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Detailed Review of Background Literature

Previous Computational Work

Computational studies of the LbL assembly of capsules formed at interfaces are scarce.
However, related studies have used MD to investigate oil/water interfaces,' surfactants,*
and polylectrolyte solutions.” There have also been studies of assembly on surfaces: LbL
assembly onto a surface using polymer “bead” models®® and LbL assembly onto a surface
using explicit, all-atom models. 113 Simulation studies of surfactants at an oil-water interface
reveal significant hydrogen-bonding between the water and the surfactant’s head group,
along with an increased interfacial thickness due to a vertical orientation of the hydrophobic
tail.® Polarity of the surfactant was found to significantly influence interfacial thickness,
interaction energy between the surfactant and water, and interface formation energy (IFE).?
The polarity can be tuned in these surfactants using different functional groups like oxygen,

benzene, and oxyethyl groups.® The effect of surface area per molecule (SAPM) on the IFE
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also reveals the nature of the relationship between selected surfactants and the resulting
surface charge,® which has implications on capsule assembly.

A “coarse-grained” model of LbL assembly provides insight into the electrostatic be-
haviour of polyelectrolytes during assembly.® While this study is limited to consideration
of a solid surface rather than the fluid interface considered here, it reveals that the behav-
ior of the deposited monolayers varies between the first monolayer and subsequent layers,?
highlighting the role played by the charged surface. Additionally, significant surface rough-
ness and layer overlap is observed, leading to non-uniform multilayers.® Finally, previous
all-atom simulations revealed important structural insight into LbL assembly that could not
have been obtained otherwise. %1213 This includes absorption dynamics,!® the density pro-

10,12

files of resulting polyelectrolyte layers, and the role of water content on electrostatic

behavior.'® In all cases, these studies are limited to a single polycation/polyanion pair.

Layer-by-Layer Assembly

Encapsulation of materials begins with formation of an oil-in-water emulsion using surfac-
tants to form oil droplets. These droplets can be reduced in size through an external energy
input in order to improve the surface area to volume ratio.!* Once formed, the capsule
material can be added to the emulsified solution for encapsulation. Polymer capsules are
the most common, since they offer a good balance of strength and flexibility, despite their
low thermal conductivity. Inorganic capsules have also been used; they have high thermal
conductivity but are brittle.!* In this regard, layer-by-layer (LbL) assembly offers a unique
method to incorporate the benefits of both capsule materials through synthesis of multi-
functional shells. 517

The LbL assembly technique is based on the iterative assembly of oppositely charged
molecules, allowing for different combinations of polymers and particles leading to high
6

tunability of capsule properties.*

Experimentally, LbL: assembly is carried out by consecutive steps of “dipping and wash-



ing.” An oil-in-water emulsion is generated using a charged surfactant, creating a net charge
around the oil. Next, the emulsified oil is “dipped” in an oppositely charged polyelectrolyte,
leading to the electrostatically driven deposition of the first monolayer. The solution is
then “washed,” meaning the excess polyelectrolyte is removed from solution to ensure they
do not interact with the oppositely charged polyelectrolytes used for the impending second
layer formation. Once the excess polyelectrolyte has been successfully removed, the pro-
cess is repeated, with a second dipping step.!® While the primary driver of LbL assembly
involves harnessing electrostatic interactions, other interactions play a role, such as hydrogen-
bonding, covalent bonding, base-pair interactions, guest-host interactions and hydrophobic
interactions.® As a result, insight into improved properties of capsule materials could help
steer future research and development of functionalized encapsulated nanomaterials.

To date, a number of experimental studies have investigated LbL assembly for encapsula-
tion using a diverse range of surfactants, polyelectrolytes, and encapsulated materials. 1820722
While selection of these materials, as well as system conditions, including pH, salt content,
and solvent, have an effect of the resulting capsule properties, more research is needed to
establish the fundamental factors that lead to specific functional attributes in multi-layered
emulsions.?® In particular, research should focus on the design of multi-functional capsules
with enhanced thermal conductivity through methods such as LbL assembly.'* In this re-
gard, computational approaches have been described in literature as an important player in
prediction of properties and performance of capsules based on the materials used during LbL

assembly., 16:19:24

Justification for Computational Details

Force Field Parameters

While we used the Optimized Potential for Liquid Simulations (OPLS) as our force field, some

parameters for sulfonate and benzesulfonate groups were not natively included in OPLS and



were drawn instead from the literature.?* 2 All bonds, angles, dihedrals, and Van der Waals
parameters taken from literature were reported, in their original sources, to be consistent
with the OPLS force field. While charges for the benzenesulfonate group were originally
derived for use with the CHARMM force field, they were developed in a manner consistent

q25,30

with charge parameterization in OPL and are similar in magnitude to OPLS charges

of related groups.2¢:31

Long-Range Interactions Solver

In our study, we used a long-range Coulombic potential coupled to a Particle-Particle
Particle-Mesh (PPPM) solver to describe longer-ranged interaction beyond 10 A .32 Use of
a solver like PPPM helps capture long-ranged electrostatic behavior in the system. While
similar studies used the smooth Particle Mesh Ewald (PME) method,'®1%13:3! this method
is not native to LAMMPS, which guided our choice. The PPPM method is computation-

33735 and more similar to PME than the alternatives.?® An accuracy in

ally less intensive
the relative root mean square error per-atom forces of 1.0E-4 was specified. Grid size is set

automatically within LAMMPS, consistent with the accuracy and pairwise cutoff.

