties.”® These surfactants feature charged head-
groups that facilitate electrostatically driven assembly of the poly-
electrolytes. Beyond those already stated, LbL assembly has sev-
eral advantages over alternative materials fabrication methods: it
can be applied to surfaces of any geometry, it is universal and
flexible due to its compatibility with other chemistries, and it
replicates the chemistry of materials engineering in living organ-
isms.12l While its step-by-step nature requires additional time for
fabrication, it allows for precise control over capsule thickness,
stability, and composition. 241>

1.3 Current Challenges and Scope

Despite the documented connection between capsule materials
and performance, the literature has called for more research to
establish the fundamental factors that lead to specific functional
attributes in multi-layered emulsions.2"€ For example, although
the primary driver of LbL assembly involves harnessing electro-
static interactions, other interactions, such as hydrogen-bonding,
covalent bonding, base-pair interactions, guest-host interactions
and hydrophobic interactions, add complexity to the process. 417
Polyelectrolyte structure and electrostatic properties have a direct
impact on monolayer thickness, porosity, and structure; likewise,
surfactants control the surface charge and electrical properties of
the first assembled monolayer.1©

Recent attempts at molecular-level characterization using ex-
perimental approaches have aimed to uncover the interactions
at play in these systems.18720 However, these experimental ap-
proaches do not provide the microscopic mechanistic detail nec-
essary to demarcate the fundamental interactions that govern
LbL assembly. Since capsule properties such as internal structure
and surface roughness depend on the depositing surface,2L it be-
comes critical to understand, and hence tune, early-stage multi-
layer growth if we are to harness the potential of functionalized
capsules. Given the experimental difficulties in acquiring this in-
formation, computational approaches have been described in the
literature as having an important role to play in property pre-
diction and optimizing the performance of capsules based on the
materials used during LbL assembly. 1417 Specifically, molecular
dynamics (MD) has been identified as a likely tool for the future
design of multilayers.1>

Our work builds on the inferences made in previous molecular
characterization studies and applies it to a new challenge: uncov-
ering the relationship of the absorption dynamics and nanomate-
rial capsule structure with the properties of different combinations
of building-block molecules during assembly at a liquid-liquid in-
terface. We tackle the challenge of controlled capsule synthesis
by carrying out MD simulations of nanomaterial encapsulation

2| Journal Name, [year], [vol.], 1

through LbL assembly of polyelectrolytes at an oil-water interface.
We investigate bilayer LbL assembly for six unique pairs of can-
didate molecules to understand the structural effect of different
choices of surfactant and polyelectrolyte that, together, affect the
performance of the resulting capsule. Specifically, our scope tar-
gets the effect of functional group structure and the nature of its
charge which directly influences LbL assembly. We model absorp-
tion kinetics of this LbL assembly to characterize the atomic-level
interactions that govern layer growth. Leveraging this insight,
we derive correlations between absorption rate, layer thickness,
and layer density to provide the first comparison of capsule ma-
terials on a molecular scale. We also discuss the relationship be-
tween layer orientation, interface coverage, and molecule proper-
ties. Our study addresses an acknowledged need in the literature
for computational insight into the functional attributes of capsule
materials and methods for property prediction. 1412

2  Methods

2.1 Molecular Dynamics Computations

We used MD to carry out all the preliminary analysis and all the
subsequent LbL assembly simulations. We used Sandia’s pop-
ular MD code, Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).22' The force field used to represent the
molecules was the Optimized Potential for Liquid Simulations
(OPLS) due to its validation in similar studies; 2372 this also con-
tains the TIP3P model for water.2Z All simulations used a time
step of 1 fs and were carried out at 298 K. Bonds and angles
were treated as harmonic, and a cut-off of 10 A was used for
the Lennard-Jones interactions. Since LbL assembly is driven
by Coulombic interactions, we used a long-range Coulombic po-
tential coupled to a Particle-Particle Particle-Mesh (PPPM) solver
to describe longer-ranged interaction beyond 10 A.28 Additional
computational details and justifications are provided in the SI.

2.2 System Definition

Each system evaluated in this work consists of four components:
an oil phase as the encapsulated material, a water phase con-
taining ions wherein LbL assembly occurs, a charged surfactant
layer that sits at the water-oil interface, and a depositing polyelec-
trolyte layer that has the opposite charge of the layer onto which
it is being deposited. For the first layer, this is limited to oppo-
sitely charged pairs of surfactants and polyelectrolytes. We used
PACKMOL to populate our system for all molecules based on satisfy-
ing either a specified density or a required number of molecules,
except the surfactants which were arranged in a plane across
the interface.?? All polyelectrolytes and surfactants are accom-
panied by a counter-ion (Na™ or Cl~) with opposite charge (Fig.
S1). This counter-ion plays a crucial role in the ion-exchange that
drives LbL assembly for capsule synthesis, as we will show in Sec-
tion

2.3 Polyelectrolytes

Our study evaluated three polyelectrolytes that serve as the
capsule materials: sodium poly(styrene sulfonate) (PSS),
poly(allylamine) hydrochloride (PAH), and sodium poly(acrylate)
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(PA) (the sodium salt of poly(acrylic acid) (PAA)). These three
choices provided a diversity of charge (positively/negatively
charged), functional group (sulfonate, acrylate, and allylamine),
and functional group length (6.1, 2.4, and 2.5 A, respectively). A
polyelectrolyte length of 16 repeating units was chosen based on
our investigation to define a suitable polyelectrolyte length (de-
scribed in the SI).

2.4 Surfactants

We studied the influence of the choice of surfactants on LbL as-
sembly, developing three different interfaces using sodium dode-
cyl sulfonate (SDSn), sodium dodecyl benzene sulfonate (SDBS),
and dodecyl trimethyl ammonium chloride (DTAC). While surfac-
tant structural aspects including alkyl tail length®? and number
of alkyl tails®Y affect the stability of a nano-emulsion, we focus
this work on the structural factors that directly drive multilayer
growth. In particular, interactions that arise from the chemical
affinities and charge balance between surfactants and polyelec-
trolytes are known to control the growth mechanism.3233 There-
fore, the three chosen surfactants provide a diversity of charge,
charge density, and head group structure - factors critical for LbL
assembly. We chose SDSn and SDBS due to their use in previous
computational studies.*¥ DTAC was chosen due to its structural
similarity to didodecyl dimethylammonium bromide, a common
surfactant in capsule synthesis, and the fact that it features a
single dodecyl tail and a chlorine counter-ion, consistent with the
counter-ions of the other surfactants/polyelectrolytes chosen for
our study.

