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Soft Matter

Abstract

We use coarse-grained molecular dynamics simulations to investigate the assembly of A-B
amphiphilic polymers near/on surfaces as a function of polymer architecture and surface attraction to the
solvophobic B-block in the polymer. We study four polymer architectures: linear, bottlebrush with a
backbone that is longer than each of the side chains, bottlebrush where the solvophobic backbone is similar
in length to each of the side chains, and ‘star-like’ architectures where the backbone is significantly shorter
than the side chain lengths. For each architecture and surface-B attraction, we quantify the assembled
aggregate structure (i.e., aggregation number, domain shapes and sizes) and the chain conformations (i.e.,
components of the chain radius of gyration) on and away from the surface. For all the architectures and
surface-B attraction strengths, the assembled structure away from the surface is similar to the assembly
observed in bulk systems without surfaces. Near/on the surface, the assembled B-blocks form domains
whose shapes and sizes are dependent on the surface-B attraction strength and the ability of the B-block in
the polymer architecture to change conformations and pack on the surface. Domain sizes formed from linear
and ‘star-like’ polymer architectures show the most sensitivity to surface-B-block attraction strength,
transitioning from hemispherical to disordered domains with increasing attraction strength. In contrast
bottlebrushes with long backbones and short side chains transition from hemispherical to striped to
continuous domains with increasing surface-B attraction strength. Bottlebrushes with similar solvophobic
backbone and side chain lengths form hemispherical domains that do not change significantly with the
surface-B-block attraction strength. These computational results can guide experimentalists in their choices
of surface chemistry and polymer architecture to achieve desired assembled domain shapes and sizes on

the surface.
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1. Introduction

Assembly of linear and branched block copolymers on surfaces have been shown to be useful in
microelectronics, lithography, sensors, optics and photonics, as described in many review articles.!*® The
type of application dictates the desired shapes and sizes of the self-assembled domains. For example,
continuous domains with sharp interfaces are preferred for applications involving transport (e.g.,
microelectronics, microfluidics), and patterns of spherical nanoscale domains with regular spacing are
preferred for optics and photonics. Previous experimental and computational studies have described ways
to control self-assembly of block copolymers on the surface by tuning the polymer-surface and the polymer-
polymer interactions through the choice of the polymer, solvent and surface chemistry as well as the
polymer architecture.'-* Even though a large portion of the previous work is on linear polymers, in the past
few decades, non-linear or branched polymer architectures, such as bottlebrushes, have begun to receive
more attention (see review articles'-%). The bottlebrush architecture is comprised of a linear backbone with
densely grafted side chains. The steric hinderance between the densely grafted side chains along the
backbone result in an extended polymer whose shape (e.g., worm-like) and stiffness depend on the ratio of
their backbone and side chain lengths.”® Various experimental, computational, and theoretical studies? '*-
18 have investigated the conformations of bottlebrushes and comb copolymers architectures. The studies
focused on polymer adsorption on surfaces find that the polymer architecture affects the conformations
more significantly on surfaces than in the bulk as the reduced volume available for the side chains increases
their steric repulsion along the backbone. Additionally, these studies find that the competition between the

backbone and side chain interactions with the surface can lead to non-trivial adsorption behavior.

The impact of the conformational features of the bottlebrush polymer on their self-assembly has
been studied in solution,'*3% in bulk,’** as well as at surfaces.*? 44-50 42, 44-5044-50 Bottlebrush copolymers
close to surfaces have been shown to have faster assembly kinetics and form ordered domains with larger
sizes without the use of additives as compared to linear copolymers.**% Deposition of bottlebrush

copolymers also leads to a variety of stimuli-responsive surfaces that come from different arrangements of
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functional groups within the bottlebrush chemistry, that preferentially assemble at or away from the surface
depending on the solvent conditions.*® 4% 3 The above useful studies have elucidated the behavior of
bottlebrushes in solution and on surfaces, but to the best of our knowledge there are no studies that
systematically vary the polymer branching (e.g., from linear to bottlebrush or comb polymer to star
polymer) to show how increasing/decreasing crowding of the side chains along the polymer backbone
impacts the self-assembly near surfaces, specifically the domain shapes, domain sizes, and chain

conformations on surfaces.