Ionic Concentration

Salt concentration has a significant effect on layer growth behavior, with high salt concen-
trations resulting in reduced effective polyelectrolyte charge and, consequently, non-linear
growth with respect to layer number.3” This screening of charges causes the polyelectrolytes
to coil in solution, leading to thicker layers.?®3? Moderate salt concentrations may bias
polyelectrolytes against forming free solvated complexes in favor of forming polyelectrolyte
multilayers.*’ A transition from exponential to linear growth has been observed at a salt
concentration of 0.5 M, below which linear growth, with respect to layer number, occurs.*!
Importantly, adding salt during LbL. assembly of low molecular weight polyelectrolytes, such

as those used in the present study, was shown to reduce mass loss during assembly. 42
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We used a salt concentration of 0.15 M NaCl as additional ionic concentration in the
polyelectrolyte solution. Its role was to facilitate a more linear LbL. assembly, and its value
fell within the range typically used in the literature.'*?! A salt concentration of 0.15 M
NaCl has been demonstrated successfully for PSS/PAH and PAA/PAH pairings, showing its
applicability to our studied systems.*® Near 0.1 M NaCl, polyelectrolyte growth is neither
linear nor exponential, but instead can be fitted reasonably well by a parabolic curve.*!
More linear growth is desirable for the controlled growth of capsules. Water was used as the

solvent for the polyelectrolyte solution and washing step. Structures for the surfactants and

polyelectrolytes used in the study are provided in Figure S1.

System Setup Methods and Results

Interface Verification

Prior to any of the main LbL assembly simulations, we perform preliminary analyses to
validate the system’s behavior, define simulation parameters, and characterize molecular
properties. To validate system behavior, an interface between hexadecane and water is
generated to compare bulk densities and interface width with experimental observations.
We generated a box of size 40 A by 40 A by 100 A and packed it with hexadecane and
water phases of size 40 A3, side-by-side. Since we only desire one interface and fixed z and
y dimensions, a 40 A by 40 A by 20 A slab is left empty at the outside of the system.
This leaves a vacuum buffer between the phases in a periodic system, while also allowing for
corrections in the density of the phases.

The system undergoes a short energy minimization for up to 1 ps, followed by a 2 ns
system relaxation period using an NVT ensemble. An additional 5 ns simulation in an
NVT ensemble was then used to gather data and calculate properties. Bulk densities were

calculated by finding the average density of the water and hexadecane phases at positions



far removed from the interface. The interface width has been calculated in the past for
liquid-vapor interfaces using the “10-90” thickness rule which aims to define the distance
between the positions where the density varies from 10% to 90% of its bulk density.** In the
case of an interface featuring two different bulk liquids, this approach can be modified to
the “90-90” thickness rule where the interface thickness is defined as the distance between
the positions where each liquid is 90% of its bulk density.* The interfacial density profile for

each phase can be fitted using a hyperbolic tangent function. %4
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1 _
pi(z) = oPbulki — prulk,itanh ((zf‘lzo)> (1)

Here, pyur,i is the bulk density for the liquid ¢, 2 is the axial position, zj is the Gibb’s dividing
surface, and d is related to the interface thickness (t) of the liquid. The two-phase interface

thickness can be calculated using these density profiles:
t1’2 = Z(pl = 09) - Z(pg = 09) (2)

Experimental and theoretical values are provided in Table S1. Deviation between the
experimental and theoretical bulk densities are 1.7% and 0.2% for hexadecane and water,
respectively, indicating the dynamics are well modeled by our MD system. While the de-
viation for the interface width is larger, the calculated interface width is sensitive to the
selected boundaries of the interface. For example, increasing the interface boundary to the
position where 95% of the bulk density is achieved, the calculated interface width changes to
6.1 A which sits in the range of the measured width. Based on this observation, we deem the
interface width to be in fair agreement with experimental values and feel that the validation
is sufficiently encouraging to proceed with the MD simulations as modeled.

For density profiles that involve surfactant or polyelectrolyte molecules, the thickness
of those layers are determined by again modifying the “10-90” thickness rule and using a

“10-10” thickness rule to demarcate the layer boundaries.



Table S1: Comparison of experimental and MD-derived bulk densities and interface width for a
water /hexadecane interface.

Observable MD Simulation Experimental

Water Bulk Density (g/cm?) 0.995 0.997

Hexadecane Bulk Density (g/cm?) 0.760 0.773

Interface Width (A) 4.8 5.55 (calc.), 6.0 & 0.2 (meas.)

