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Block copolymers at homopolymer interfaces are poised to play a critical role in the
compatibilization of mixed plastic waste, an area of growing importance as the rate
of plastic accumulation rapidly increases. Using molecular dynamics simulations of
Kremer—Grest polymer chains, we have investigated how the number of blocks and
block degree of polymerization in a linear multiblock copolymer impacts the inter-
face thermodynamics of strongly segregated homopolymer blends, which is key to
effective compatibilization. The second virial coefficient reveals that interface ther-
modynamics are more sensitive to block degree of polymerization than to the number
of blocks. Moreover, we identify a strong correlation between surface pressure (re-
duction of interfacial tension) and the spatial uniformity of block junctions on the
interface, yielding a morphological framework for interpreting the role of compati-
bilizer architecture (number of blocks) and block degree of polymerization. These
results imply that, especially at high interfacial loading, the choice of architecture of
a linear multiblock copolymer compatibilizing surfactant does not greatly affect the

modification of interfacial tension.
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I. INTRODUCTION

Questions about the properties and design of blended polymer materials are especially
relevant in the modern world. Polymer materials are produced at an annually growing rate,
and plastic waste streams are increasingly heterogeneous in composition.!'®> However, chem-
ically distinct polymers are typically immiscible due to differences in monomer chemistry
which engender (sometimes small) interaction penalties that are amplified by the significant
length of polymer chains, as quantified by Flory-Huggins solution theory.® These unfavorable
interactions drive phase separation in blends of common and ostensibly similar polymers,
such as polyethylene and isotactic polypropylene.” Such polymeric blends exhibit physical
properties that, due to the presence of phase-separated domains, vary on undesirably long
length scales.®® Additionally, weak or nearly non-existent adhesion between layers at do-
main interfaces lead to facile layer separation and poor macroscopic mechanical properties
such as early failure and low yield stress.'®!! Addressing these issues is critical for advancing
recycling of mixed plastic waste.

This study focuses on understanding and mitigating the driving force for the formation of
large domains in immiscible polymer blends through the addition of linear multiblock copoly-
mer compatibilizers. Block copolymers are known to have an emulsifying effect in blends
of thermodynamically immisicible homopolymers, analogous to the role of small-molecule
surfactants in immiscible liquids.!? !> They aggregate at the homopolymer interface, where
they exclude homopolymers and introduce an attractive force across the interface through
block junction bonds, thereby reducing interfacial tension.'®!” This effect in turn reduces
the penalty for material homogeneity by allowing a larger interfacial area per unit volume,
effectively reducing domain size. The degree of domain size reduction corresponds, to a first
approximation, with the extent to which the block copolymers reduce the interfacial tension,
although in practice non-equilibrium factors such as processing also play a role.'® 20

There is a large body of prior work investigating the surfactant-like effects of block
copolymers at homopolymer interfaces.®%1217:21-29 However, theoretical investigations have
largely focused on the emulsifying effects of diblock copolymers due to their close analogy
with small molecule surfactants, with limited exploration of the role of block copolymer
architecture.'?"16:21-23,:25.26.30 Diplock copolymers constitute the simplest possible architec-

ture of a copolymer surfactant, with only one free parameter in the commonly studied
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case of a compositionally symmetric diblock, leaving little room for tuning and optimizing
material properties. Given recent outstanding experimental success demonstrating linear

multiblock copolymers as promising compatibilizer additives,®?2%31

it is critical to supple-
ment previous theoretical work by considering the role of architecture. To vary architecture
of a linear multiblock copolymer, we change the number or chemical identities of the blocks.
The large space of possible architectures can be strategically navigated to answer specific
questions, such as by varying monomer sequence along a fixed-length copolymer chain or
by linking together copolymer chains. In this study, to vary the architecture of a linear
multiblock copolymer, we change the number of blocks and alternate monomer type (B, A,
B, ...). By conceptualizing linear multiblock copolymers as multimers of diblock copolymers,
we disentangle the impact of design parameters (number of blocks, block degree of polymer-
ization, and copolymer interfacial loading) on interface thermodynamics. We also identify
a morphological correlation between interface thermodynamics and junction clustering, and

describe a framework for understanding the effect of block copolymer design on interfacial

tension.

