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ARTICLE INFO ABSTRACT

Keywords: Atomistic detail molecular dynamics (MD) simulations were used to examine molecular level dependencies
Hydrophobic coatings of water interactions and permeability of amphiphilic di-block copolymer assemblies. Four different linear
Di-block copolymers amphiphilic di-block copolymers, with chemically identical hydrophilic blocks but varying hydrophobic blocks,

Moisture barrier

L X were studied. The simulations show that while all examined di-block copolymers formed assemblies highly
Molecular dynamics simulations

efficient in blocking water, the ability of the assemblies to sustain their water blocking character when subject
to lateral strain had significant differences. The assemblies retaining high internal order under lateral strain
were most efficient in moisture blocking. In this, flexible side chains with branching filling the surroundings
with hydrophobic groups to prevent molecular level water penetration, were important. Moreover, styrene
rings provided efficient, space-filling moisture protection blocks, demonstrating further the importance of
flexible spatial orientation hydrophobic side chains. The simulations also connect the roughness and interfacial
fluctuations of the block-copolymer assembly with water penetration. The work shows molecular level design
principles for enhancing moisture preventing coatings and gives insight into engineering the performance of
other filtration systems.

1. Introduction At a basic level, insight into water mobility in a polymer assembly
can be obtained by classic diffusion considerations, such as Fick’s law.

Polymeric assemblies and membranes provide selective barriers and Essential factors to the permeability are solubility and diffusivity of the
protective coatings for a variety of applications, ranging from water pu- substance of interest in the polymeric assembly [17]. This means that
rification to food packaging [1-6]. Often, selective blocking or passage the water blocking performance of block copolymer coatings depends
of substances through the polymer material is targeted. Particularly on the chemical nature of both polymeric components and the fluid
interesting for enhanced selectivity are block copolymer membranes, of interest, the degree of crystallinity of the polymer material, the

since they provide highly controllable self-assembly structure [7,8]. For
example, block copolymer systems allow targeting uniform pore size
and tunable surface porosity [5,8-12], but also control over domain for-
mation and segregation in the assembly [13-16]. However, optimizing
the systems in terms of permeability and selectivity, long-term stability,
economic considerations, and sustainability remains a challenge. For a
recent review on polymer membranes, see Ref. [7].

Here, we employ molecular modelling to gain insight into block
copolymer assemblies, especially from the point of view of moisture
blocking applications, i.e. water penetration. Polymeric coatings with
moisture blocking properties are particularly important in food pack-
aging and paper industries, but also in preventing corrosion [17-20].

affinity of the polymeric components to the fluid (in the case of water,
polarity), but also the molecular weight and the polydispersity of the
polymer [7,17,21-23]. Enhanced barrier properties can be achieved by
structure manipulation, such as manufacturing multi-phase and multi-
layer films through controlled assembling and blending. For example,
an aligned polymer matrix provides improved water blocking perfor-
mance due to an increase in crystallinity, reduced free volume, and
hindered diffusion within the polymeric films. For reviews on the topic,
see Refs. [7,17,24].

Wetting of polymeric films also depends on, e.g. the contact angles
formed between a water droplet and the film surface, the spreading of
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Fig. 1. Chemical structures of the examined amphiphilic di-block copolymers and a visualization of a representative system. The molecular structures are alternating (a)
poly(styrene-co-n-butyl acrylate)-b-starch, (b) poly(styrene-co-2-ethylhexyl acrylate)-b-starch, (c) poly(iso-butyl methacrylate-co-n-butyl acrylate)-b-starch, and (d) poly(methyl
methacrylate-co-n-butyl acrylate)-b-starch. Each di-block copolymer contains in total 5 repeat units of the hydrophobic two-monomer alternating block, 10 monomers in total,
and 5 starch hydrophilic monomers. (e) Visualization of a representative simulation system. The explicit water molecules (red and white), the hydrophilic blocks (blue), and the
backbones of the hydrophobic blocks (dark gray) are shown. The hydrophobic blocks side groups are omitted in the visualization for clarity.

the droplet over the film surface, and surface roughness at micro/nano
scale [25-29]. Experimentally, the diffusion of water into polymeric
assemblies is examined via, e.g., pulsed field gradient nuclear magnetic
resonance spectroscopy [30], attenuated total reflectance Fourier trans-
form infrared spectroscopy [31-33], polarized Raman spectroscopy
[34], neutron reflectometry [35], and neutron scattering [36] ap-
proaches. As water penetration into polymeric assemblies depends
on the surface topology and structural characteristics of the surface,
scanning electron microscopy, atomic force microscopy, and transmis-
sion electron microscopy are employed along with X-ray and neutron
scattering techniques [37-39].