In this paper, we use coarse-grained (CG) molecular dynamics (MD) simulations to investigate the
self-assembly of different amphiphilic block copolymer architectures on surfaces with varying strengths of
attraction to the solvophobic B-block. We study architectures ranging from linear to bottlebrushes to ‘star-
like’; ‘star-like’ are essentially bottlebrushes with short backbone and few long side chains. In the
bottlebrush and ‘star-like’ cases we vary the side chain grafting density (i.e., number of side chains per
backbone bead) from 1 to 4. This study on surfaces is an extension of our previous study>! on self-assembly
of some of these architectures in solution in the absence of the surface. In that study, we found that both the
solvophobicity required for assembly of the copolymers and the assembled micelles’ aggregation number
varied non-monotonically with the polymer architecture going from linear to bottlebrush to star-like. This
non-monotonic trend was linked to how the topological arrangement of the solvophobic B-segments within
the copolymer architecture hindered/aided solvophobic contacts in solution. In this paper, we find that the
polymer architecture and grafting density dictates how easy/difficult it is for the B-segments within the
polymer chains to reorganize on the surface to make energetically favorable surface-B contacts. This
impacts the shape of the assembled domain on the surface and the sensitivity of the domain shapes and
sizes to different surface-B attraction strengths. Bottlebrushes with a long backbone and short side chains
are stiffer near surfaces than in bulk, due to the increased steric hindrance from the side chains of adsorbed
polymers. These stiffened bottlebrush polymers pack more regularly to form continuous or striped domains

at higher surface-B interaction strengths. Bottlebrushes with similar solvophobic backbone and side chain
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lengths form hemispherical domain structures, that due to the stiffness described above, do not change with
varying surface-B attraction strength. In contrast, linear and ‘star-like’ polymer architectures maintain their
flexibility and adopt different energetically favorable configurations depending on the surface-B attraction
strength, forming different domain shapes that are sensitive to the surface-B attraction strength. Increasing
the grafting density in the non-linear architectures increases the topological constraint on the chains
deterring them from adopting different chain conformations; in most cases hemispherical domain structures

are formed for all values of surface-B attraction strengths in this study.

The rest of this paper is organized as follows. In section 2, we present the model, the simulation
and analyses methods, and discuss the design parameters varied in this study. In section 3, we discuss our
results of the self-assembly of various polymer architectures on different solvophobic surfaces. In section

4, we summarize our results and discuss the implications of our findings.

2. Methods

2.1. Model

To represent generic A-B amphiphilic copolymers with varying architectures we use a coarse-
grained (CG) bead-spring model>? 3 similar to our previous work.’!> 3% All CG polymer beads, backbone
and side chain, have a diameter of 1o, a mass of 1m, and are bonded with a harmonic spring with a force
constant of 50e/d? and an equilibrium distance of 1o; all values are expressed in reduced Lennard-Jones
(LJ) units.> The polymer backbone and side chains are modeled as flexible chains with no imposed angle
potential. This generic CG model with backbone and side chain beads of the same size and a flexible
polymer backbone is chosen to fairly compare assembly behavior of the different polymer architectures,
some comprised mostly of backbone beads (e.g., linear polymer with no side chains) and others of mostly

side chain beads (e.g., ‘star-like’ polymer).

We model the solvent implicitly and capture its effect on the solvophobic (B) components with a

LJ potential,> where the strength of the B-B LJ potential, egp, captures different solvent qualities. Increasing
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values of epp indicate that the solvent quality is becoming poorer for the solvophobic component and drives
the self-assembly of the amphiphilic copolymers. The LJ potential has a cutoff of 2.5¢ and is shifted to have
a value of 0 at and above the cutoff distance. All interactions with the solvophilic (A) beads are modeled to
be in a good solvent with the Weeks-Chandler-Andersen (WCA) potential®® with a cutoff of 2%¢ and is
shifted to have a value of 0 at and above the cutoff distance. These features of the model are the same as
we used in our recent publication,’! where we investigated bulk solution polymer assembly without
surfaces. In that paper we also discussed briefly how this type of CG model could be mapped to specific

polymer chemistries and solvent mixtures.