II. METHODOLOGY

A. Polymer Model

In this work, we model polymers as coarse-grained Kremer—Grest bead-spring chains.32:33

Specifically, pairwise interactions between all beads, bonded and nonbonded, are modeled
with the Lennard-Jones (LJ) potential truncated to the repulsive component. This potential,

also known as the Weeks—Chandler—Andersen (WCA) potential,® is given by
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where the ¢ and j indices correspond to bead types (i.e., A and B monomers), ¢; is the

repulsion strength between monomer ¢ and j, and o is the LJ length scale. The LJ energy

parameters are expn = egg = €, and exp = 50¢, putting the system firmly in the strong

segregation regime (see the Supplementary Material). Bonds between neighbor beads on
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the chains are enforced using the finitely extensible nonlinear elastic (FENE) potential,

WFENE () _ —%kr% In [1 - (%)1 @)

where k is the spring constant and ry sets the maximum bond length. The parameters of
the FENE potential are consistent with literature values known to prevent bond crossing
(ro = 1.50, k = 30¢/0?).32%° The fundamental unit of time is 7 = o(m/e)'/?, where m is
the mass of the A and B beads. Energies here and hereafter are reported in units of kg7,

where kg is Boltzmann’s constant and 7" is the absolute temperature.

B. Structure Generation

Systems are configured as three homopolymer rich regions separated by two interfaces
in the yz-plane with copolymers adsorbed to the interfaces. The simulation box size is
determined by setting an average density of p = 0.850™2 and using box lengths L, =
L, = al, with an aspect ratio a = 0.544 to ensure the interfaces are separated enough
that the copolymer brushes do not interact within or across box images. Individual polymer
chain conformations are generated using a modified version of the Monte Carlo random-walk
procedure from Kremer and Grest.3? This procedure consists of performing a 3D Brownian
random walk augmented with an acceptance condition to prevent unrealistic backfolding.
At each step i, the distance between bead (i) and bead (i — 2) is required to be larger than
some threshold; a detailed explanation of this procedure is available in Ref. 32. For block
copolymers, blocks are generated independently and then linked together with the same
two-step distance condition.

Each homopolymer chain is then placed at random in a region of the simulation box
according to its type. The systems are initialized in the phase-separated state to accelerate
equilibration. A small study was done to confirm that phase separation of the A and
B chains does occur spontaneously from an initially homogeneous configuration at low to
modest interaction strengths, providing confidence that initially phase-separated states are
not kinetically trapped (see the Supplementary Material).

Copolymer random-walk chains are placed at the two interfaces between the A and B
regions, with no particular initial orientation. Chains are thus initialized with a conformation

that does not account for the thermodynamic interactions of homopolymers with copolymer
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FIG. 1. A ternary blend of homopolymers with triblock copolymers of N, = 32 and Mcp = 128
at (a) the random initial state and (b) after a production run of 5 x 10*7. A beads are red and B

beads are blue. Copolymer beads are opaque while homopolymer beads are semi-transparent.

blocks, such that some B blocks might traverse through an A homopolymer region and vice
versa, and junctions are not located at the interface. A representative example of such a

randomly generated structure is shown in Fig. 1a.

C. Simulation Protocol

The initial structure is first relaxed to address aphysical overlaps inevitably resulting
from the random initialization procedure. First, a short simulation replacing Eq. (1) with a
soft Gaussian pairwise potential given by u(r) = Cexp(—3(r/0)?) is performed, where the
prefactor C' is continuously ramped up from C' = 1 to C' = 120, slowly easing overlapping
beads off of each other.?? Next, the full pairwise LJ potential is applied and a short simulation
is performed with a capped-displacement integrator that effectively cools the system and
relaxes all overlaps with very few iterations (<1 x 10° steps at At = 0.0057).

Following relaxation, the system is then equilibrated to remove artifacts of the initial-
ization procedure, such as large density fluctuations and random conformations of copoly-

mers at the interface, and reach a dynamic equilibrium. Here, the system is evolved using
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Langevin dynamics in the NVT ensemble using a time step of At = 0.0057. The temper-
ature is held at kgT = € through coupling to a thermal reservoir with a drag coefficient
I'; = 1.0. Stable macroscopic properties are necessary but not sufficient for equilibration, as
chain deformations on intermediate length scales are known to relax on longer time scales.
Following the analysis of Auhl et al.,*® we compute internal segment length distributions, an
example of which is given in Fig. 2, confirming that they quantitatively match the profile of
an equilibrated melt. Homopolymers and copolymers are treated separately in this analysis;
the interface induces stretching of the copolymers that would be non-equilibrium for bulk
homopolymer. All systems fully equilibrate within 4 x 107 steps.