It is evident that the chemistry of the polymers strongly affects
water interactions by miscibility considerations and steric barriers. For
example, both methyl groups and bulky polar side groups can provide
low water permeability [21,40,41]. At the microstructural level, inef-
ficient polymer chain packing, i.e. local density differences, enhances
water diffusivity [42]. More macroscopically, pores and structural de-
fects in the polymeric assemblies targeting moisture protection enhance
water penetration [43]. Besides the assembly structure, its dynamics
also influence the molecular-level mobility of water molecules: for ex-
ample, the transition from glassy to rubbery chain dynamics promotes
chain movements, and consequently water diffusion, as the chains can
carry water molecules [21,44,45].

Polymeric materials, including polymeric membranes and other
assemblies, pose a challenging multi-scale soft materials modelling
problem since their spatiotemporal response typically depends on mul-
tiple co-existing length and time scales (see, e.g. Refs. [7,46,471).

Theoretical models and computer simulations relying on them are lim-
ited to describing phenomena in the operational range of the model in
terms of length and time scale. Despite this, computer simulations and
theoretical approaches have proved to be useful for predicting assembly
structures and morphologies [48,49], including porosity and domain
formation characteristics [50-53], but also microstructural dependen-
cies [54,55]. In terms of permeability, advanced diffusion considera-
tions in polymeric media exist [36,56-62]. Such approaches provide
general predictions of the macroscopic permeability response based on
statistical and macroscale averaged materials properties. However, at
the microscopic level, moisture blocking properties arise from molec-
ular level dependencies and microstructural mechanisms. Molecular
level modelling, with explicit temporal dynamics, in practice molecular
dynamics, has been used to extract such information [63-67]. Atomistic
detail molecular modelling has been used to examine small molecule
transport in both lipid membranes [68-72] and in polymer assem-
blies [73-78]. Water binding and mobility have also been modelled
in the context of hydrated polyelectrolyte assemblies, connecting the
thermal plasticization response to water mobility and water at intrinsic
ion pairs [55,79], but also demonstrating the differences in water
mobility and local diffusion arising from polymer chemistry [54,55].
For developing moisture protecting coatings, amphiphilic di-block
copolymers are particularly interesting since they provide simple, well-
controlled model systems, that can self-assemble on surfaces to form
uniform hydrophobic layers [50,51,80,81]. They have also attained
simulations attention. For example, combining MD simulations and
small-angle neutron scattering has shown that water molecules in
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block copolymer assemblies are likely confined to the hydrophilic
layer. Their dynamics change at the hydrophobic/hydrophilic inter-
face [77]. Also, the block copolymer architecture affects water interac-
tions, mainly via packing and steric interactions. For example, the long
hydrophilic chains act as a physical barrier (water molecule motion
is hindered) [82]. The packing and steric interactions also explain
why symmetric amphiphilic di-block copolymers form uniform lamellar
membranes or films with good blocking properties via self-assembly, as
shown by coarse-grained simulations [50,51,83].

However, molecular level dependencies on moisture prevention,
as well as the factors governing the efficiency of moisture blocking
response, remain open questions. To address this, we examine here
four chemically distinct di-block copolymer coatings. The coatings are
compared for their water interactions, especially water penetration,
together with the molecular origins of their performance. The per-
formed MD simulations provide a highly detailed, microscopic view
that reveals the mechanisms and dependencies of the observed re-
sponse, providing guidelines for optimizing the practical usability of
such coatings.

2. Simulation system and computational methods

The studied copolymer components are selected since they are
commonly used in producing protective coatings in paper industries
[84,85]: the studied copolymers are summarized in Fig. 1. We have
selected starch (St) as the hydrophilic block for all systems, as it is a
readily available, cheap natural polysaccharide commonly used in coat-
ing processes [86]. The hydrophobic block is itself a copolymer, and we
examined four variations. The examined variations are alternating (1)
styrene (S) and n-butyl acrylate (BA) [87], (2) styrene and 2-ethylhexyl
acrylate (EHA) monomers [88,89], (3) iso-butyl methacrylate (iBM)
and n-butyl acrylate, and (4) methyl methacrylate (MMA) and n-butyl
acrylate [90-93]. That is, (1) and (2) both have S monomers yet
combined with monomers with side chains of different lengths (BA
and EHA), while (3) and (4) both have BA monomers yet combined
with iBM and MMA, respectively. This choice enables a systematic
comparison of both steric packing and hydrophobicity differences, but
also the resilience to non-ideal packing. The choice to systematically
use an alternating copolymer structure is a modelling approximation
intended to describe an even distribution of the monomers while best
reflecting in the short oligomeric chain the typically random copolymer
structure these components have in synthesized copolymers.