Surfactant and Polyelectrolyte Structures
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Figure S1: Structures of the polyelectrolytes and surfactants studied in the LbL assembly of
nanomaterial capsules. Surfactant polarities and polyelectrolyte radii of gyration are provided;
their calculation is described below in the SI. Each molecule is paired with a counter-ion that is the
opposite charge of its head-group. This counter-ion is exchanged with depositing polyelectrolyte
during LbL assembly, also the opposite charge of the surfactant head-group.

Interface Formation Energy

Determination of the requisite number of surfactants at the interface was important because
it defines the surface charge, which influences the overall LbL. assembly. The number of
surfactants at an interface is often defined using the surface area per molecule (SAPM).
Surfactants act as a intermediary at an oil/water interface, modifying the interfacial proper-

ties such as decreasing interfacial tension.? The average intermolecular interactions arising



from adding a surfactant to an interface can be characterizing using the interface formation
energy (IFE).*® This can be interpreted as the energetic stability provided by a surfactant

that bridges between immiscible liquids:

Etotal - (TL X Esurfactant + Einterface)
n

IFE = (3)

Here n is the number of surfactant, while Eital, Esurfactant, and Einterface are the total
system energy, energy of one surfactant, and energy of the interface without surfactants,
respectively. We specify the number of surfactants at our surfactant-mediated interface by
determining the most favorable IFE resulting from optimized SAPM.6

IFEs were evaluated at SAPMs between 20-80 A2 at an average interval of 4 A2, For
each SAPM, three simulations were required: (1) the interface with surfactants, (2) the in-
terface with no surfactants, and (3) the surfactant alone.® For the interface with surfactants,
the surfactant layer was generated by first optimizing the surfactant molecule in Density
Functional Theory (DFT). Then, a 7x7 lattice of surfactants was generated based on the
required SAPM, defining the required cross-sectional area of the simulation box. We used
an axial dimension of 120 A with the surfactant layer placed at the centre of the box. The
hexadecane phase was packed into a 40 A slab with the hydrophobic tail of the surfactant.
The water phase was packed into a 40 A slab with the hydrophilic head-group of the sur-
factant and included a 0.15 M ionic concentration of NaCl, important for the ion exchange
during the LbL assembly. For both systems, a slab of 40 A was left empty at the outside of
the box to ensure that a second interface does not form.

The interfacial system without surfactants was set up similarly, based on the cross-
sectional area required by the SAPM. For the surfactant, the DFT-optimized molecule was
placed in the center of a 100 A3 box. The surfactant-mediated interface was simulated fol-
lowing methodology adapted from the literature.® After a short minimization period of no
more than 1 ps, the system was run under an isothermal NVT ensemble for 0.2 ns, con-

straining the molecules constituting the water phase and the head-groups of the surfactants.



Initial packing of the hexadecane phase is high-energy due to the long molecules, so fixing
the polar phase allows the hexadecane molecules to relax faster. The constraints were then
removed and the simulation was performed for 30 ns in an NVT ensemble. The interfacial
systems without surfactants were simulated with a 1 ps minimization period followed by a 30
ns NVT ensemble MD simulation. For the surfactant system, due to the small system size,
we used a 1 ps minimization period, followed by a 100 ns simulation in an NVT ensemble.
For the IFE calculations, we discarded data for the first 15 ns of the NVT MD simulation
to allow the system to relax in the surfactant-mediated interfacial system. Uncertainties in
the data were taken into account using standard error estimations.*6

Results from our evaluation of the IFE at different SAPMs for each surfactant corrob-
orated previous studies, showing that increased surfactant head-group polarity leads to a
higher IFE.® Polarity was determined from DFT calculations, providing the dipole moment
of the surfactant. The most polar surfactant, SDBS, has a minimum IFE of -96.9 kcal /mol,
while the least polar surfactant, DTAC, has a minimum IFE of -75.8 kcal/mol (Table S2).
Moreover, this trend in IFE persisted regardless of SAPM. However, we found that the re-
lationship between polarity and interface width did not hold. Instead, we found that the
water /hexadecane interface width was related to the length of the surfactant, determined

using DFT, and the size of the counter-ion (Na = 1.02 A, C1 = 1.81 A).*"

Table S2: Calculated properties for the three surfactants studied in the LbL assembly. In the
case of DTAC, three SAPMSs were noted since they are statistically indistinguishable.

Property SDBS SDSn DTAC
Minimum IFE (kcal/mol) -96.91 £+ 0.72, -86.15 £+ 0.65 -75.84 + 0.50
-96.46 £+ 0.56,
-96.40 £+ 0.62
Corresponding SAPM (A2 /surfactant) 37.8, 52.0, 64.0 64.0
64.0
Polarity (a.u.) 13.50 10.99 3.00
Interface Width (A) 18.25 14.0 17.75
Surfactant Length (A) 21.327 17.595 18.281

The relationship between IFE and SAPM is provided in Figure S2. For smaller SAPMs,

steric hindrance caused surfactants to be ejected from the interface into the water phase.
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Figure S2: IFE versus SAPM for the three surfactants studied. For each surfactant, a dashed
horizontal line indicates the minimum IFE along the curve, indicating the most energy-favorable
SAPM. We show both the average and standard error are and provide a legend.