In this work, we represent the surfaces at the top and bottom simulation boundaries in the z direction
with square-packed two-dimensional arrays of CG beads of the same size as the polymer beads (Figure 1).
All other boundaries of the simulation box (i.e., in x and y directions) maintain periodic boundary
conditions. We model the bottom surface of the simulation box as attractive towards the solvophobic B-
block of the polymer and model the top surface of the simulation box as a neutral non-attractive surface.
To model the attraction of the bottom surface towards the B-block of the amphiphilic polymer, we
incorporate a cut and shifted LJ potential with attraction strength, ewp, shifted to have a value of 0 at and
above the cutoff distance of 2.5¢. To model the interactions of top neutral surface to the A- and B-beads,
and the bottom surface to the A-beads, we use the repulsive-only WCA potential shifted to have a value of
0 at and above the cutoff distance of 2'%s. We choose to model the surface through explicit surface beads
instead of an effective surface-polymer potential (e.g., Ref.%?) to facilitate future studies on chemically or
physically patterned surfaces. The explicit surface beads also represent realistic experimental systems
where the surface attraction towards the B-block would be engineered via functionalization of the surface

with B-polymer/oligomers.
2.2. Simulation details

Similar to our recent publications,’!- 386! in this paper, we use MD simulations in the NVT ensemble

with the LAMMPS package®® to capture the self-assembly of the amphiphilic copolymers in dilute
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solutions. We maintain the temperature using the Nosé-Hoover thermostat.®* We simulate a system of 600
polymers placed in a simulation box with an occupied volume fraction (7) of 0.025 excluding the surface
beads. The x and y dimensions of the simulation box are equal and restricted to integer multiples of the
surface bead size to prevent unphysical overlap at the periodic boundaries. The z dimension (simulation
box height) is adjusted to achieve the # of 0.025. The box size and system size (i.e., number of chains in
the box) are selected to allow for enough chains in the solution to form micelles without a complete
depletion of chains from the solution to the surface. Additionally, the box height or the distance between
the top and bottom surfaces in the z direction is large enough to ensure we observe bulk-like assembled

morphologies in the region away from the attractive surface (as described in the results section).

We create our initial configuration by randomly placing the 600 polymer chains. To prevent overlap
of these polymers with the top and bottom surface beads, we place the CG polymers within the center of
the simulation box in the z direction, where we define the center as a distance that is equal to 20% of the
box height away from both surfaces). To relax away from this initial configuration, we simulate this system
for 3,000,000 timesteps at T*=4.0 with egg=0.3 and eyp=0.3, where the LJ interaction strengths are below
what is required for polymers to assemble. After this mixing stage, we set the temperature of the simulation
to T*=1.0 and allow the system to equilibrate for another 3,000,000 timesteps. Using this configuration, we
begin our gradual stage-wise increase of the solvophobicity (epg) to drive the self-assembly of the
amphiphilic copolymers and achieve equilibrated configurations at each value of egg. This gradual increase
in egp is similar to experiments where a second solvent that is poor for the solvophobic block is added to an
existing polymer solution. We spend 3,000,000 timesteps at each value of ggp and increase epg With
increments of 0.005 until assembly does not change with increasing egg. The number of timesteps spent at
each value of epp and the increments in epp are tested with replicate simulations where we increased the
number of timesteps at each egp (longer equilibration times) to ensure that results are reproducible and at

equilibrium at each value of ggg.>!> 6 3% 62

To mimic different surface chemistries, we vary the attraction strength of the surface to the
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solvophobic B-bead, eywg. We either fix this interaction strength ewg throughout the simulation even as egg
changes (protocol 1) or increase both epg and ewp simultaneously and keep them equal throughout the
simulation (protocol 2), as shown in Figure 2. The former represents surface chemistries that are not
significantly sensitive to changing solvent quality, and thus, surface interactions with the solvophobic B-
block do not change as the solvent condition becomes poor for the B-block in the polymer. The latter is a

case where the surface is coated with the same chemistry as the solvophobic B-block of the polymer.

2.3. Analyses

We analyze the assembled structures, both in the solution away from the surface (i.e., bulk) and on
the surfaces, visually and by calculating the aggregation number and size of the assembled structure. We

also determine the chain conformations of the polymer chains adsorbed to the surface.