The final production run is identical to the equilibration step with one important excep-
tion: center of mass momentum is zeroed out every 50 iterations to facilitate better collection
of accurate spatial data. The systems are simulated for 1 x 107 time steps. The equilibration
and production steps could have been performed using the NP,AT ensemble, which fixes the
interfacial area and the diagonal element of the stress tensor normal to the interface. A brief
investigation revealed this approach produces results quantitatively indistinguishable from
NVT ensemble calculations (see Fig. S1). Note that the NPT ensemble is incompatible with
the Kirkwood-Buff method for computing the interfacial tension, which relies on differences
between diagonal elements of the stress tensor (see the next section). All molecular dynam-
ics simulations were performed with the open-source HOOMD-blue software package.338
Images of an example initial structure with Monte-Carlo random-walk chains and the same

system after the full simulation pipeline are given in Fig. 1.

D. Computing Interfacial Tension

The ensemble average interfacial tension is computed following the description of Kirk-

wood and Buff,39:40

L

<7>:7X<PN_PT> (3)

where Py = Py and Pr = (P,y + P,,)/2 are the components of the global pressure tensor
normal and tangential to the interface, respectively. Averages were computed over indepen-
dent samples, determined using an estimate of the autocorrelation time of the interfacial

tension. The exact details of the statistical treatment are in the Supplementary Material.
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FIG. 2. Segment length per bead as a function of segment degree of polymerization, (R*(N))/N.
Gray curves are replica results, and blue curves are their average. The approximate monotonicity
and leveling off of the homopolymer distributions confirm no non-equilibrium internal stretching
deformations.?® The copolymer distributions exhibit sharp increases indicating stretching and de-
creases corresponding with midblock loops. Data shown are for blends with 128 junctions per

interface and Ny, = 32.

E. Gaussian smeared density of a point cloud

To analyze the spatial uniformity of junctions at the interface, we project their location
onto the Gibbs dividing surface and construct a two-dimensional point cloud. The Gaus-

sian smear transforms this point cloud into a continuous density function. It is strictly a
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convolution, and can be expressed as the sum of a set of Gaussian distributions with width
A centered at each point in the cloud. In two dimensions, the Gaussian smear continuous

density profile is

) = Y- e (120 (4)

where the sum is over the points in the point cloud. When computing ||r — r;||, care must
be taken to account for periodic boundary conditions. Furthermore, the distribution width
A is a tunable parameter of the convolution, with larger widths corresponding to greater
smearing of the point cloud. We swept the value of the width parameter and found that,
except for large (A > 8) or small (A < 1) values, it did not qualitatively impact our findings.
Within this range and for the purpose of extracting qualitative understanding of the system,
this method is effectively parameter-free. An intermediate value (A = 3.5) was chosen that
is large enough to adequately smear the point cloud while small enough not to wash out

detail in the point cloud. The variance of the continuous density profile is calculated as

7= [ o= (o (5)

where ¥ is the two-dimensional region constituting the interface and A is the area of this

region. After discretizing, the equivalent form is
2 I s 2
== () ()
j=1

where n is the number of bins, p; = p.(r;) is the smeared density in bin j, and r; is the
center of bin j. Notably, the binned value p; depends only on bin location and not on bin

size.

F. Study Design

The number (My = Mg = M = 1024) and degree of polymerization (N, = 64) of A
and B homopolymers are fixed. Linear multiblock copolymers are constructed with 2, 3,
or 5 blocks of alternating monomer type (BA, BAB, or BABAB). During the simulation
time, block copolymers stay on the interface due to strong repulsion and significant block
degrees of polymerization, preventing complicating effects such as micellization and bulk

solubilization. These are experimentally important factors that compete with localization of
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the block copolymers to the interface. Rare simulation examples that exhibited micellization
were excluded from the dataset to focus the results solely on the case of a fixed surface
concentration of block polymer.