In those cases, estimates for the IFE were based on data prior to this occurence (2-5 ns).
For all stable interfaces, data was taken from 15-30 ns, giving sufficient time for the system
to relax. Both SDSn and DTAC show a single minimum IFE exists at an SAPM of 64.0
A2 /surfactant. At lower SAPMs, repulsion between surfactants leads to a bulging of the
interface. At higher SAPMs, holes begin to develop in the interface, leading to unfavorable
interactions between the oil and water phases. An example of this behavior for the SDBS
system is provided in Fig. S3. The analogous curve for SDBS, however, exhibits three
statistically significant minima at SAPMs of 37.8, 52.0, and 64.0 A2 /surfactant. Here, the
benzene ring in the head-group allows the surfactants to pack together more closely under
higher concentrations of surfactants. While not within the scope of this study, this unique
ability of SDBS to adjust to surfactant concentration has important implications for tuning

charge density and, ultimately, layer thickness in the synthesis of capsules. To maintain
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consistency in the subsequent simulations, a SAPM of 64.0 A2 /surfactant is used for all
surfactants since each surfactant exhibited a minimum at this concentration. The density
profile of each surfactant system at a SAPM value of 64.0 A2 /surfactant is provided in Figs.

S4-S6, with the interface widths from each system provided in Table S2.
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Figure S3: Snapshots of the SDBS-mediated interface at different SAPMs: A. SAPM = 24 A2
(front); B. SAPM = 64 A2 (front); C. SAPM = 24 A2 (side); D. SAPM = 64 A? (side). A SAPM
of 24 A? results in significant deformation of the interface that would inhibit LbL assembly. Color
key provided in the top left hand corner of the figure.
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Figure S4: Density profile for a water/hexadecane interface with SDBS. The surfactants lie in-
between the water and hexadecane phases, helping to bridge the two distinct liquid phases. The
counter-ions accumulate in the water phase near the head-groups of the SDBS molecules. Color
key as shown in the inset.

Polyelectrolyte Properties

Preliminary simulations of the polyelectrolyte solutions were used to characterize their diffu-
sivity and radius of gyration (R,) for comparative purposes, as well as to define the number
of repeating units that was necessary to use. Due to the large conformational space occupied
by the polyelectrolytes, five replicates were performed to capture deviations in the calculated
properties. Starting conformations for the polyelectrolytes were determined by placing the
polyelectrolyte molecule in the centre of a 150 A3 box, performing a 1 ps minimization, run-
ning for 10 ns in an NVT ensemble, and then taking the instantaneous conformation every
2 ns starting at the 2 ns mark. We evaluated polyelectrolytes with a degree of polymeriza-
tion between 4 and 32. Starting seeds were placed in the center of a simulation box ranging
from 50 - 100 A3, depending on the length of the polyelectrolyte, and packed with water at

an ionic concentration of 0.15 M NaCl. Each simulation was run for a 1 ps minimization
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Figure S5: Density profile for a water/hexadecane interface with SDSn. The surfactants lie in-
between the water and hexadecane phases, helping to bridge the two distinct liquid phases. The
counter-ions accumulate in the water phase near the head-groups of the SDSn molecules. Color
key as shown in the inset.

period, followed by a 30 ns NVT simulation. R, was computed using the native function in

LAMMPS; it is the root mean squared distance of each atom from the molecule’s center of

1mass:

R§ = % Zmi(ri — Tem)? (4)
i
Here, r; is the position of each atom i, r., is the position of the centre of mass, and M
is the total mass of the polyelectrolyte. Diffusivity was calculated by relating Fick’s law
of diffusion to the microscopic movements of the molecules through their mean squared
displacement (MSD), which describes the motion of atoms in space over time.

MSD = 2dDt (5)

Here, d is the number of dimensions, D is the diffusivity, ¢ is the time period, and the
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Figure S6: Density profile for a water/hexadecane interface with DTAC. The surfactants lie in-
between the water and hexadecane phases, helping to bridge the two distinct liquid phases. The
counter-ions accumulate in the water phase near the head-groups of the DTAC molecules. Color
key as shown in the inset.

MSD is given as:

MSD = {(r = r0)") = 1 3 ((ralt) = ra(0))) ©

n

N is the number of the number of atoms and r,, denotes the atomic position of atom n. For
our systems, we track the position of the center of mass of the polyelectrolyte to characterize
the diffusivity. Furthermore, we use multiple time origins that combine and average samples
throughout the simulation to help smooth the trajectory.?® This is recognized as the most
accurate way to determine the diffusivity. Then, Equation 6 can be rewritten as follows:

Ny

MSD(t) = 1= 3 (eomlto + 1) — rem(t0))) (7)

t to=0
Here, N, is the number of time origins for a given simulation length and %, is the time

origin. Pragmatically, the diffusivity, D, can be determined by finding the slope of the plot
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of MSD versus time.