All-atom, explicit solvent MD simulations of amphiphilic di-block
copolymer assemblies in water were performed using LAMMPS [94]
with the OPLS-AA force field [95-97] and TIP3P [98] water model.
Bilayer-like assemblies made of four different copolymers with ap-
proximately the same length were examined. The copolymers were
constructed by covalently bonding similar absolute length hydrophobic
and hydrophilic blocks to each other: 10 monomers for the hydropho-
bic block and 5 monomers for the hydrophilic block (starch) as the
monomer sizes differ. This is motivated by symmetric (in length)
amphiphilic di-block copolymers promoting the formation of uniform
layers, which potentially improves blocking properties in previous
works [50,51,80,99]. Table 1 provides a summary of the examined
copolymers, their abbreviated names, and the size of the equilibrated
simulation boxes. The selected box sizes are sufficient to capture local
packing of the short chain segments. This enables to model the key wa-
ter penetration and structural reorganization response changes between
the systems. However, the simplified, microscopic modelling setup fails
to capture macroscopic system size and chain length driven variety of
conformations in the polymers and larger scale fluctuations.

The bilayer-like assemblies were constructed from two leaflets of
initially axially straight, parallel, and energy-minimized copolymers.
Each leaflet comprises of 49 chains with their hydrophobic segments
sandwiched between the hydrophilic layers. To form the leaflets, the
copolymer chains were placed in a regular honeycomb lattice inside a
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rectangular simulation box ~10% larger than the equilibrated system
laterally (x and y dimensions). The chains were rotated axially by a
random angle value to randomize the side chain orientations. Finally,
10000 water molecules were randomly placed on each side of the
assembly, ensuring that none were positioned inside the hydrophobic
layer. This was done under the constraint that each water molecule
must maintain a minimum distance of 2 nm from the hydrophobic
layer.

The copolymers and the simulation setups were constructed by
combining Avogadro [100], Moltemplate [101], and Packmol [102].
Ovito [103] was used for visualization, while MDAnalysis python pack-
age [104,105] was used for part of the analysis.

Periodic boundary conditions were employed in all directions. All
simulations were carried out at a temperature of 298 K and at a pressure
of 1 atm. Nosé-Hoover thermostat [106,107] and barostat [108] were
used, with the temperature damping parameter of 100xdt and pressure
damping parameter of 1000 X dt, where dt is the time-step. Van der
Waals and Coulombic interactions were calculated up to a cut-off of
1 nm in real space, whereas for the long-range Coulombic contributions,
the particle-particle particle-mesh (pppm) algorithm was used, with
accuracy of 10~4. A conjugate gradient algorithm was used for energy
minimization.

The initial relaxation/equilibration of the systems was performed
by repeating 6 times on each single system a procedure in which an
energy minimization step was followed by a 0.5 ns isothermal-isobaric
(NpT) simulation. After this, each simulation was continued for 1 ns
in the NVT ensemble, followed by 1 ns in the NpT ensemble. The
multistep initial system preparations protocol with the 6 repeat cycles
was executed to compactify the initially approximately 10% larger than
equilibrium size simulation box to a density that no longer showed
structural evolution. All systems were relaxed employing the same
procedure. We checked all systems before the start of the production
runs to ensure that no water molecules were inside the hydrophobic
layer after the initial relaxation protocol. A representative snapshot of
the system after relaxation is shown in Fig. 1(e).

After the equilibration, the simulation system sizes vary slightly
dependent on the polymer species. The values reported in Table 1
correspond to the simulation box dimensions after the final 1 ns NpT
simulation in the initial equilibration protocol. In all cases, initial
preparation steps used an integration time-step of 1 fs. The production
runs were carried out for 100 ns in the NpT ensemble with a time-step
of 2 fs. The first 60 ns of the trajectories is omitted, and the last 40 ns
of production runs were used for all analyses.