Comparisons between systems of differing copolymer architecture are made by treating
triblock copolymers as dimers of diblocks, and pentablocks treated as dimers of triblocks, in
both cases fixing the number of parent diblocks. A base degree of polymerization N, sets
the degree of polymerization of the copolymer endblocks, and with the dimerization inter-
pretation all midblocks are twice as long. Systems of the same base degree of polymerization
with Mcp = X diblocks, Mcp = X/2 triblocks, and Mcp = X/4 pentablocks, where Mcp is
the number of copolymers, are treated as a slice of the data where only the number of blocks
in, or equivalently the architecture of, the copolymer is varied. Architectural variations thus
preserve the total number of copolymer beads and the number of block junctions, but vary

the total number of copolymers.

TABLE I. The copolymer terminal/base block length (IVy,), copolymer block degrees of polymeriza-
tion (Ncp), number of copolymers (Mcp), and number of junctions per interface for each ternary
polymer blends included in this study. Copolymer types are BA, BAB, and BABAB. Each system
has M = 1024 homopolymers of degree of polymerization Ny = 64. Copolymer volume fraction is
constant at fixed base length and fixed number of junctions per interface. Systems are contrasted

across varying architecture for fixed number of junctions per interface and fixed Ny,

Ny, Ncp Mcp jxn/interface
16 (16, 16) 32384 16— 102
16 (16, 32, 16) 16 — 192 16 — 192
16 (16, 32, 32, 32, 16) 8 — 96 16 — 192
32 (32, 32) 32-384 16— 192
32 (32, 64, 32) 16 — 192 16 — 192
32 (32, 64, 64, 64, 32) 8 - 96 16 — 192
64 (64, 64) 32-384 16— 192
64 (64, 128, 64) 16 — 192 16 — 192
64 (64, 128, 128, 128, 64) 8 — 96 16 - 192
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(a)

Ny 2Ny - ZNy Ny
FE= N =16 X diblock
M Nyo=32 M triblock
Az N, =64 ¥ pentablock

FIG. 3. (a) Schematic indicating the dimerization of two diblock copolymers to form a single
triblock copolymer, preserving copolymer volume fraction, the number of copolymer beads, and
the number of block junctions per interface, but changing the number of copolymer molecules. (b)
Framework for the construction of linear multiblock copolymers, with corresponding colors and

markers used in figures throughout this paper.

Considering this framework, which is depicted schematically in Fig. 3 and explicitly in
Table I, the key variables swept in this study are the copolymer endblock base degree of
polymerization Ny, the total number of block junctions, and the number of blocks in the
linear block copolymer. The number of copolymers is implicit on the number of blocks and

the total number of block junctions.

ITI. INTERFACIAL TENSION OF TERNARY BLENDS

We first present interfacial tension data for phase-separated ternary blends of A and
B homopolymers with alternating A/B linear multiblock copolymers. Figure 4 displays
the surface pressure I = 79 — v as a function of copolymer surface density (Fig. 4a) and
block junction surface density (Fig. 4b), where 7 is the interfacial tension of the bare

homopolymer-homopolymer blend and + is the interfacial tension of the ternary system.

10
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FIG. 4. Surface pressure II as a function of the interfacial surface density of (a) block copoly-
mers, (pcp), and (b) block junctions, (pjwm). The density of junctions is a more natural choice
of dependent variable as it fixes weight fraction and better correlates with surface pressure across
systems. Lines are fits of Eq. (7), with fit parameters given in Table II. As described in Fig. 3b,
colors indicate block lengths Ny, = 16 (purple), Ny, = 32 (orange), and Ny, = 64 (red), and symbols
indicate diblock (cross), triblock (triangle), and pentablock (pentagon) copolymer architectures.

Error bars are two times the standard error of the mean (see the Supplementary Material).

Adsorption data for each copolymer are fit to a virial equation of state truncated to second

order,
IT

ksT{p)

where A and B are the first and second virial coefficients. As expected, surface pressure

= A+ B{p) (7)

increases (interfacial tension decreases) with increasing surface density. From Fig. 4a, copoly-
mers with a larger number of blocks exert a higher surface pressure at fixed copolymer surface
density. However, in this presentation of the data, the systems vastly differ in weight frac-
tion, and do not isolate the effect of architecture. The surface density of junctions better
correlates surface pressure data, demonstrated by the relatively greater similarity of curves
in Fig. 4b. This increased similarity is consistent with the fact that copolymers function

as multisite adsorbents and reinforces the idea that junctions, not entire molecules, are the

11
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effective adsorbents to the interface. Moving forward, we will use the notation (p) to denote
the average areal junction density, equal to the number of junctions divided by the interfacial
area.