Layer-by-Layer Assembly

Nanoscale

2.5 Solvent and Ionic Concentration

Hexadecane (C1gH34) was selected as the paraffin, due to its use
as an encapsulated material in applications such as thermal en-
ergy storage. Its shorter length also made it more computa-
tionally accessible. Water was used as the solvent for the poly-
electrolyte solution and washing step.

Salt concentration also has a significant effect on layer growth
behavior, with high salt concentrations resulting in reduced effec-
tive polyelectrolyte charge and, consequently, non-linear growth
with respect to layer number.32 We used a salt concentration of
0.15 M NacCl as additional ionic concentration in the polyelec-
trolyte solution. Its role was to facilitate a more linear LbL assem-
bly, and its value fell within the range typically used in the liter-
ature.2539 A salt concentration of 0.15 M NaCl has been demon-
strated successfully for PSS/PAH and PAA/PAH pairings, showing
its applicability to our studied systems.m

2.6 Computational Protocol for Layer-by-Layer Assembly

We undertook a series of simulations to verify our chosen compu-
tational methods and procedure. The results of these preliminary
studies are provided in the SI.

Our main simulations were designed to model the LbL assembly
of a polyelectrolyte bilayer at an oil-water interface stabilized by
surfactant emulsifers (Fig. . These surfactants were maintained
a constant surface area per molecule (SAPM) of 64 A2/ surfactant,
which we calculated was the most energetically favorable with
respect to SAPM (Table S2, Fig. S2). We followed a step-by-step
process, involving the iterative deposition of oppositely charged
polyelectrolyte layers (“dipping”) and removal of excess polyelec-
trolyte to prevent aggregation in solution (“washing”). For
each unique system, we performed two dipping and washing cy-

Interface

20 ns NVT

20 ns NVT

Polyelectrolyte Solution

Fig. 1 Schematic showing the computational protocol for Lbl assembly
steps, is shown enclosed within the black rectangle and is repeated twice.

Dipping Solution Deposited Monolayer Washed Monolayer O Hydrogen @ Oxygen
: @ Carbon O sulfur
@ Nitrogen @ Chlorine
Washing R :
> epea
> n times
50 ns,
NVT
|
30 ns NVT

Washing Solution Capsule

conducted in MD. The main LbL assembly, featuring dipping and washing
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cles, corresponding to the assembly of a polyelectrolyte bilayer.
The polyelectrolyte for the first layer has the opposite charge to
the surfactant layer, while the polyelectrolyte for the second layer
has the opposite charge of the first polyelectrolyte layer.

The long time scales associated with absorption and internal re-
organization within deposited polyelectrolyte monolayers makes
full-layer relaxation in MD essentially intractable.2241:42 [nstead,
we follow the lead of similar kinetic studies that compare the ex-
tent of LbL assembly after a set time point,43 in our case 100
ns for the dipping step. This allowed us to make an equitable
comparison between the studied systems at a reasonable compu-
tational expense. Data on dynamics and kinetics were gathered
during this time. The washing step was run for 50 ns, with data
on layer structure gathered during the last 40 ns of this simula-

tion. All simulations were run in an iosothermal, NVT, ensemble.
While these interfaces are typically a spherical emulsion in the
physical experiments, at the length scale of MD, the curvature
can be assumed to be negligible and the interface was treated as
a planar surface. Further justification on our selected methods
and step-by-step dipping and washing procedure are provided in
detail in the SI.

3 Results and Discussion: Monolayer Assembly

This section provides the first computational description of the (1)
absorption kinetics of polyelectrolyte assembly, (2) layer structure
and (3) the relationship between these and the inherent molecu-
lar properties of the surfactants and polyelectrolytes. We provide
a visual and quantitative depiction of the electrostatic behavior in
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Fig. 2 lon density profiles for SDSn/PAH throughout the LbL assembly, showing the progression of the ionic distribution at A. 1-4 ns, B. 10-13 ns,
C. 50-53 ns, and D. 97-100 ns. lonic concentrations were averaged over the 3 ns window. A legend is provided in each subfigure.
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solution, before modeling the absorption kinetics of different sys-
tems. Then, we characterize the resulting monolayer structure,
deriving correlations between layer thickness and layer density,
and layer thickness and absorption kinetics. Finally, we relate
the unique behavior of different systems to structural properties
including layer orientation and interface coverage.

3.1 Electrostatics as a Driving Force for LbL Assembly

Electrostatic forces are considered to be an important driving
force in LbL assembly44 Initial assembly of a polyelectrolyte
layer is considered to be a diffusion-controlled process coupled to
the adsorption of the polymer through an electrostatic or steric
barrier.*2 Using SDSn/PAH as an example, Fig. shows that
the polyelectrolyte assembly at the interface is a result of an
ion-exchange between PAH and the Na™ counter-ions, in agree-
ment with the literature. 4344 Initially, these Na™ counter-ions are
paired in a 1:1 ratio with the SDSn. Similarly, PAH and its CI"
counter-ions were paired in solution.

At early stages of the assembly, the mobile Na* ions begin to
diffuse into the solution, leading to a ionic gradient of Na* (Fig.
[2h, red line). This is driven by the entropy gain from the release
of the counterions from the surfactants and polyelectrolytes into
solution.*? In response to this ionic imbalance at the interface,
PAH diffuses towards the interface and begins to form charge-
pairs with the SDSn. However, since PAH has 16 charges (ver-
sus one for an ion), the deposited polyelectrolyte can form more
charge-pairs, making it far less mobile than the counter-ions and
more strongly bound at the interface. This results in a build-up
of polyelectrolytes at the interface, rapidly at first before slowing
down as the process continues (Fig. black line). Eventually,
the system reaches a more “equilibrated” state, where PAH estab-
lishes a 1:1 charge pairing with SDSn at the interface and the Na™
ions are distributed evenly throughout the solution (Fig. 2]D).