To study the response of the assemblies under mechanical strain
and non-ideal packing structures, the relaxed simulation boxes were
stretched by 2, 6, and 10% bi-axially in the x and y directions. These
non-ideal conditions can be connected with realistic situations in ap-
plications, where, e.g. due to mechanical stress, such as folding and
creasing, the polymer assembly is stretched from its original structure.
The stretching was performed dynamically with a constant rate over a
time period of 500 ps. During this, no water molecules penetrated the
hydrophobic layer. Notably, the stretching speed is such that the chain
segments of the systems do not have time to relax, except for small
local movements: the outcome is similar to scaling of coordinates for
instantaneous stretching. After the dynamic stretching was completed
to the desired system size, the size of the boxes was kept fixed along
the xy-plane but allowing z-axial pressure equilibration via anisotropic
pressure control in the NpT ensemble. The systems were relaxed for
1 ns. This time is sufficient to equilibrate the water density in the
systems, assessed by z-axis density changes.

Density profiles along the z-axis were obtained by binning the
simulation system in the xy-plane into slices of 0.2 A. The 2D density
(xy-plane) data employed a 0.5 x 0.5 A2 square bin. The roughness
factor of the hydrophobic/hydrophilic interface is measured as the
ratio of the actual area of the hydrophobic layer surface facing the
hydrophilic segments and the area of the xy-plane of the simulation
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Table 1
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Summary of the amphiphilic di-block copolymers, including their abbreviated name, the length of each segment, and the corresponding size of
the equilibrated simulation box. In all cases, 10 hydrophobic monomers are covalently bonded to a starch block of 5 monomers, resulting in
copolymers that are approximately symmetric in their hydrophobic to hydrophilic segment lengths. The presented box size corresponds to the
system size at the end of the relaxation protocol (beginning of production run).

Amphiphilic di-block Abbreviation Hydrophobic length Hydrophilic length Relaxed simulation box
copolymer (monomers) (monomers) size (nm)?
Poly(styrene-co-n-butyl P(S-BA)-b-St 10 5 6.08 X 6.16 x 23.50
acrylate)-b-starch

Poly(styrene-co-2-ethylhexyl P(S-EHA)-b-St 10 5 6.61 X 6.61 x21.33
acrylate)-b-starch

Poly(iso-butyl P(iBM-BA)-b-St 10 5 6.49 X 6.14 x 22.84
methacrylate-co-n-butyl

acrylate)-b-starch

Poly(methyl P(MMA-BA)-b-St 10 5 6.08 X 6.07 x 23.50

methacrylate-co-n-butyl
acrylate)-b-starch

box [109], and was calculated using the alpha-shape algorithm of the
construct surface mesh tool in Ovito [103], see Ref. [110]. A probe sphere
with a radius of 3.5 A was used [111].

The radius of gyration of chain j was calculated as

N \2
,':/] m; (ri - r;m)
RE= | —mM —— (€D)]
J N; e ’
i=1""1

where m; is the mass of atom i belonging to chain j, and r; its position,
while rjc.m is the centre of mass for the chain j and N; its number of
atoms.

The mean square displacement (MSD) was calculated as

NP
MSD(1) = NL D [Nl D ir e+ 1) — ri(t0)|2] ) @
i=1 ot

where N, is the number of particles, N, is the number of initial
time origins 7, (reference time from which particle displacements are
measured) used for the inner summation, and r;(r+¢,) and r;(zy) are the
positions of particle i at times ¢ + ¢, and ¢, respectively. Note that the
term inside the brackets, including the inner sum, represents the time
average over different lag-times with length 7 (done to increase the data
statistics), while the outer sum represents the ensemble average over
particles [112]. As the number of initial time origins #, becomes small
when ¢ is increased, the MSD values are expected to fluctuate more
as ¢ approaches the total length of the production run time. The MSD
data has been fitted using the following empirical single exponential
equation, see e.g. Ref. [113],

MSD() = A (1-e ™) +C. 3

In this, A is the amplitude, C is the baseline offset, and k is the
growth constant. This form is used as a best fit to data, but it does not
have a physical consideration basis.

Molecular level water movement in the system was examined by
evaluating the survival probability of water molecules in a specific
region. This probability is defined as the ratio of particles that remain in
the region of interest after a time interval z, ng (19 +1), and the number
of particles initially present at time 7, n. (ry). This ratio is averaged
over different initial times 7, resulting in the survival probability

N
9 ngy(zo+7)

P(r) = @

w0 =0 o (%)

Here N, is the number of initial times considered. A slow decay
of P(r) indicates that the retention times of water molecules in the
region are long, whereas a fast decay corresponds to shorter retention
times [114].