In polyelectrolyte solutions, R, has been shown to be influenced by the salt concentration
and the degree of polymerization, which, in turn can affect the deposited polyelectrolyte
layers. ' Moreover, in cases where the polyelectrolytes adopt an extended conformation in
solution, the polyelectrolytes tend to absorb flat to the absorbing surface, meaning that the
thickness of the interface depends on the thickness of the molecule.?® For those reasons, we
calculate the R, to relate the polyelectrolytes to layer thickness. Further, we also use the
R, to select the degree of polymerization for the polyelectrolytes. Similar studies have used
a degree of polymerization ranging from 12-30.1%1213 However, justification for selection of
these values is typically not provided. We select our degree of polymerization by minimizing

computational expense, while ensuring that the polyelectrolyte was long enough to exhibit

flexibility.
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Figure S7: R, values for each polyelectrolyte as a function of degree of polymerization. Both the
average and standard error are shown; legend provided in the inset.
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R, values for each polyelectrolyte studied here are provided in Figure S7. In each case,
R, increases with the degree of polymerization. Although there is slight overlap in R, for
different polyelectrolytes due to uncertainty, in general, R, follows the trend: PSS > PAH
> PA. A noticeable increase in the error from a degree of polymerization of 12 to 16 can be
explained by the increased flexibility of the polyelectrolyte in solution for the larger length.
That is, at a degree of polymerization of 16, the polyelectrolytes are able to sample a larger
conformational space and therefore behave more similarly to the higher molecular weight
polyelectrolytes that are used in experimental systems. Thereafter, we used a degree of
polymerization of 16 throughout our study.

The diffusivity of each polyelectrolyte in solution indicates the ability of the polyelec-
trolyte to effectively diffuse through the solution to the interface for assembly. Due to large
uncertainties we observed in the calculated diffusivities, we provide estimates of these val-
ues by fitting an exponential curve to a plot of diffusivity versus degree of polymerization.
This fit was found to represent the data reasonably well (Fig. S8-S10). Diffusivity values
for each polyelectrolyte reveal an inverse relationship with R, where diffusivity increases
with decreasing R, following the trend: PA > PAH > PSS. Table S3 shows the calculated

properties for each polyelectrolyte at a degree of polymerization of 16.

Table S3: R, and diffusivities calculated for the three polyelectrolytes studied in the LbL assembly.

Property PSS PAH PA
R, (A) 9.63 + 0.51 8.86 + 0.33 7.14 + 0.43
Diffusivity (10°% cm?/s) 2.85 3.21 3.93

17



14

- Linear: D=-0.17N,,,,+6.21

““““ Exponential: D=6.16exp(-0.0481N,,,,)
t+— PSS Diffusivity, D

[uny
N

[y
o

o]

)]

S

Diffusion Constant, 10° c¢cm? /s

N

% 5 10 15 20 25 30 35
Polyelectrolyte Length, N,,,,

Figure S8: Estimation of the diffusivity of PSS, comparing linear and exponential fits to the raw
data. The exponential fit was used to estimate diffusivity as a function of polyelectrolyte length.
Legend as in the inset.
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Figure S9: Estimation of the diffusivity of PA, comparing linear and exponential fits with the raw
data. The exponential fit was used to estimate diffusivity as a function of polyelectrolyte length.
Legend as in the inset.

18



14

- Linear: D=-0.0684N,,,,+4.52
““““ Exponential: D=4.41exp(-0.0198N,,,,)
t+— PAH Diffusivity, D

[uny
N

Diffusion Constant, 10° c¢cm? /s
>y ()} 0] S

N

% 5 10 15 20 25 30 35
Polyelectrolyte Length, N,,,,

Figure S10: Estimation of the diffusivity of PAH, comparing linear and exponential fits with
the raw data. The exponential fit was used to estimate diffusivity as a function of polyelectrolyte
length. Legend as in the inset.

Detailed Methods for Dipping and Washing Simulations

To model the deposition of a polyelectrolyte bilayer at an oil-water interface stabilized by
surfactant emulsifers, we equilibrated the systems representing the individual interface sys-
tem, the polyelectrolyte solutions for dipping, and the water solution for washing. Details

on the setup and simulation of these systems can be found here.