At the boundary between the deposited polyelectrolyte layer
and the solution, an increased concentration of Cl” ions balances
the PAH charges facing away from the interface. This represents
overcharging, which will serve as the source of ions to be ex-
changed for the LbL assembly of the following layer. Beyond
this boundary, the solution near the interface is devoid of PAH,
likely due to electrostatic repulsion between the deposited and
free polyelectrolyte molecules. In the bulk solution, free PAH
molecules are dispersed uniformly amongst dissolved Nat and
Cl" ions. Ion-exchange profiles for the other systems are provided
in the SI (Fig. S11-S13).

3.2 Interaction Energy as a Model for Absorption Kinetics

While the mechanism of this ion-exchange is similar, regardless
of the choice of surfactants, polyelectrolytes, and ions, the ab-
sorption kinetics are dependent on all these factors and can lead
to significant differences in behavior and layer structure.4% We
quantify the unique absorption kinetics of the LbL assembly for
each system using the magnitude of the interaction energy be-
tween different species over time (i.e., polyelectrolyte, surfactant,
solvent, ions); see Fig. S15. A larger interaction energy denotes a
stronger attraction between the two groups of species. For com-
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parative purposes, each interaction energy is given as an energy
per charge in the group of molecules.

Importantly, this metric captures the electrostatic interactions
between charges, as well as non-electrostatic interactions such as
hydrogen-bonding?#44 and hydrophobicity, which are known to
facilitate LbL assembly.4> While we do not measure free energy
and entropy for direct evaluation of hydrophobicity, the interac-
tion energy between water and polyelectrolyte describes this ef-
fect reasonably well.4® Considering the large differences between
reported polyelectrolyte/water interaction energies, we can con-
fidently use this energy to compare hydrophobic effects during
assembly.

Interaction energies proved capable of characterizing polyelec-
trolyte assembly well (see Fig. S15). The interaction energy
between the surfactants and their counter-ions provides insight
into the entropically driven release of counter-ions into the so-
lution. In all cases, this interaction energy asymptotically ap-
proaches zero, signifying that all ions have been exchanged for
polyelectrolytes. However, the rate of interaction energy decay
varies, and consequently counter-ion release, implicating poly-
electrolyte/surfactant attraction. Simultaneously, the magnitude
of the polyelectrolyte/surfactant interaction energy increases,
asymptotically approaching a value that depends on the combina-
tion of molecules in the system. This is expected as deposition oc-
curs, and these polyelectrolyte/surfactant interactions have been
shown to play an important role in kinetics, capsule stability, and
surface morphology.4748l This interaction energy is driven by the
ability of each unique combination of polyelectrolytes and sur-
factants to form interacting groups, rooted in the nature of the
molecules themselves (Table[I]). More details for this calculation
are provided in the SI.

The magnitude of the interaction energy for the four poly-
electrolyte/surfactant systems follows the trend: SDSn/PAH >
SDBS/PAH > DTAC/PSS > DTAC/PA. From this starting point,
we can leverage our fundamental insight to connect polyelec-
trolyte assembly to well-defined molecular characteristics: First,
the surfactant/water interaction energies follow the same trend
as the polyelectrolyte/surfactant interaction energies, with SDSn
> SDBS > DTAC. While SDBS is a more polar molecule (SI, Ta-
ble S2), its ability to interact with the polar solvent is weaker
than SDSn. A likely explanation for this is the ability of SDBS
to interact favorably with itself through aromatic stacking, while
SDSn tends to repel other surfactants and instead preferentially
interacts with other species such as water or ions. Second, the
polyelectrolyte/water interaction energy is inversely related to
the polyelectrolyte/surfactant interaction energy, with PAH < PSS
< PA. A stronger interaction energy with water indicates that
the polyelectrolyte is less hydrophobic.4® This suggests that more
hydrophobic polyelectrolytes favor monolayer formation, which
agrees with experimental observations.4> Finally, the rate of the
surfactant/ion interaction energy decay is related to the magni-
tude of the polyelectrolyte/surfactant interaction energy. This in-
dicates that a higher entropic drive for counter-ion release from a
particular surfactant results in a higher affinity between the sur-
factants and polyelectrolytes, which in turn could facilitate fur-
ther counter-ion release.
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Table 1 Relationship between LbL assembly kinetics and polyelec-
trolyte/surfactant interactions. Data for the reported interaction energy,
number of interacting groups, and number of deposited polyelectrolytes
were taken at the end of the 100 ns simulation.

System Interaction Energy = Number of Inter- Absorption Time
(kcal/mol/charge) acting Groups Constant, t (ns)

SDSn/PAH -18.1 104 10

SDBS/PAH -11.4 99 18

DTAC/PSS -7.4 78 40

DTAC/PA -2.8 34 103

Although diffusion plays an important first step in transporting
polyelectrolytes towards the interface for layer assembly, ultimate
absorption of the polyelectrolyte is kinetically driven and is gov-
erned well by first-order kinetics that originate from an electro-
static barrier. 2432 Electrostatics are encompassed in the polyelec-
trolyte/surfactant interaction energy, allowing us to model this
kinetic absorption. Following a similar approach to that in the
literature for estimating absorption kinetics, we fitted an expo-
nential curve to the interaction energy profile between each poly-
electrolyte/surfactant pair. This allows us to derive a time con-
stant, T, that provides a quantitative comparison between rates
of polyelectrolyte absorption (Fig. .24 Since this energy pro-
file follows a decaying exponential curve, the fitting equation will
have the form:

Einteract (t) = Einteract (°°) 1.0— €xp (1)

—(t—to)
T
where Ejperace(e2), T, and tg are determined through fitting to the
data, representing the interaction energy as time approaches in-
finity, the absorption time constant (Table [I), and the lag time
between the start of the LbL assembly and the first polyelec-
trolyte/surfactant interaction, respectively. For t <tp, Einteract(t)
= 0. While the exponential function has trouble fitting 3 of the 4
interaction energy profiles at times near 0 ns, overall, the function

describes the absorption behavior reasonably well.