All z-axial density characterizations are mirrored such that only the
data for the positive axis (half of the simulation system) is presented.

The plane z = 0 is set to reside in the center of the simulation box,
i.e. in the middle between the two hydrophobic leaflets of the di-block
copolymer assembly.

The end-to-end distance for each respective block is calculated as
the average distance between the first and last backbone carbon atom
of the block segment. The position of the hydrophobic/hydrophilic
interface is calculated as the average z-axial position of the linker
carbon atoms connecting the hydrophobic and hydrophilic segments in
the copolymer chains. A water molecule is considered to be located in
the hydrophobic layer if its oxygen atom z-coordinate is between the
two hydrophobic/hydrophilic interfaces.

3. Results
3.1. Polymer assemblies structure and water interactions

The z-axial density distribution profiles of the examined di-block
copolymer systems are presented in Fig. 2. In all cases, the di-block
copolymer systems are relatively uniform, qualitatively similar, stable
lamellar structures that are surrounded by bulk water. The data shows
that the hydrophobic segments of the di-block copolymer chains are
well-packed, and segregated from the starch slab, and this region
remains devoid of water molecules. However, the data also shows
that water readily penetrates the hydrophobic/hydrophilic interface.
Throughout the 100 ns simulation time, these stable bilayer-like assem-
bly structures persist.

The density of the studied hydrophobic layers is ~1.1 g/cm® in
all cases. The hydrophobic segments of the di-block copolymers are
more bulky in terms of xy-plane packing than the starch segments in
the layered structure, controlling the simulation box size in the xy-
plane, and thus setting the lateral space available for the hydrophilic
segments. Table 1 collects the differences in simulation system sizes.
Consequently, the starch layer structure is strongly affected by the
chemistry of the hydrophobic segments, as the two blocks are tethered
together. This is also evident in the amount of water penetrating the
starch layer to the hydrophobic/hydrophilic interface, Fig. 2.

Although no significant water penetration to the hydrophobic layer
takes place during the simulations, see Fig. 2, the examined systems
differ in water molecules in the hydrophobic layers. Fig. 3 shows the
number of water molecules in the hydrophobic layers normalized by the
area of the xy-plane, A,,, of the corresponding setup. The P(S-EHA)-b-
St and P(iBM-BA)-b-St copolymers allow the least penetration of water
molecules into the hydrophobic region of the assembly. On the other
hand, penetration is more pronounced for the P(S-BA)-b-St and P(MMA-
BA)-b-St copolymers. The findings can be understood considering the
size of the side groups of the different hydrophobic blocks, and the
overall physical and chemical properties of the chains: steric hindrance,
combined with the hydrophobicity characteristics related to observed
water penetration in simulations here.
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Fig. 2. The z-axial density profiles in the MD simulations calculated for (a) P(S-BA)-b-St, (b) P(S-EHA)-b-St, (c) P(iBM-BA)-b-St, and (d) P(MMA-BA)-b-St assemblies. The systems

correspond to 0% lateral strain (no stretching).
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Fig. 3. Water blocking performance of the modelled systems. The number of water
molecules in the hydrophobic layers during the last 40 ns of the simulations normalized
by the area of the xy-plane of each simulation box. The systems correspond to 0%
lateral strain (no stretching).

3.2. Effects of stretching on the assemblies

3.2.1. Structural changes

To assess at a simplified level the effect of imperfections and non-
idealities in polymer film structures, the assemblies are next stretched 2,
6, and 10% along the x- and y-axial directions, with both axes stretched
the same amount (xy-plane stretching). This allows an assessment of
the water interactions changes and blocking characteristics persistence
under non-ideal chain packing.

Fig. 4 shows the z-axial density profiles of the P(S-BA)-b-St assembly
under different xy-plane bi-axial stretching conditions. Corresponding
data for the other studied compositions is provided in Figure S1 of the
Supporting Information (SI). The data shows that stretching results in
a decrease in the hydrophobic layer thickness, as expected, yet its den-
sity remains relatively constant. This suggests that the layer structure
relaxes efficiently, but is also a direct indication that the conformations
and orientations of the hydrophobic segments change. At the practical
level, this means that the hydrophobic layer can be stretched without
cracking the hydrophobic layer. Note that we examined deformations
up to 10%, however, the 100 ns simulation time duration is so short
that instabilities leading to membrane rupture will not show during the
simulation time, especially in a periodic simulation system where the
periodic boundary conditions suppress structural fluctuations.