System Set-up

In all cases, the oil-water interface was oriented in the zy-plane. The z- and y-directions in
the simulation box are periodic. To ensure only one interface formed between the oil and
water phases, we provided a vacuum at the edges of the simulation boxes in the z-direction.
The faces of the box in the zy-plane are treated as two structureless, reflective walls, using

a Lennard-Jones 12-6 surface potential with parameters given as the oxygen in water or
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the carbon in hexadecane, depending on the phase interacting with it. For all simulations
involving surfactants, we used 49 surfactants, seeded initially as a 7x7 lattice. The cross-
sectional area (56 A x 56 A) was determined by combining this number of surfactants with
a surface area per molecule (SAPM) of 64 A2 /surfactant, which we calculated was the most
favorable IFE with respect to SAPM; see SI, Table S2, Fig. S1. In order to keep the SAPM
constant throughout the simulation, we chose a constant-volume NVT ensemble. However,
the vacuum at the edges of the box allowed the system to regulate the pressure appropriately
and ensure no lateral extrusion occurred at the interface. A similar approach has been used
in the literature for polyelectrolyte multilayer assembly.1® We verified appropriate system
behavior and pressure (1 atm) in each system wvia density profiles, which exhibited bulk
densities for water and hexadecane phase that corresponded well to experimental densities
at ambient pressure (SI, Figs. S3-S5). Bulk densities were verified for all systems both before

and after each deposition step.

Interface Set-up

We prepared the three surfactant systems by placing the 7x7 lattice of surfactants at the
center of a simulation box and packing a slab of 20 A thick hexadecane at the hydrophobic
tail and a slab of 40 A 0.15 M NaCl water solution at the hydrophilic head. Since assembly
did not occur in the oil phase, the size of the hexadecane solution was selected to minimize
computational expense while preserving system physics. That is, we ensured that (1) the
edge of the hexadecane phase was at least 10 A - equivalent to the cut-off for Lennard-Jones
interactions - from the edge of the surfactant layer and (2) the hexadecane phase was at
least twice as large as the average C1-to-C16 distance of hexadecane molecules (12.9 A from
8 sampled molecules in a relaxed system). From Fig. S16, we find the average distance
from the edge of the surfactant layer to the edge of the hexadecane phase to be 18.6 A and
resulting length of the hexadecane phase to be 29.1 A, meeting both criteria. A size of 40 A

for the water phase was deemed to be more than sufficient based on the justification of the
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size of the hexadecane phase. After a short 1 ps minimization period, the system was run
in an iosothermal, NVT, ensemble for 200 ps, fixing the water phase and hydrophilic head
groups of the surfactant molecules. Then, the constraints are released and the system was

simulated for a further 20 ns to allow the system to relax.

Polyelectrolyte Solution Set-up

Separately, the three polyelectrolyte solutions were each packed into a slab 120 A-thick with
10 polyelectrolyte molecules in a 0.15 M NaCl water solution. The required number of
polyelectrolytes for monolayer formation was estimated by approximating the surface area
of coverage per polyelectrolyte as 7TR§ and assuming that the water content was similar to
experimental observations, near 66% for PAH.% This estimated water content is verified
by similar water contents calculated in our study (Tables 2 and 4). For the three studied
polyelectrolytes, use of 10 molecules was deemed to be more than sufficient for monolayer
formation. The system was relaxed through a 1 ps minimization period followed by a 20 ns

NVT simulation.

Washing Solution Setup

The final 0.15 NaCl water solution used for washing was packed into a 60 A-thick slab,

allowed to minimize for 1 ps, and run in an NVT ensemble for a further 30 ns.

Dipping and Washing Procedure

For the “dipping” step, the interfacial system and polyelectrolyte solution system were com-
bined using data files produced at the end of the individual relaxation simulations. The
polyelectrolyte has the opposite charge to the surfactant layer. The bulk water phase of
the interfacial system was removed, leaving a small “buffer” of water near the interface to

avoid disruption of the surfactants’ conformations. The z-dimension of the cut-off was deter-

21



mined based on a position that maintained charge-neutrality, typically in the range of 10-20
A from the interface. Then, the polyelectrolyte solution was inserted near the boundary
of the water phase. A minimization period of up to 100 ps was performed, followed by a
NVT simulation of 100 ns to allow the polyelectrolytes to assemble at the interface. Data
on the dynamics of the LbL assembly were gathered during this time. To balance assembly
extent and computational cost, we selected 100 ns, based on a previous study that showed
100 ns to be sufficient for approximately 90% of absorption events to occur.'® This proved
sufficient for juxtaposition of the kinetics and structure of each system. There is a MD study
of similar length polyelectrolytes in the literature that observed assembly over 200 ns,'? but
the large number of systems studied in this work made consideration of longer time scales
too resource-intensive. The number of atoms in these systems ranged from 58,860 to 59,818
atoms.

For the “washing” step, the combined interface/polyelectrolyte solution system resulting
from the end of the dipping step was combined with the water solution using data files
from the end of their respective simulations. Similar to the dipping step, the polyelectrolyte
solution was removed, leaving a buffer ranging in extent from 10-20 A from the deposited
polyelectrolytes, with the position chosen based on maintaining charge-neutrality in the
system. Then, the water solution was inserted at the edge of the polyelectrolyte solution
that remained from the previous simulation and minimized for up to 100 ps to fully combine
the systems. The newly combined system was run for a further 50 ns. To ensure the
combined system was given some time to relax, the first 10 ns were discarded prior to
analysis. Structural data of the polyelectrolyte layer were gathered during the remaining
40 ns. The approach to equilibrium was verified through comparison of the density profiles
of the bulk phases with experimental densities (Fig. S16, Fig. 8) and by ensuring that the
total system energy remained constant within a tolerance of typical fluctuations (Fig. S15).