To identify the chains as either adsorbed to the surface or being in solution, we first calculate
concentration profiles of the centers of mass of the solvophobic B-block as a function of perpendicular
distance from the attractive surface. In the concentration profiles, at high values of ey (i.e., after all clusters
have assembled both near and far from the surface), we identify two separate regions — one comprised of
the center of mass of the solvophobic B-blocks near/on the surface and another comprised of the center of
mass of the B-blocks that are away from the surface, as shown in Figure S1. The distance from the surface
that separates the two regions is chosen as the cutoff distance and the chains with center of mass of the B-

block below this cutoff distance are considered to be adsorbed on the surface.

We identify assembled clusters near/on the surface and away from the surface based on the distance
criteria defined above. We define chains to be part of a cluster if they have a minimum number of neighbors
within a critical distance between the center of mass of the solvophobic blocks. We show how we determine
the critical distance and the minimum number of neighbors in Figure S2. The critical distance is determined
from the solvophobic B-block center of mass radial distribution function after the clusters have formed
(Figure S2a). The large values of the radial distribution function at low  denote the micelle core. The

critical distance is chosen as the smallest value of » where the radial distribution function approaches the

8
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bulk value of 1. From the probability distribution of the number of neighbors that each solvophobic B-block
has within the critical distance, we identify the minimum number of neighbors as the value for which the
probability reaches zero, as shown in Figure S2b. After determining which chains are neighbors, we use a
‘friends of friends’ algorithm,* to calculate the number of clusters. We also calculate the average number

of chains in each cluster i, N, ;, (i.e., the aggregation number) at each value of egg for the » number of

gg,is
clusters formed at that egg. We follow this procedure separately for clusters formed on the surface and in

the bulk solution.

To determine the radius of gyration of the hemispherical domains formed on the surface, we
calculate for each domain the center of mass of the solvophobic B beads that are within 1o from the surface.

From this center of mass, we determine the radius of gyration of the hemispherical domain i

1 Ngggi N
2 agg,i tot 2
Rg,i - NaggiNee™j =1 Zk =1 (rjk - rcm,i) (1)

where ry is the position vector of bead & in chain j and r.; is the position vector of the center of mass on
the surface of the hemispherical cluster defined above. We then calculate the average squared radius of
gyration shown in Equation 1 over all the hemispherical domains for that system. Additionally, we visualize
snapshots of the domains formed on the surface during the simulation using VMD.% We show all of the
beads as well as only the solvophobic B-beads to view the solvophobic domains formed on the surface

without obstruction.

To understand the conformations that the polymer chains adopt parallel and perpendicular to the
surface, we calculate the parallel (R;B_ ") component and the perpendicular (Rf,_B, |) component of the
radius of gyration of the solvophobic B-block. We report the average values from all chains adsorbed to

the surface.

2.4. Design parameters explored
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We consider a range of polymer architectures keeping the total number of beads fixed at N, = 96.
For all architectures studied in this paper, the total number of beads in a chain, N, can be calculated from
the number of backbone beads per chain (M), the number of side chain beads per side chain (V) and the

grafting density of side chains on the backbone (i.e., the number of side chains per backbone bead, z) as

Niot = Nbb(l + ZNsc)- ()

As we explore linear, bottlebrush, and ‘star-like’ architectures (shown in Figure 3), we keep the
N, constant by decreasing Ny, and simultaneously increasing N at a side chain grafting density of z = 1,
where each backbone bead has one side chain. For each of the architectures studied for z =1 we also present
results at an increased side chain grafting density of z = 4, where each backbone bead has four side chains;

this leads to different values of N, from left to right in the bottom row in Figure 3.

In protocol 1 (Figure 2), we investigate eywp = 0.35, 0.40, 0.45, 0.50, 0.55, 0.65, 0.70, and 0.80 for
polymer architectures with z = 1. As polymer architectures with z = 4 have many more beads than their
counterparts with z = 1, they are able to make a higher number of B-bead contacts with the surface at lower
values of eyg. Thus, for polymer architectures with z =4, we investigate ewg = 0.30, 0.35, 0.40, 0.45, 0.50,

and 0.60.

Lastly, we investigate two different bead packing arrangements on the surface: two-dimensional
square-packed and hexagonal-packed lattices. For the square-packed surfaces, we follow both simulation
protocols while for hexagonal-packed surfaces, we only investigate select systems to show that the pattern

does not affect the structure, but only the values of eyp at which different domains form.