For all systems, the starch layer also responds to stretching: as
expected, the polymer chain packing density of the hydrophilic layer
decreases when stretched, but also the starch chains tend to lean
towards the interface due to the extra space generated. Figure S2 of
the SI presents 2D density maps of the hydrophilic layer calculated
along the xy-plane for all the examined systems: when unstretched, the
starch layers in the membranes are more packed, and consequently,
there are fewer paths for water to reach the interface. On the other
hand, at 10% stretching, starch packs more heterogeneously, providing
more ways for water to pass through the membrane. With this, also the
density of starch is decreased, which contributes to an enhanced water
penetration towards the interface.

3.2.2. Conformations of the hydrophobic backbones

Stretching of the assemblies also affects the conformations of the
hydrophobic blocks. Fig. 5 shows this by the backbone orientation
angle distributions and the spatial localization of the hydrophobic block
backbones for unstretched and 10% stretched systems. The backbone
orientation angle 6 is calculated as the angle between the z-axis and
the vector defined by the positions of the first and last backbone carbon
atom in each hydrophobic segment. While the backbone angle distribu-
tion of P(S-EHA)-b-St assembly is relatively insensitive to stretching, the
P(S-BA)-b-St, P(iBM-BA)-b-St, and P(MMA-BA)-b-St copolymers show
significant tilting of their hydrophobic chains when the assembly is
stretched. The effect of the change is quantified by MSD of the hy-
drophobic backbones, see Figure S3 of the SI. Following the angle
distribution, the P(iBM-BA)-b-St assembly is most affected by stretch-
ing. The styrene monomers and bulky side groups in the hydrophobic
segment of P(S-EHA)-b-St assembly help stabilize the structure due to
physical interlocking of the chains. However, the P(iBM-BA)-b-St shows
an opposite response, with low rigidity resulting in the most noticeable
packing disorder when stretched.

The 2D density maps of Fig. 5 show the stability and structural
rigidity differences in the hydrophobic backbone packing for the 0%
and 10% stretchings. While sharp-edged high-density regions in the
colour maps indicate that the hydrophobic chains hold their position
and orientation during the 40 ns analysed time period, smoothening
of the density map indicates a local movement of the chains. For
all systems, stretching increases the delocalization of the hydrophobic
material, indicating that the hydrophobic chains move more. Outlier in
this, P(S-EHA)-b-St persists in its structural features despite the stretch-
ing. Overall, the findings are consistent with the observed decrease in
end-to-end distance and radius of gyration with stretching (Table 2).
Direct interpretation is that the hydrophobic backbones bend to cover
the extra volume created by the stretching. Altogether, Fig. 5 shows
that the side chains in the hydrophobic blocks determine the response
of the membranes to external forces.

3.2.3. Morphology of the hydrophobic/hydrophilic interface

The morphology of the hydrophobic/hydrophilic interface affects
the water penetration into the hydrophobic layer. To characterize this
interface, we calculated the roughness factor for both unstretched and
10% stretched systems and the corresponding water penetration data
for the 10% stretched system, see Fig. 6 and Figure S4 of the SI. The
data shows that for the P(S-BA)-b-St and P(S-EHA)-b-St systems, the
roughness decreases with stretching. Conversely, P(iBM-BA)-b-St and
P(MMA-BA)-b-St show increasing interfacial roughness due to stretch-
ing. It is sensible to assume that high roughness implies easier water
penetration through the interface [26]. Consistent with this, indeed, the
number of water molecules in the hydrophobic layers, Figure S4 of the
SI, and the corresponding radial distribution function g(r) calculated
between the hydrophobic backbones and water molecules, Fig. 6(c),
show that the P(S-EHA)-b-St has the lowest number of water molecules
in contact with the hydrophobic layer. Additionally, P(S-EHA)-b-St also
shows the largest estimated effective interfacial tension at the water-
hydrophobic layer interface of the examined block copolymer systems,
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Fig. 4. The effect of xy-plane bi-axial stretching on the z-axial density profiles of the P(S-BA)-b-St assemblies. Panel (a) shows the hydrophobic P(S-BA), (b) the hydrophilic starch,
and (c) the water density profiles in the simulation systems at 0, 2, 6, and 10% stretching of the simulation box along the x- and y-axis each.