For the second dipping step and washing step, this process is repeated using an oppo-

sitely charged polyelectrolyte. In total, six different combinations of surfactants and poly-

22



electrolytes were evaluated to juxtapose their characteristic behaviors. The number of atoms

for the second dipping step ranged from 62,953 to 65,404 atoms.
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Additional Ion Distribution Plots
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Figure S11: Ion density profiles for SDBS/PAH throughout the LbL assembly at A. 1-4 ns, B.
10-13 ns, C. 50-53 ns, and D. 97-100 ns. Ionic concentrations were averaged over the 3 ns window.
A legend is provided in each sub-figure.
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Figure S12: Ion density profiles for DTAC/PSS throughout the LbL assembly at A. 1-4 ns, B.
10-13 ns, C. 50-53 ns, and D. 97-100 ns. Ionic concentrations were averaged over the 3 ns window.
A legend is provided in each subfigure.
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Minimum Ion Separation and Absorption Profiles

To estimate the cutoff for determining paired surfactant-polyelectrolyte pairs, we use Density
Functional Theory to determine the ground-state separation between the ion groups. All
simulations are performed using the B97-D3 electron density functional®® and the def2-
TZVP basis set.?27* All calculations were performed in implicit water solvent using the
CPCM implicit solvation model.? Distances between ion groups were measured between the
central atoms of the groups (e.g., the sulfur atom of SDBS, the nitrogen atom of PAH). To
minimize computational expense, the surfactant and polyelectrolyte were truncated beyond
the ionic groups since these groups were non-polar and would have negligible effect on the
electrostatic interactions between charged headgroups.

We assume ion groups within some value greater than these ground-state distances are
considered interacting. We test two cutoff values - 5 A and 6 A - roughly 1 A and 2A
greater than the ground-state distances. The results are shown in Fig. S14, comparing
both cutoffs for each system. As expected, the larger cutoff leads to a higher number of
interacting groups. However, the trend across the systems is the same. We ultimately select
the 6 A cutoff since it provides at least a 1 A buffer beyond the ground-state distance for all
surfactant-polyelectrolyte pairs.

Similar to the DFT simulations, distances between atoms in MD are measured between
the central atom of the interacting group (e.g., the sulfur of SDSn to the nitrogen of PAH).
In the case of PA, the average position of the two oxygen atoms in the head group was used.
A rolling average was used to smooth out fluctuations in the data. The value from the end

of the 100 ns dipping step was reported as the final number of interacting groups.
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Table S4: Minimum separation of surfactant-polyelectrolyte ion pairs derived from Density Func-
tional Theory simulations.

Surfactant- Separation (A) Interacting Groups Interacting Groups
Polyelectrolyte Pairing with 6 A cutoff with 5 A cutoff
SDSn/PAH 3.475 104 82

SDBS/PAH 3.456 99 69

DTAC/PSS 4.280 78 30

DTAC/PA 3.914 34 13
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Figure S14: Number of interacting groups between the surtfactants and polyelectrolytes of each
system and comparing different cutoffs for interaction distance: A. SDSn/PAH with a 6 A cutoff,
B. SDSn/PAH with a 5 A cutoff, C. SDBS/PAH with a 6 A cutoff, D. SDBS/PAH with a 5 A
cutoff. The blue line represents the raw data, while the green line represents a smoothed average
over 2000 data points. Figures continued on the next page.
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Energy Profiles for the First Dipping Step
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Figure S15: Interaction energy profiles for each polyelectrolyte/surfactant system studied for the
first monolayer deposition: A. SDSn/PAH, B. SDBS/PAH, C. DTAC/PA, and D. DTAC/PSS. A
legend is provided delineating the different interaction energies evaluated.
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Example Total System Energy Profile

Prior to data analysis of the polyelectrolyte layers, we ensure the system is sufficiently relaxed
by (1) ensuring the bulk densities of the water and hexadecane agree with experimental values
and (2) ensuring the total system energy is constant throughout the simulation. Density
profiles are provided in Fig. S17 for layer 1. An example of the total system energy profile
is provided in Fig. S16 for the SDBS/PAH system. This example shows that the system
energy quickly relaxes to an equilibrium value within 1 ns where it remains throughout the

simulation.
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Figure S16: Example of the total system energy profile during the washing step of the SDBS/PAH
system. An inset is provided (bottom), showing the behavior of the energy close to the start of the
simulation.
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Density Profiles for the First Layer

Mass Density, p (g/cm?®)

1.4

= \\/ater

=mmm Hexadecane

= Suyrfactant

=== Polyelectrolyte

= |ONS
nnnn Jotal

1.2
1.0
0.8
0.6
0.4
0.2

)

A. SDSn, PAH

0.9

1.4

50 —-100

=50 0

50 100

1.2
1.0
0.8
0.6
0.4
0.2

/

B. SDBS, PAH

0.9

1.4

50 —-100

=50 0

50 100

1.2
1.0
0.8
0.6
0.4
0.2

|

C. DTAC, PA

0.9

50 —100

=50 0

50 100

1.4
1.2
1.0
0.8
0.6
0.4
0.2

D. DTAC, PSS

0.9

50 —100

=50 0

50 100

Axial Position, z (A)

Figure S17: Density profiles for each polyelectrolyte/surfactant system studied for the first mono-
layer deposition: A. SDSn/PAH, B. SDBS/PAH, C. DTAC/PA, and D. DTAC/PSS. A legend is

provided delineating the different species.