Notably, larger polyelectrolyte/surfactant interaction energies
and more interacting groups correlate well with faster absorption
kinetics (Table [I). This suggests that polyelectrolyte/surfactant
combinations with an affinity for these atomic-scale interactions
have more strongly bound polyelectrolyte layers and faster ab-
sorption kinetics. SDSn has relatively more electronegative oxy-
gen atoms in its head-group in comparison to the other surfac-
tants, explaining why the oppositely charged polyelectrolytes in-
teract more frequently and more strongly with the head-group.
Searching for other surfactants with this type of localized elec-
tronegative/electropositive functional group could uncover other
surfactants that promote faster polyelectrolyte absorption.

Finally, faster absorption kinetics have been reported for
counter-ions with larger ionic radii.42 Ions with a higher hydra-
tion ability (Nat >CI) diffuse more slowly, the result of a larger
hydrodynamic radius that leads to a more tightly bound hydra-
tion shell and, consequently, a weaker interaction between ion
and polyelectrolyte. 4344 Qur interaction energy profiles reflect
this observation, where the polyelectrolyte/ion interaction en-
ergy is generally weaker for Na™, leading to a higher polyelec-
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Fig. 3 Exponential fit (black) to the interaction energy profiles of poly-
electrolyte/surfactant combinations for the four systems studied for the
first monolayer deposition. A legend is provided for each system.

trolyte/solvent interaction energy (Fig. S15). Despite this, the
two fastest systems in our study have Na™* as the counter-ion for
the surfactant, as opposed to ClI'. This indicates that the prop-
erties of surfactants and polyelectrolytes dominate the observed
kinetics, at least at early growth stages in LbL assembly. Then
varying the type of counter-ion may be reserved for fine-tuning
kinetics. Studies of the ion effect on layer growth have reported
a complex interplay of different interactions,##4? indicating that
future computational work should investigate ion effects for en-
hanced LbL assembly tunability.

3.3 Master Equations towards Predicting Monolayer Struc-
ture

Structural characteristics of the deposited polyelectrolyte layer,
such as layer thickness, layer density, and water content, provide
tunable properties for capsule performance, as the chemistry of
the encapsulation material directly affects layer composition and
stability. Density profiles for each system (see Fig. S17) reveal
idiosyncratic polyelectrolyte layer properties, suggesting that the
influences of polyelectrolyte and surfactant are significant. We
find our calculated water content values range from 46% - 70%
(Table S5). This compares well to a study of LbL assembly in the
literature that reports the water content of two different monolay-
ers to be 63% - 66%.°% When more polar surfactants, like SDSn
and SDBS, are involved, the resulting polyelectolyte layer is thin-
ner than those with the DTAC surfactant (Fig. S17, Table S5).
However, this trend does not hold for the layer density. Moreover,
while water content has been found to have an influence on the
resulting layer thickness due to swelling, 4420
agreement between these metrics across our studied systems.

To elucidate these relationships, we sought “master” equations
that empirically relate monolayer structural properties to LbL as-
sembly dynamics and the inherent molecule characteristics at

there is a lack of
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constant polyelectrolyte, surfactant, and ion concentrations. Such
relationships could provide researchers with a quick filter for the
design of capsules with targeted properties. Therefore, we quan-
tify the relationships between (1) layer thickness and density and
(2) layer thickness and absorption kinetics, using a linear least
squares regression to fit our calculated data and derive Equations
[2]and[3] The resulting equation constants are independent of sur-
factant and polyelectrolyte type. Additional research should seek
to test the transferability of these equations at varying species
concentrations. Since the mechanisms for assembly have been
shown to vary with layer,*L these relationships are valid for layer
n=1.

3.3.1 Correlating Layer Thickness and Layer Density

Relating layer thickness to layer density, we account for variance
in the number of deposited polyelectrolytes, allowing us to cal-
culate layer density per molecule. This shows good correlation
between higher-density layers and smaller water content (Table
S5). Despite this reference shift, the relationship between layer
density and layer thickness is still weak. Molecular weight and
R have been shown to be important for LbL assembly, albeit for
stability.1® Leveraging this observation, we develop a linear rela-
tionship between polyelectrolyte layer thickness and layer density,
correlated through molecular weight with an R? value of 0.997
(see Fig. S18A):

Npoty X MW

p (tlayer) = T (122 14— 3'93tlayer) @)

Here, Ny, is the number of deposited polyelectrolytes, MW is the
polyelectrolyte molecular weight, and t;qy, is the layer thickness.

Physically, this relationship suggests that thinner layers have a
higher molecular density, but the final mass density is determined
by a scaling factor given in Equation [2| Therefore, although the
DTAC/PSS system gives the highest mass density polyelectrolyte
layer, its low molecular density results in a thicker layer. While
PSS, PA, and PAH each have a degree of polymerization of 16,
they have significantly different molecular weights (2949 g/mol,
1139 g/mol, and 932 g/mol, respectively). This explains the dif-
ficulties in correlating mass density with layer thickness. Our ob-
servations are verified by previous experimental work that has
indicated that polyelectrolyte layer thickness increases with in-
creasing molecular weight, 2223

3.3.2 Correlating Layer Thickness and Interaction Energy

Literature studies have indicated a relationship between absorp-
tion kinetics and layer structure,#14254 requiring further study
here.2 However, we find that the polyelectrolyte/surfactant in-
teraction energy, which defines absorption kinetics well, corre-
lates poorly with layer thickness. Rg has been shown in the lit-
erature to influence layer thickness, with larger polyelectrolytes
resulting in thicker bilayers.21*>> Leveraging this, we define a
dimensionless layer thickness, given by t4i, = tiqyer/Rg, to de-
rive a linear relationship between layer thickness and polyelec-
trolyte/surfactant interaction energy through Rg, exhibiting an
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Fig. 4 Orientation of layer n=1 in relation to the interface for each
system studied. A legend is provided to identify the different systems.