Table 2

Effect of stretching from 0% to 10% on the hydrophobic block conformations and water penetration to the hydrophobic layers of the different
polymer assemblies. Data shows end-to-end distance and radius of gyration of the hydrophobic polymer blocks. The corresponding water
molecule count normalized by the surface area of the simulation boxes (xy-plane) is also reported.

Polymer system Stretching End-to-end distance (nm) Radius of gyration (nm) Water count (nm~2)
0% 2.18 + 0.13 0.80 + 0.02 1.18 + 0.14
P(S-BA)-b-5t 10% 2.02 + 0.24 0.76 + 0.03 1.93 + 0.22
0% 2.12 + 0.13 0.86 + 0.03 0.33 + 0.07
P(S-EHA)-b-St 10% 1.98 + 0.24 0.80 + 0.04 0.92 + 0.13
. 0% 2.29 + 0.11 0.84 + 0.02 0.38 + 0.08
P(BM-BA)-b-5t 10% 2.14 + 0.17 0.79 + 0.04 2.00 + 0.20
0% 2.08 + 0.22 0.80 + 0.04 1.27 + 0.17
P(MMA-BA)-b- = = =
( )-b-St 10% 1.89 + 0.31 0.75 + 0.05 1.92 + 0.24
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Fig. 5. Effect of stretching on tilting and spatial localization of the hydrophobic block backbones. Panels (a)-(d) present the distributions of cos(6), where 6 is the angle between the
hydrophobic backbone and the z-axis for (a) P(S-BA)-b-St, (b) P(S-EHA)-b-St, (c) P(iBM-BA)-b-St, and (d) P(MMA-BA)-b-St assemblies. Panels (e)—(1) present the spatial localization
of the hydrophobic block backbones as 2D density maps for the 0% and 10% stretched systems.

see Figure S5 of the SI. Opposite to this, significantly higher wa-
ter penetration can be observed for P(S-BA)-b-St, P(iBM-BA)-b-St, and
P(MMA-BA)-b-St. For a comparison of the structural rigidity changes,
see Table 2. Notably, the g(r) data shows that stretching changes the
order of backbone wetting, as evident in Fig. 6(c).

Altogether, the data shows that styrene makes the assemblies more
resilient to uneven packing and stretching. The styrene rings form
a very stably packed hydrophilic-hydrophobic segment interface that
efficiently blocks water. This interface is also persistent in stretching
and deformations due to the flexibility of the side chain.
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Fig. 6. (a) Schematic of the calculation of the roughness factor. The projected hydrophobic-hydrophilic interfacial surface on the hydrophobic layer is shown as blue surface planes
in a sample simulation system. The roughness factor is calculated as (4] + A})/2A, where A is the xy-plane area of the simulation box and A| and A are the actual areas of
the hydrophobic-hydrophilic interfacial surfaces at each leaflet of the polymer assembly. (b) The roughness factors corresponding to the 0% and 10% stretched systems. (c) Water
contacts determined for the 0% (dashed lines) and 10% (solid lines) stretched states for each system presented by the radial distribution function g(r) calculated between the water

molecules and the carbon atoms of the hydrophobic block backbones.

11— s————7———7———7—

’ 7 I I ] - 10"/|St tch dI I ] [=REEAb=
208 (a) 10% Stretched B of (b) 10% Stretche 1 | — P(s-EHA)-b-t
3 &L . o oo sy sg O 1| — P(iBM-BA)-b-St
© r £ —— |
2 0.6 1 £ ] P(MMA-BA)-b-St
a I S
goar : 18
e = =
3021

[ oo s v i 69 ¢ ¢ wvshieqs]] L - - A - ]

000 70 80 90 00 % 10 20 30 40
Time (ns) t(ns)

Fig. 7. (a) Water molecule survival probability vs. time and (b) water molecule MSD. Both data sets are calculated for water molecules in the hydrophobic layers in the 10%
stretched systems. The MSD data fits follow Eq. (3). The fitting parameter values are provided in the SI

3.2.4. Water interactions in the hydrophobic layers

The polymer chemistry dependency of interactions and dynamics of
water in the assemblies was analysed by the survival probability that
measures the likelihood of water remaining in the hydrophobic layer
for a given time period and the MSD of the water molecules in the
hydrophobic layer. The data for the 10% stretched systems is presented
in Fig. 7, while Figure S6 of the SI contains the 0% stretched systems
data. Reflecting the hydrophobicity differences, in the P(S-BA)-b-St and
P(S-EHA)-b-St assemblies, the time decay of the survival probabilities
is faster than in the P(iBM-BA)-b-St and P(MMA-BA)-b-St assemblies.
Aligned with the survival probability response, Fig. 7(b) presents the
corresponding MSD data. Consistent with the survival probability decay
trends, water mobility is largest in the P(S-BA)-b-St and P(S-EHA)-b-St
systems and P(iBM-BA)-b-St and P(MMA-BA)-b-St bind water stronger
in their hydrophobic layers.