Table S5: Comparison of the properties of deposited polyelectrolyte layers for layer n=1.

System Layer Thick- Max Layer Den- Water Number of Polyelec-
ness (A) sity (g/cm?) Content trolytes in Layer

SDSn/PAH 11.73 0.358 61.0% 5

SDBS/PAH 11.60 0.282 57.3% 4

DTAC/PSS 19.48 0.532 45.7% 4

DTAC/PA 17.37 0.311 69.7% 5
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Derived Correlations for the First Polyelectrolyte Layer
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Figure S18: Correlations for layer n=1 across systems, showing A. the relationship between
layer density and layer thickness, and B. the relationship between layer thickness and polyelec-
trolyte/surfactant interaction energy. A trendline is fitted to each set of data; R? values are

provided.
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Derived Correlation for the Second Polyelectrolyte Layer
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trendline is fitted to the data; R? value is provided.

34



Energy Profiles for the Second Dipping Step

mmm Polyelectrolyte 1-Water

mm= Polyelectrolyte 1-lon un Polyelectrolyte 2-Water
mmm Polyelectrolyte 1-Surfactant un Polyelectrolyte 2-lon
mmm Suyrfactant-Water nn Polyelectrolyte 2-Surfactant
mmm Surfactant-lon nn Polyelectrolyte 1-Polyelectrolyte 2
U 0:_::355 ________________________
T — -20
-40 —-40
e B W
-60 T —-60
? _80 —80 ----------------------------
(=22
&  -looj” -100
-E, A. SDSn, PAH, PA B. SDSn, PAH, PSS
=o —12G 20 40 60 80 100 —126; 20 40 60 80 100
£
‘_U 0 Sgoosossnmseecsccesseeececceccnssnsnes 0 B e TEEETTIL
O [ T S N s L L Rt
X
-~ —20f .. R — R REIRRRREEETE - -20
8
g -40 —40
L
- -60 -60
>
> -80 —8Qf -
)
(= e e P Le
1T} —-100}--7 -100
g C. SDBS, PAH, PA D. SDBS, PAH, PSS
= —1205 20 40 60 80 100 —1205 20 40 60 80 100
©
| 8
i} Obrmssgorssmsessmmnnnms e . | S
c T e
""" 20—
—400
—-60
-80 -80
-100 -100
E. DTAC, PA, PAH F. DTAC, PSS, PAH
—12G 20 40 60 80 100 —12; 20 40 60 80 100

Time, t (ns)

Figure S20: Interaction energy profiles for each polyelectrolyte/surfactant system studied for the
second monolayer deposition: A. SDSn/PAH/PA, B. SDSn/PAH/PSS, C. SDBS/PAH/PA, D.
SDBS/PAH/PSS, E. DTAC/PA/PAH, and F. DTAC/PSS/PAH. A legend is provided delineating
the different interaction energies evaluated.
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Density Profiles for the Second Layer
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Figure S21: Density profiles for each polyelectrolyte/surfactant system studied for the sec-
ond monolayer deposition: A. SDSn/PAH/PA, B. SDSn/PAH/PSS, C. SDBS/PAH/PA, D.
SDBS/PAH/PSS, E. DTAC/PA/PAH, and F. DTAC/PSS/PAH. An unanticipated issue arose
for the SDBS/PAH/PSS system (D.) where the simulation box was too small and led to a higher
than expected density in the oil phase. However, this had no effect on the interface and water
phase, allowing the LbL assembly to behave appropriately. A legend is provided delineating the
different species.

Table S6: Comparison of the properties of deposited polyelectrolyte layers for layer n=2.

System Layer Thick- Max Layer Den- Water Number of Polyelec-
ness (A) sity (g/cm?®) Content trolytes in Layer
SDSn/PAH/PA 12.57 0.248 76.4% 3
SDSn/PAH/PSS 21.46 0.357 71.9% 3
SDBS/PAH/PA 15.32 0.204 79.3% 3
SDBS/PAH/PSS 24.52 0.363 74.8% 3
DTAC/PA/PAH 16.59 0.256 70.5% 5
DTAC/PSS/PAH 19.64 0.181 74.0% 4
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Second Layer Structure
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Figure S22: Orientation of layer n=2 in relation to the interface for each system studied. A
legend is provided to identify the different systems.
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showing the distribution of void fraction in each system. A legend is provided for each sub-figure.
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