R2 value of 0.926 (see Fig. S18B):

Einterac
tlayer(Einteract) = Rg (266 - 70-40M) 3)
poly
Physically, this correlation suggests that, as the polyelec-

trolyte/surfactant interaction energy increases, the ratio of the
layer thickness to the polyelectrolyte Ry decreases. However,
layer thickness is determined by the polyelectrolyte Rg. Prelim-
inary investigation shows that PSS has the highest Rg, meaning
it has a higher inherent layer thickness than the other polyelec-
trolytes, leading to the thickest layer despite having a smaller di-
mensionless thickness than PA.

3.4 Chemical Origins of Polyelectrolyte Orientation
Although we have defined empirical relationships that provide
fast capsule design mechanisms, uncovering the root cause of
thickness in the capsule monolayers will be necessary to better
direct future work in this area. Previous work in the literature
has shown that the average orientation of the deposited polyelec-
trolytes relative to the surface/interface cross-section is related to
the compactness of the monolayer.2>

To capture this effect, we measure the degree of parallelism of
the deposited polyelectrolytes to the interface. Following meth-
ods provided in the literature,%? the angle between the interface,
which we take as the xy-plane, and the polyelectrolytes can be
related through the inertia tensor:

T ~1 (31' fl)
0 = — —cos —_— (€))]
2 [la1]]

Here, 11 is the unit vector in the z-direction, d; is the major eigen-
vector of the inertia tensor, and ||4}|| is the magnitude of this
eigenvector.

Polyelectrolytes perfectly aligned along the interface exhibit
0= 0. As expected, weaker polyelectrolyte/surfactant interaction
energies is correlated to worse alignment with the interface. The
DTAC/PA system is the most aligned, with an average 6 of 4.37°,
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while the SDSn/PAH system is the least aligned, with an aver-
age 6 of 1.84° (Fig. . However, the DTAC/PSS system deviates
from this trend, being the second most oriented, despite having
the second weakest interaction energy. We find that PSS tends
to disrupt the surfactant layer, evidenced by an overlap of 13.3 A
between the surfactant and polyelectrolyte layers (Fig. S17). In
comparison, the other systems have an average overlap of 7.6 A
between these layers. This unique ability of PSS, perhaps a re-
sult of the aromatic group’s ability to exhibit both hydrophobic
and hydrophilic interactions,>® leads to a higher than expected
orientation.

3.5 Chemical Origins of Interface Coverage

Surface coverage has implications for the encapsulated material,
since an exposed interface between the hexadecane and water
could lead to hexadecane loss during synthesis. The choice of
polyelectrolyte/surfactant system plays a role here, since surface
pattern and charge density have been shown experimentally to
control multilayer surface coverage and morphology.2Z A pre-
vious study of LbL assembly qualitatively showed that the first
monolayer is relatively evenly distributed across a fixed charged
surface.%® However, in the case of LbL assembly at an interface,
the charged surface is dynamic, meaning that the positions of the
deposited polyelectrolytes are less fixed than on a surface.

Measuring the distribution of void space in each system, we
find that systems with larger void fractions have higher poly-
electrolyte/surfactant interaction energies, except for PSS/DTAC,
which has a lower than expected void fraction (Fig. [A). Again,
PSS could play a role here, since the larger size of PSS cov-
ers more surface area than the smaller PAH and PA molecules
(Fig. ). In the case of the other systems, the higher polyelec-
trolyte/surfactant interaction energy leads to accumulation of the
surfactants around the polyelectrolytes, exposing holes in the in-
terface (Fig. ). This also results in a wider distribution of void
fractions, as the surfactants are more dynamic. In contrast, for
systems with weaker interaction energies, the surfactants accu-
mulate less often near the polyelectrolytes and can, instead, fill
the holes in the interface. This behavior results in a trade-off
between LbL absorption kinetics, layer thickness, and interface
control. This trade-off can be mitigated using surfactants with a
higher SAPM to better cover the interface, reducing the risk of
losing the encapsulated material.

4 Results and Discussion: Bilayer Assembly

To capture the unique mechanism of LbL assembly for different
layers,>!l we extend our study of LbL assembly absorption kinet-
ics and capsule structural to a bilayer system. We aim to quan-
tify effects not found in a single monolayer system, like polyelec-
trolyte/polyelectrolyte interactions and monolayer overlap. The
second dipping step for our capsules features the deposition of
the oppositely charged polyelectrolytes.

4.1 Interaction Energy as a Model for Absorption Kinetics

Assembly is again driven by ion-exchange between the
Na*/Cl" and the polyelectrolyte, albeit at the polyelec-
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Fig. 5 Void space at the interface for each system after the LbL assem-
bly of layer n=1. A. Distribution of void fraction in each system showing
average values, B. a snapshot of the void fraction for DTAC/PSS, C. a
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trolyte/polyelectrolyte interface for the second monolayer. Pre-
vious studies have demonstrated that the strength of interac-
tions between polyelectrolytes increases diffusivity, affecting layer
growth.”® Therefore, the interaction energy between the de-
posited polyelectrolyte and the depositing polyelectrolyte provides
a useful metric for estimating the absorption kinetics (Fig. S20).

Plotting the polyelectrolyte/polyelectrolyte interaction en-
ergy shows the emergence of three distinct trajectories (Fig.
[(): PAH/PSS pairings < PAH/PA pairings excluding the
DTAC/PA/PAH pairing < the DTAC/PA/PAH pairing. We fit Equa-
tion [1| to the average value of these groups in order to estimate
characteristic absorption time constants, .

mmm SDSN/PAH/PSS
mmm DTAC/PSS/PAH 1=36ns
mmm SDBS/PAH/PSS
SDSn/PAH/PA r=34ns
SDBS/PAH/PA -

—20% 20 40 60 80 100 120
Time, t (ns)

Interaction Energy, E; . . (kcal/mol/charge)

Fig. 6 Interaction energy profiles of polyelectrolyte/polyelectrolyte sys-
tems for the second monolayer deposition for the six systems studied.
Exponential curves (black) are fitted to each system showing similar be-
havior and trajectories. A legend is provided for each system, with the
corresponding T and Ejyerqct (o0) parameters for each exponential fit.