The findings can be directly converted to molecular level under-
standing for controlling water binding. First, as indicated by Fig. 5,
a key to maintaining hydrophobic character in the packing with local
stresses and strains present is that the backbones can bend to cover
any extra volume created by local strain. Once this is covered, the
hydrophobic moieties need to be sufficiently large and flexible to block
water even in the stretched state. This is attained by the styrene rings,
as shown by the P(S-BA)-b-St and P(S-EHA)-b-St environments exhibit-
ing fastest water exchange dynamics for any water molecules in the
hydrophobic layer and also the largest water mobility. This also directly
captures that these environments are less favourable to water molecules
in comparison to the slower decay hydrophobic surroundings.

4. Conclusions

In this work, we assessed the ability of four different linear am-
phiphilic di-block copolymer coatings to block water. This was done via
MD simulations to resolve the molecular level dependencies in water
interactions with the coatings. The hydrophilic block of all di-block
copolymers was starch, whereas the hydrophobic block was varied. In
our MD simulations, we found that all examined compositions resulted
in films with efficient water-blocking properties due to the relatively
ideal, strain-free packing of the polymer chains. However, the key to
maintaining the moisture blocking properties under conditions, where
the polymer film is strained or the packing is less ideal, is the ability
of the hydrophobic block to resiliently adapt to fill voids and form a
uniform hydrophobic coating. In this, larger hydrophobic monomers,
that have bulky and long chemical side groups, impeded water pene-
tration. We also found that side chain flexibility is important. Overall,
our findings are consistent with those of Ref. [115]. Similar outcomes
relating the permeability of water molecules with the chemical com-
position and side chain lengths of polymer components have also been
reported in Refs. [23,41,116], yet without extracting direct molecular
level information.

In addition to the chemical composition, crystallinity, and the struc-
ture of the hydrophobic layers play a crucial role in determining the
barrier properties of films and membranes [117-120]. Our findings
indicate that a higher level of ordering in the hydrophobic layer indeed
correlates with water blocking properties of the assembly. This has been
previously associated with a reduction of free volume and segmental
mobility [121]. Inversely, water transport through a polymer assembly
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is favourable in the presence of percolated free volume [73,122]. Fur-
thermore, we found that stretching of the polymer assemblies decreases
the ordering of the hydrophobic layer, leading to enhanced water
penetration. The findings of Ref. [123], where applying lateral tension
on the polymer assembly led to structural changes and altered the
assembly water permeability, are consistent with the structure changes
observed here.

We also analysed the hydrophobic/hydrophilic interface changes
between the different copolymer systems and the resilience of this
interface to stretching. The findings clearly associate the interface
smoothness and stability with the efficient blocking of water molecules.
This could relate to good barrier performance. Previously, the sur-
face morphology has been reported to directly affect small molecules
transport through a polymer assembly [63,67]. Here, we found that a
smooth interface enhances molecular level blocking of water. Further-
more, strain may anneal the interface: we observed that two of the four
studied systems underwent an increase in the smoothness of the inter-
face when stretched. This led to better performance in terms of blocking
water. This is in agreement with the findings of Refs. [33,124], where
the level of roughness of the interface has been directly correlated with
the probability for water molecules to penetrate through it. For the
systems studied here, we note that the polymer assemblies containing
styrene monomers annealed their interface roughness upon stretching,
and consequently, their water blocking performance improved.

The findings here are important, not only in deciphering the molec-
ular level dependencies of the water blocking response for such copoly-
mers, but also in highlighting the importance of non-idealities in the
modelling conditions for correctly capturing the response. Here, we
considered lateral stretching as a crude simplification of the effect
of general packing irregularity and strain. Importantly, this allows
observing which film compositions are resilient to local strain in their
water blocking. Overall, the generated molecular level guidelines for
film design can bear significance in the design of advanced moisture
protection materials.
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