Focusing on Fig. 4b, two other features of the data stand out. First, increasing block
degree of polymerization Ny, tends to increase surface pressure. Second, at fixed Ny, diblock
copolymers exert a marginally higher surface pressure than linear multiblock copolymers.
Importantly, surface pressure is markedly more sensitive to block degree of polymerization
than to architecture. This is consistent with the calculations of Noolandi,*' which demon-
strate that for multiblock copolymers to be effective as surfactants, their blocks must be
long enough to extend beyond the original homopolymer interface into the homopolymer
bulk region.

Table II contains the first and second virial coefficients obtained by fits of Eq. (7) to
Fig. 4, constrained to be positive, with either the density of copolymers (pcp) or density
of junctions (pjxn) as the dependent variable. Notably, the second virial coefficients for a
given value of IV}, are much closer in magnitude across all systems when junction density

is the dependent variable. Likewise, systems with diblock copolymers exhibit first virial

TABLE II. Virial coefficients for ternary blends resulting from fits of Eq. (7) to the thermodynamic

data of surface pressure versus average copolymer density and junction density in Fig. 4.

copolymer junction

Ny, Num. Blocks A B A B

16 2 0.68 89 068 89
16 3 0.28 39 014 9.7
16 5 0.11 141 0.028 8.8
32 2 0.91 11 091 11
32 3 0.00 67 0.00 17
32 5 1.23 170 031 11
64 2 0.93 25 093 25
64 3 0.79 95 039 24
64 5 0.00 460 0.00 29

12
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coefficients closer to unity, suggesting approximate two-dimensional ideal gas behavior of the

1.3° However, multiblock

junctions at low density, consistent with the results of Mysona et a
copolymer junctions are correlated due to finite midblock length, and thus deviate from ideal
gas behavior at low density, as indicated by lower first virial coefficients when compared to
diblock copolymers. With junction density as the dependent variable, the second virial
coefficient varies more with respect to Ny, than the number of blocks.

Further information about the role of architecture can be gleaned by normalizing the sur-
face pressure of the pentablock and triblock systems to the surface pressure of the matching
diblock system (the one at identical base block degree of polymerization and junction den-
sity), as presented in Fig. 5. This normalization effectively removes the role of block degree
of polymerization. The low density region, where interfacial tension is reduced by less than
5%, is excluded from the figure. At large junction density, the normalized surface pressures
collapse to within measurement error. The positive trend in normalized surface pressure
reveals that the effect of multiblock copolymers approaches that of diblock copolymers as
junction density increases.

The key takeaway from these results is that, if surface density of junctions is fixed, the
effect of block degree of polymerization on surface pressure is much more significant than that
of architecture. To the extent that the number of blocks in a linear multiblock copolymer
does play a role, this role decreases as surface density of junctions increases. Thus, in
the practically relevant region where the interfacial tension is meaningfully decreased, the
impact of architecture can, to a first approximation, be ignored. Controlling interfacial
loading of the compatibilizer is thus critical to controlling performance, and will require
different blending fractions depending on the effects of architecture on bulk solubility and

micellization.

IV. SPATIAL UNIFORMITY OF JUNCTIONS ON THE INTERFACE

It is clear from the above results that the surface pressure is impacted to a greater degree
by copolymer block degree of polymerization than by architecture. Nonetheless, diblock
copolymers exert a greater surface pressure than linear multiblock copolymers. In what
follows, we leverage structural features of block copolymers at the interface to construct a

morphological interpretation of this architecture-related effect. This analysis leverages the

13



Publishing

AIP

\\

1.25

1.00 =g =———=fF === ===

BRLE % i

M
a
= !
~
=
0.25 -
0.00 f===t========———m—— -
—0.25 , , ,

FIG. 5. Surface pressure relative to that of the matching diblock system. Large error at low (p) is
due to magnification of error in the vanishing denominator, IIpg — 0. In the higher surface density
region of interest, the relative surface pressure trends towards unity as II — IIpg. As described
in Fig. 3b, colors indicate block lengths Ny, = 16 (purple), N, = 32 (orange), and N}, = 64 (red),
and symbols indicate diblock (cross), triblock (triangle), and pentablock (pentagon) copolymer
architectures. Error bars are two times the standard error of the mean (see the Supplementary

Material).

wealth of microstructural information available from molecular dynamics simulations, which
is not experimentally available, to complement the experimentally accessible interfacial ten-
sion data presented above.