In general, the surfactant has little effect on the absorption ki-
netics at the second layer. Unlike the first monolayer deposition,
absorption rate does not follow the trend in hydrophobicity of the
polyelectrolyte. Instead, the second layer kinetics appear to be
driven by the compatibility of the polyelectrolyte pairs. PAH/PA
pairs have both faster kinetics and a stronger interaction energy
than PAH/PSS pairs. PA and PAH have similar functional group
sizes (2.4 and 2.5 A, respectively) as opposed to PSS and PAH
(6.1 and 2.5 A, respectively), indicating sterics may limit the abil-
ity of PSS/PAH to interact electrostatically. Overall, the absorp-
tion rates from this dipping step are similar to those from the first
monolayer, although the distribution of T values is narrower.

Compared to PAH/PA pairs with SDSn and SDBS, the absorp-
tion rate of DTAC/PA/PAH is nearly twice as fast. Moreover, two
more polyelectrolytes are deposited during the 100 ns simulation.
Counter-ions play an active role in this step, with each system
showing an increase in surfactant/ion interaction energy over the
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course of the dipping step (Table . This increase in interaction
energy follows a trend across surfactants (DTAC > SDBS > SDSn)
and polyelectrolyte pairs (PAH/PA > PAH/PSS), opposite to the
trends observed in polyelectrolyte/surfactant interaction energies
during the first monolayer deposition (Table Intuitively, if
the polyelectrolyte/surfactant interaction energy is weak and the
polyelectrolyte/polyelectrolyte interaction energy is strong, we
would expect the first layer to preferentially interact with the in-
coming polyelectrolyte layer, weakening its interactions with the
surfactant. Then, to compensate for this newly available charge
at the surfactant layer, a counter-ion would diffuse to the inter-
face. This donation of charge from counter-ions is known as ex-
trinsic charge compensation. As maintaining electroneutrality be-
tween polyelectrolyte layers becomes a more prominent driving
force, the resulting extrinsic charge compensation from counter-
ions reduces the importance of entropy on LbL assembly.22 This
has implications on the relative importance of entropic counter-
ion release on affinity between the polyelectrolyte layers as LbL
assembly progresses.

We calculate extrinsic charge (i.e., ions) as the fraction of ions
among the total charges within 10 A of the edge of the first mono-
layer (Table .59 As expected, the extrinsic charge fraction is
highest for DTAC/PA/PAH, verifying the uptake of counter-ions
to balance the charge at the surfactant layer. The PAH/PA pairs
also show an increased presence of ions within this defined layer,
compared to PAH/PSS. These results point to the importance of
ions to facilitate LbL assembly and the potential trade-off between
absorption kinetics for odd and even monolayers. Selection of
compatible polyelectrolytes and surfactants can help stabilize this
divergence in kinetics to provide a more controllable capsule syn-
thesis.

4.2 Master Equations towards Predicting Bilayer Structure

Similar to the first monolayer, the density profiles after the second
dipping step reveal the unique structure of each system (Fig. S21,
Table S6). The deposition of the second monolayer had only a
small effect on the first monolayer, manifested in terms of a small
increase in thickness (ranging from 0.1-2.9 A with an average of
1.0 A), a very small decrease in density (ranging from 0.0-0.04
g/cm® with an average of 0.01 g/cm3), and a decreased water
content (ranging from 3.1-9.1% with an average of 6.0%). This
shows that the first monolayer is stable during the second dipping

Table 2 Relationship between LbL assembly kinetics and different observ-
ables: Interaction energies, number of deposited polyelectrolytes, and
extrinsic charge fraction were taken at the end of the 100 ns simulation.
Poly = Polyelectrolyte.

System Poly/Poly In-  Surfactant/Ion In-  Extrinsic Charge
teraction Energy teraction Energy Fraction
(kcal/mol/charge) (kcal/mol/charge)

SDSn/PAH/PA  -9.3 -1.6 0.157

SDSn/PAH/PSS -4.5 0.8 0.134

SDBS/PAH/PA  -8.8 -4.5 0.211

SDBS/PAH/PSS -3.8 2.4 0.185

DTAC/PA/PAH  -18.1 7.5 0.278

DTAC/PSS/PAH -5.7 -3.8 0.248
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Table 3 Comparison of the bilayer properties for each polyelec-
trolyte/surfactant system studied. Average values are provided for ori-
entation and void fraction. Distributions for each system are provided in
the SI (Fig. S22 and S23).

System Layer Over-  Total Thick- Average Average Void
lap (A) ness (;\) Orientation Fraction
SDSn/PAH/PA 6.43 18.12 3.32° 0.115
SDSn/PAH/PSS 7.55 25.72 6.73° 0.059
SDBS/PAH/PA 6.07 21.01 7.22° 0.080
SDBS/PAH/PSS  7.58 30.26 6.99° 0.064
DTAC/PA/PAH 15.24 21.63 3.91° 0.025
DTAC/PSS/PAH 10.06 29.86 12.28° 0.008

step and the newly deposited polyelectrolytes tend to displace
water molecules or build on top of the first monolayer.

In all cases, the PA/PAH pairing results in a thinner bilayer
than the PSS/PAH pairing, regardless of the order of the poly-
electrolytes (Table [3). This is consistent with experimental liter-
ature where PSS/PAH bilayers have been reported to be thicker
than PA/PAH bilayers at a neutral pH.4%43 This is expected since
PSS has a larger Ry than PA. However, the favorable interactions
between the PA and PAH polyelectrolytes may also play a role in
this behavior. Bilayers with SDSn are noticeably thinner than the
other surfactant systems, suggesting that the strong interaction
energy between SDSn and polyelectrolyte may have an influence
that persists beyond the first monolayer.