10
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3. Results & Discussion

Before focusing on our results near/on the attractive surface, we present evidence that the
assembled structure of the polymers away from the surface is not impacted by the presence of a surface or
the surface attraction strength to the B-beads. For all cases covered in this study, we observed spherical
micelles in the bulk (away from the surface) and the aggregation numbers of the micelles for all
architectures with z = 1 and z = 4 are not affected by the absence or presence of the surface and value of
ews (Figure S3 and S4). Similarly, the micelle core size and the total micelle size (see Figure S3 and S4
parts b and c) also remain unaltered in the bulk by the presence of the surface and its attraction to the B-
beads. For polymers with z = 1, we see the same non-monotonic pattern in the aggregation number, micelle
core size, and total micelle size with changing polymer architecture going from linear to bottlebrush to
‘star-like’ at a fixed number of beads per chain, as discussed in our recent publication on solutions without
surfaces.’!' In that publication, we showed that the non-monotonic trend in aggregation number arises from
how the topological arrangement within a polymer affects the ability of the polymer to pack and make
energetically favorable contacts with other chains within a micelle. For polymers with z = 4, we do not see
the same non-monotonic pattern in the aggregation number with changing polymer architecture as seen for
z = 1. Instead, we see that the ‘star-like’ architecture behaves more like a bottlebrush. The non-monotonic
trend in z = 1 polymers arises because the ‘star-like’ polymer architecture with N, =4 and four side chains
has far less steric repulsion among the side chains and packs more chains efficiently into a micelle than is

possible with the z = 4 ‘star-like’ polymer architecture with N, = 4 and sixteen side chains.

Now we focus our results and discussion on the complex interplay of the polymer architecture and
the surface chemistry (ewg) on the assembled structures near/on surfaces. For z = 1 polymers, when we use
protocol 1, as the value of the eyg is increased from 0.35 to 0.65 (each a different simulation), the number
of assembled domains on the surface, and the size and aggregation number within each of the assembled

domains increase (see visually in Figure 4 and quantitatively in Figure 5). At the lowest value of ey, ews

11
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= 0.35, assembled domains form on the surface only for the linear architecture (noted as architecture 1 in
Figures 4 and 5). At each fixed value of ewg, the size of the assembled domains decreases as the polymer
architecture changes going from linear to bottlebrush (architectures 1 and 2 to 4) and then increases going
from bottlebrush to ‘star-like’ polymer architectures (architectures 4 to 5). This is seen clearly for eyg =
0.55 and 0.65. These changes in assembled domain size with varying polymer architecture are similar to
the trend observed for micelle sizes in bulk in the absence of the surface, as discussed in the previous
paragraph. In Figure 5, we quantify this non-monotonic pattern in the adsorbed assembled domain sizes as
a function of the polymer architecture and find that this pattern is exaggerated as the value of ey increases;
the linear polymer architecture shows the largest increase in aggregation number and domain size with
increasing values of ewp, while bottlebrushes with short side chains (V,,=32 Ny=2 and Ny,,=24 N,=3) and
the ‘star-like’ (Nyy=4 Ny=23) polymer architectures form domains with a subdued increase in aggregation
numbers and domain sizes. Interestingly, in the results presented in Figures 4 and 5, the polymer
architecture that shows the least sensitivity to surface chemistry (i.e., value of eyp) is the bottlebrush with
similar solvophobic backbone and side chain length (N,,=12 N,=7). For this polymer architecture (Figure
5a and 5b) both the aggregation number and size of the hemispherical domains on the surface remain fairly
similar with varying values of eyp. Based on this one could conclude that if one wishes to obtain consistent
hemispherical patterns for a broad range of different surface-B interactions, one should choose an

architecture where the backbone of the solvophobic block and the side chains are similar in length.

At values of ewg > 0.65, depending on the polymer architecture we see either an order-order
transition (hemispheres to stripes on surfaces) or a transition from ordered hemispherical domains to inter-
connected domains. For eywg = 0.65 and 0.70 in Figure 4, the bottlebrushes with short side chains (Ny,=32
N,=2) and the ‘star-like’ (Ny,=4 N,=23) polymer architectures form connected hemispherical domains or
stripes similar to the sphere to cylindrical transition in micelles formed in solution.®® At ewg = 0.80, these
ordered hemispheres/stripes transition to inter-connected domains for all bottlebrushes (architectures 2, 3,

and 4) and to disordered domains for linear and ‘star-like’ polymers (architectures 1 and 5, respectively).