Diblock and multiblock copolymers fundamentally differ in their conformations at the
interface. The most immediate indication of this fact is in Fig. 2; midblocks must turn around
to accommodate two ends on the interface, corresponding with sharp increases followed by
decreases in internal segment end-to-end distances as a function of their contour length.
Further illustrating this point, Fig. 6 shows the average end-to-end distances per bead for
block copolymer segments within a single block starting at the block junction. Per-bead
end-to-end distances increase along the segment, but midblocks start to turn around near
the halfway point. Both midblocks and endblocks exhibit significantly higher end-to-end

distances than equilibrium homopolymers which is a result of copolymer chains stretching

14
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FIG. 6. Average squared end-to-end distance per bead for endblock (blue) and midblock (red)
segments starting at block junctions in (a) diblock, (b) triblock, and (c¢) pentablock copolymers.
Equilibrium homopolymer curves (black) are included for comparison. Data shown are for blends

with 128 junctions per interface and Ny, = 32.

away from the interface.

Recalling the interpretation of multiblock copolymers as linked diblock copolymers, these
midblock linkages mechanically couple junctions to each other. This constrains the freedom
of multiblock junctions to move about the interface independently of each other, increasing
junction clustering and effectively reduce the area occupied per junction relative to diblock
junctions. Motivated by the strong dependence of surface pressure on average junction
density in Fig. 4b, we examine local junction density fluctuations and, equivalently, the
uniformity of junction spacing on the interface. First, we construct two-dimensional point
clouds consisting of the projection of junction positions onto the Gibbs dividing surface;
examples are given in Fig. 7a. To the naked (squinted) eye, the junctions of multiblock
copolymers appear more clustered, while those of the diblock copolymers seem more evenly
spaced. To quantitatively assess the evenness of junction density profiles and contrast them
with the thermodynamic results of Figs. 4 and 5, we proceed with an approach utilizing
Gaussian smearing (see the Methods section). We chose this method because it is sensitive
to subtle differences in point clustering. Furthermore, it enables ensemble averaging of

junction density that preserves density variance, whereas ensemble averaging over junction

15
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FIG. 7. Point cloud (left) and Gaussian blurred density (right) of locations of junctions of (a)
diblock copolymers and (b) triblock copolymers on the interface at the final frame of the production
simulation. The triblock junctions appear clustered in pairs and exhibit higher peak density and

density variation. Data shown are for blends with 128 junctions per interface and Ny, = 32..

locations would homogenize the density. Examples of the transformation from point clouds
to continuous density profiles are given in Fig. 7b.

The variance of the junction density relative to a reference state is a measure of the
uniformity of junction spacing, with lower variance corresponding to a higher uniformity,
and vice versa. To compute this quantity, we perform a Gaussian smear (blur) of the point

cloud, discretize it, and then take the variance of the binned density values (02).*> We then
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compare this density variance with that of a reference two-dimensional system of WCA

particles. We refer to this final quantity as the relative variance 6> = (0,/0

WOA)2, and its
inverse square root 1/6, as the “uniformity”, which increases as junctions are spaced more
uniformly on the interface.

The square root of the variance relative to that of the two-dimensional WCA fluid is
given in Fig. 8a. At fixed average junction density, the density variance increases with
increasing number of blocks, which is consistent with the fact that coupling junctions with
midblocks reduces their ability to move independently of each other. The density variance
also decreases with increasing block degree of polymerization. Because this is especially the
case for multiblock copolymers, this decrease in density variance also supports the intuition
that lengthening midblocks loosens the mechanical coupling between junctions.

At low junction densities, the relative density variance of diblock systems is nearly unity,
almost exactly matching that of the reference WCA fluid, while multiblock systems display
amplified relative variance. As junction density increases, the relative variance decreases,
demonstrating that the effective range of repulsive interactions between junctions is larger
than that of the corresponding 2D WCA fluid. Mechanistically, this effect is likely connected
to steric interactions of the chains hanging off the junctions. This interpretation is further
supported by the observation that the largest block degrees of polymerization consistently
exhibit greater uniformity than the reference (relative variance less than unity).