Experimental evidence shows that higher salt concentration re-
sults in thicker monolayers.>30%61 we observe this phenomenon
locally during the second monolayer deposition. Comparing sys-
tems with the same polyelectrolyte pairings, with the exception
of the DTAC/PSS/PAH system, those with higher extrinsic charge
fraction have thicker second monolayers. This uptake of ions,
in addition to the first monolayer morphology, 213262 appears to
play a role in subsequent monolayer structure and thickness. For
example, both DTAC systems have a markedly higher layer over-
lap than the other systems. For the DTAC/PA/PAH system, which
exhibits the highest extrinsic charge fraction, overlapping layers
make up over 70% of the total bilayer thickness. For SDSn and
SDBS systems, the layer overlap for the PA/PAH and PSS/PAH
pairings are similar, regardless of surfactant, and increases with
overall bilayer thickness.

These results indicate that the surfactant has an influence be-
yond just direct electrostatic interactions in the first monolayer. At
least for polyelectrolyte bilayers formed during LbL assembly, use
of SDSn results in thinner bilayers and more uniform monolay-
ers, while DTAC results in thicker bilayers with higher monolayer
overlap. Generalizing this trend, we find that surfactants with a
more polar and localized head-group charge form more uniform
layers and thinner capsules at early stages in LbL assembly. This
observation should be investigated further to verify its generality.
Once verified, this could be leveraged to help optimize capsule
performance.

4.2.1 Correlating Layer Thickness and Interaction Energy

In comparison to a polyelectrolyte monolayer, a bilayer exhibits
increased complexity due to overlap between the first and second
monolayers. Moreover, structure of the second layer will be de-
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pendent on the first layer.2l' Therefore, we derive a relationship
between layer thickness and absorption kinetics, this time taking
into account both the first and second monolayers. The result is
shown here, following the example from Equation |3|and exhibit-
ing an R? value of 0.875 (see Fig. S19).

Tiayer,1
llayer,Z (EinteraCl) = Rg,2 (|:5-47 - ;yer ] - 0-35Eimemcz) )

8,1
h Einteraci, 1 EinteracI,Z
where, Einteract =
Npoty.1 Npoly2

Here, the subscript 1 or 2 denotes the layer number and Ej,erger
represents the interaction energy between the depositing poly-
electrolyte and the layer on which it is being deposited. This
correlation suggests that both (1) the interactions between all
three layers of molecules and (2) the thickness of the first mono-
layer play a role in the resulting second monolayer thickness. As
was the case with Equation [3] this correlation is valid at constant
species concentrations. It is important to note that this correlation
does not predict layer overlap and, therefore, cannot predict total
bilayer thickness. Nevertheless, Equations [3| and [5| together pro-
vide a powerful tool for estimating early-stage multilayer growth.

4.3 Chemical Origins of Polyelectrolyte Orientation

Insight into the orientation of the deposited polyelectrolytes
shows that the growth of the bilayer tends to lead to a rough
surface. This growth behavior has been observed in a similar
computational study of polyelectrolyte multi-layers.’2 In the case
of this second layer, the average misalignment with the interface
ranges from 3.3° for SDSn/PAH/PA to 12.3° for DTAC/PSS/PAH
(Table [3). This is a significant increase from the small range
(1.8° to 4.4°) we observed for the first monolayer, but agrees
with experiments that report increasing surface roughness with
multilayer thickness.?l. We observe that polyelectrolytes tend to
deposit on top of the first monolayer, resulting in a build-up of
misalignment for subsequent layers. We also find that PA/PAH
pairs tend to exhibit more alignment than PSS/PAH pairs, show-
ing an average misalignment of 4.8° compared to 8.7°. Again,
this could be a result of better steric compatibility between the
PA/PAH pairing than the PSS/PAH pairing. Despite this general
trend, exceptions are also observed, suggesting that the relation-
ship between alignment and system extends beyond simple poly-
electrolyte/polyelectrolyte pairings.

4.4 Chemical Origins of Interface Coverage

Similar to the first monolayer, we find that bilayer systems with
PSS tend to have smaller void fractions (Table , either due to
the size of PSS or the favorability of PAH/PA to bind more closely
together. Compared to the first monolayer, four of the six sys-
tems decrease in void fraction, showing additional layers tend
to improve surface coverage, agreeing with reports in the liter-
ature.2203 However, divergent behavior from two systems indi-
cates the dynamic surface and its interactions with the polyelec-
trolyte layers play an important role in early-stage capsule for-
mation. We also find that, in general, the void fraction follows
the order SDSn > SDBS > DTAC, which is inversely correlated
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with the extrinsic charge fraction after the second dipping step.
Additional ions present in the DTAC systems may spread out the
polyelectrolytes, rather than being tightly bound with the poly-
electrolytes of the previously deposited layer. This points to the
sustained influence of the surfactant for bilayer, and potentially
multi-layer, systems.

Overall, the result is a trade-off between alignment of the poly-
electrolytes and the coverage of the interface. The data in Fig.
emphasize this by showing the bilayer and surfactant layer struc-
tures for the two most extreme cases - DTAC/PSS/PAH (Fig. )
and SDSn/PAH/PA (Fig. ). DTAC/PSS/PAH is characterized by
high surface roughness and layer overlap, but high interface cov-
erage. Conversely, SDSn/PAH/PA is characterized by layer unifor-
mity, but low interface coverage leading to exposure of the encap-
sulated material. During the design of capsules via LbL assembly,
researchers should aim to find the optimal balance between min-
imization of lost encapsulated material and more uniform cap-
sules, caused by a smaller void fraction and more aligned layers,
respectively.

4.5 Polyelectrolyte Multilayer Stability

Finally, stability of polyelectrolyte multilayers is an important
consideration.?? For one, decreasing interfacial tension helps im-
prove stable emulsion formation.®# Increasing interfacial thick-
ness has been shown to decrease interfacial tension, providing
an easy metric to validate our data against.24 With the exception
of the DTAC systems, the PAH/PSS pairings exhibit thicker inter-
faces, suggesting more stable emulsions (Fig. S21). Encapsu-
lation helps stabilize the emulsion,? making these considerations
important at early-stage layer growth when full encapsulation has

A. DTAC/PSS/PAH B. SDSn/PAH/PA

z-axis
z-axis

y-axis
y-axis

x-axis x-axis
@ Surfactant @ Polyelectrolyte @ Polyelectrolyte
O Void Space Layer 1 Layer 2

Fig. 7 Comparison of the structure of the bilayer and surfactant layer for
A. DTAC/PSS/PAH and B. SDSn/PAH/PA. A side view (top) shows the
thickness and uniformity of the layers and a top view (bottom) shows the
coverage of the interface. A legend is provided for the coloring scheme.
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not been achieved. Additionally, higher hydrophobicity within the
polyelectrolyte layers reduces desorption of polyelectrolyte into
the bulk solution, improving capsule stability.2? Following the
trend in hydrophobicity of PAH >PSS >PA, the PAH/PSS pair-
ing would offer better stability in this regard. Our computational
work supports this observation, showing higher overlap, with
the exception of the DTAC systems, and reduced void fraction
for these pairings. (Table [3) Higher molecular weight polyelec-
trolytes also offer higher wear stability;®2 adding to the favorable
properties of the PAH/PSS pairing. The exceptional properties
of systems with DTAC warrant further research on LbL assembly
with this surfactant.

Beyond the scope of our work, factors like alkyl tail length20le0
and number of alkyl tails®!'improve emulsion stability. In the case
of alkyl tail length, surface tension is reduced by increasing the
interface thickness and increasing the hydrophobic interactions
near the interface.”? Regarding the number of alkyl tails, addi-
tional tails increase surfactant hydrophobicity and reduce contact
between the water and oil phases, increasing stability.*L Finally,
although we selected the lowest energy SAPM of the surfactants
(ESI, Fig. S2), SAPM can also be tuned to control contact between
phases at the interface. Future work should focus on elucidating
this indirect molecular-scale relationship between emulsion sta-
bility and LbL assembly, complementing our study of the direct
relationship that arises from molecule charge-structure charac-
teristics.

5 Conclusions

Recent literature has highlighted the lack of knowledge regarding
the interactions that govern LbL assembly, particularly in the area
of absorption kinetics, identifying a need for physico-chemical in-
sight.32 Computational studies have uncovered molecular-level
insight of LbL assembly, but are limited to single polyelectrolyte
pairings on a solid substrate.24%20 Experimental studies have
shown the ability to tune multilayers through varying building
block molecules, but have limited insight into the molecular
mechanisms at play.224054 We bridge the gap here, performing
all-atom MD simulations of LbL assembly using different combi-
nations of polyelectrolytes and surfactants to derive quantitative
relationships between molecule properties, absorption kinetics,
and multilayer structure. Overall, we provide considerable in-
sight into the kinetic and structural characteristics of the system
and, beyond that, towards a more optimized synthesis of capsules
for applications in nanomaterials.

In agreement with the literature, we explicitly show that LbL
assembly is entropically driven by the exchange of smaller, mobile
counter-ions with larger, less mobile polyelectrolytes. 2243144 we
find that faster absorption kinetics is correlated with higher poly-
electrolyte/surfactant interaction energies, a result of higher hy-
drophobicity in the polyelectrolytes and more polar and charge-
localized head groups in surfactants. We observe that the kinetics
follow the trend: SDSn > SDBS > DTAC and PAH > PSS > PA.
In the second dipping step, we find that, in general, the poly-
electrolyte pairings determine the absorption kinetics, regardless
of surfactant or polyelectrolyte order. PAH/PA has faster kinetics
and a stronger interaction energy, likely due to their steric com-
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patibility as a result of similarly sized functional groups.

This work derived previously unknown correlations indepen-
dent of surfactant and polyelectrolyte type. We find (1) layer
thickness is correlated to number density of a deposited polyelec-
trolyte through its molecular weight and (2) layer thickness is cor-
related to polyelectrolyte/surfactant interaction energy through
Rg. This second correlation answers a direct call from the litera-
ture to relate absorption kinetics and layer structure.2

We find increased polyelectrolyte alignment and reduced
interface coverage for systems that show higher polyelec-
trolyte/surfactant interaction energies, with the exception of PSS.
Deviation from this trend may be due to the large size of PSS
or because its functional groups disrupt the surfactant layer
due to aromatic interactions. Systems with smaller polyelec-
trolyte/surfactant interaction energies during the first dipping
step had an increased extrinsic charge fraction from ions building
up near the interface. This tends to lead to higher layer overlap
but improved interface coverage. PA/PAH pairings were found
to have thinner bilayers, likely due to its smaller Rg than PSS
and the steric favorability of the PA/PAH polyelectrolyte pairing.
This trend is in agreement with experimental studies.4%43 These
pairings also exhibited higher alignment within the second layer,
but reduced interface coverage compared to the PSS/PAH pair-
ing. Again, surfactants like SDSn with more polar and localized-
charge head-groups lead to thinner layers and less layer overlap
than other surfactants, DTAC in particular.

Finally, our discussion on the relationship of selected molecu-
lar properties with absorption kinetics and capsule structure is not
exhaustive and its limitations on scope should be noted. Notably,
although interaction energies provide an empirical characteriza-
tion of intermolecular interactions, they are composed of numer-
ous simultaneous factors. This includes, to name a few, hydro-
gen bonding, charge transfer interactions, coordination interac-
tions, and 7 — & interactions.=2 So, while our derived conclusions
show a correlation between the combined effects of these factors
and the resulting layer structure, more fundamental relationships
could be uncovered by future work to tease out the relative im-
portance of each contributing factor. The effects of degree of poly-
merization of polyelectrolytes,©Z Hofmeister Series compatibility
between ions,4? and the surfactant alkyl tail properties discussed
earlier add further complexity, offering a rich variety of additional
opportunities for further study.

Overall, the thinner and more uniform layers resulting in
the SDSn/PAH/PA system are good candidates for encapsulated
nanomaterials, but have a risk of loss of the encapsulated mate-
rial during the early synthesis stages. Future research should aim
to mitigate this trade-off, perhaps through optimization of addi-
tional system properties such as ionic concentration, solvent, or
pH. In-depth investigation of additional surfactants and polyelec-
trolytes can provide more nuance to the conclusions of this study.
Future computational work should investigate growth, structure,
and capsule properties (e.g., thermal conductivity for thermal en-
ergy storage) of systems with more layers. This work provides
a foundation on which future experimental and computational
work could build to improve capsule design.
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