To probe the connection between these spatial ideas and interface thermodynamics and
arrive at the key conclusion of this paper, surface pressure is plotted against the junction
uniformity (the inverse square root of relative variance) in Fig. 8b. The data collapse, de-
picting a clear correlation between the uniformity of copolymer junctions on the interface
and the reduction of interfacial tension. This correlation can be rationalized by considering
the mechanism of a block copolymer surfactant. The copolymer acts to exclude homopoly-
mer from the interface, thereby reducing the unfavorable interactions and further countering
them with bonded interactions across the interface from block junctions. As junctions cluster
and chains stretch away from the interface, the interfacial area of excluded homopolymer per
junction decreases, tipping the balance of forces and thus reducing the impact per copolymer
on interfacial tension. The collapse of the data in Fig. 8b is relatively tight, but might be im-

proved with a better choice of reference system or adjusting the density smearing technique.

Two additional analyses of interfacial coverage that qualitatively support these connections

17
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FIG. 8. (a) The variance of smeared junction density relative to a reference as a function of the
average density. The inset gives the square root of the density variance of the reference two-
dimensional WCA fluid, JXVCA. (b) Surface pressure versus junction uniformity, the inverse square
root of relative variance, with a clear and strong positive correlation between uniformity and surface

pressure.

are provided in the Supplementary Material.

Ultimately, understanding that the uniformity of junction spacing largely captures
changes in surface pressure leads to an intuitive framework for predicting the role of ar-
chitecture in reducing interfacial tension. Generally, changes that increase the uniformity
of junction spacing will increase the surface pressure, such as increasing side chain steric

repulsion, lengthening midblocks to reduce physical constraints, and cutting mechanical ties
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between junctions. We expect this framework will be consistent with architectures that
would further enforce uniform junction spacing, such as star or bottlebrush copolymers, but

a definitive test of this theory will require additional investigation.

V. CONCLUDING REMARKS

Interface thermodynamics are an important piece of the compatibilizer engineering prob-
lem. Previous works, both theoretical and experimental, have explored how diblock copoly-
mer parameters impact the emulsification of immiscible homopolymers. Those works show
that surface pressure increases (interfacial tension is reduced) with increasing block degree
of polymerization and copolymer volume fraction. This work considers the role of block
copolymer architecture in the context of linear multiblock copolymers and provides a mor-
phological interpretation of the results, enabling a spatially intuitive way to think about the
modification of interface thermodynamics by block copolymers. In essence, uniform spacing
of adsorbents on the interface strongly correlates with reduction of interfacial tension. This
information, coupled with considerations of transport, solubility, and micellization, should
guide decisions about architecture when approaching compatibilizer design problems.

These results are naturally limited by the scope of this study. We focused explicitly on
linear multiblock copolymers, and though we believe the correlation of surface pressure with
junction spatial uniformity should extend to more complex architectures such as bottlebrush
or miktoarm polymers, additional investigation would be necessary to confirm this hypothe-
sis. Furthermore, the system in this study is a hypothetical lamellar-like system designed to
isolate the interfacial thermodynamics and adsorbent spatial arrangement from complicating
effects that might arise in a macroscopic system with polymer droplets, such as interfacial
curvature and droplet population dynamics. Finally, this study focused on strongly seg-
regated systems, with block copolymers that do not leave the interface, to cleanly extract
information about their impact at the interface. However, phenomena such as micellization,
bulk solubilization, or transport of block copolymers to and from the interface could compli-
cate the results at lower segregation strengths, higher concentrations, or higher block degrees
of polymerization. We highlight all of these as important routes for future investigation.

It is worth noting there are significant opportunities for corresponding experiments. While

some interfacial tension measurements have been performed for block copolymers with dif-
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174344 5 carefully designed model system offering syn-

ferent architectures and compositions,
thetic access to a host of well-defined linear multiblock copolymer architectures with thermal
properties suitable for standard surface tension measurement protocols would be powerful.
Such experiments could also consider transport and micellization effects, practical issues

that are not captured in these simulations.

SUPPLEMENTARY MATERIAL

The supplementary material contains details of the statistical treatment, ensemble choice,

additional data, and two additional analyses to support the results of the main text.
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