12
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Interestingly, visual comparison between the bottom two rows in Figure 4 shows that this behavior is also
found at ey = 0.80 if we used protocol 2 where ewg = ggp throughout the simulation. The similarity between
the assembled structures at ey = 0.80 from the two protocols also proves that the results are not kinetically
trapped as protocol 2 essentially uses a simulated annealing approach®” for both ey and egg. The disordered
clusters are likely arising due to strong polymer-surface binding at ewg = 0.80 that dominate the assembly

on the surface.

One may wish to compare the morphological changes of the domains on the surface to the changes
in shapes of the micelles in the bulk solution. We showed in our recent publication®' focused on solutions
in the absence of a surface, that a higher solvophobic composition of the chain is required for non-spherical
micelles to form in the bulk solution. In this study focused on polymers with a symmetric solvophobic-
solvophilic composition, we show that all micelles formed in the bulk solution are spherical, regardless of
the value of ewg. As such, the morphological transitions seen on the surface arise only due to the adsorption

of the chains on the surface.

To explain the above trends in assembled domains on the surfaces, we dive into the chain packing
within the assembled domains on the surfaces. We present both the components of the chain radius of
gyration of the solvophobic B-block, parallel (Ryp |) and perpendicular (R, 1) to the surface, for z =1 in
Figure 6. The increase in R,p | with increasing ewp in Figure 6a, indicates that the chains increasingly
spread out on the surface. The largest increase in Ryp | corresponds to the transition from structured
domains to disordered interconnected domains (for ewg = 0.80), as the surface-B-bead attraction dominates
over the B-B interactions that drive the formation of ordered solvophobic B-domains. The decreasing values
of R, 5 L with increasing eyp in Figure 6b indicates that the solvophobic B-block of the chains flatten nearly
completely to the solvophobic surface. The Ry || and Ry p L results indicate that the ability of the chains to
deform on the surface dictates the resulting assembled structure. We test this hypothesis by increasing the
side chain grafting density, z, with the expectation that there would be an exaggeration of the behavior seen

at lower values of z due to the shape-persistent nature of the densely grafted bottlebrushes.

13
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To study the impact of side chain crowding on the observed trends in Figures 4, 5, and 6 we present
the results for polymer architectures 2 to 4 with grafting density, z=4. We visualize the resulting assembled
structures in Figure 7 and quantify the structural details for the hemispherical domains in Figure 8. As the
Nyt between the four architectures presented in Figures 7 and 8 are not the same (refer to Equation 2), we
show the effect of increasing the grafting density on each architecture by only comparing the results for z

=1 and z = 4 for the same architecture.

The two bottlebrush architectures with short side chains (Ny,=32 Ny=2 and N,,=24 N,=3) exhibit
the same behavior for z =4 as they do for z = 1; at low values of ewp they form hemispherical domains that
increase in size as the value of eyg increases. At eyp = 0.30, the assembled domains only form for z = 4. At
higher values of ewg, ews = 0.50 and 0.60, both architectures transition to continuous ordered stripes; this
is in contrast to z = 1 where the emergence of stripes either occurs at higher values of eyp (Nyp=32 Ny=2)
or there is no evidence of ordered striped domains (N,,=24 N=3) at all. For N,,=32 N,=2, the shift in the
transition (from hemispherical to striped domains) to lower values of eyg is likely due to crowding and a
larger number of solvophobic B-beads in the z = 4 case compared to the z = 1 case. As the number of
solvophobic beads in the polymer chain increases, a lower value of eyp or epp is required for adsorption or
aggregation as there are more beads within a chain that add up to a larger effective attraction between the

surface and other polymer chains.

For the bottlebrush with commensurate side chain and solvophobic backbone length (Ny,=12
N,=T7), the higher grafting density (z = 4) continues to exhibit the lack of change in the ordered structure
with increasing ewg seen at z = 1. The effect of increasing side chain grafting density on aggregation number
and domain size is less for this architecture because of the inherently higher crowding of the side chains
due to smaller backbone length. This is supported by the observation that at z = 4, unlike z = 1, the ‘star-
like’ polymer architecture (Ny,=4 Ny=23) which has the largest crowding near the backbone, behaves
similarly to the Ny,=12 N,=7 bottlebrush with similar domain sizes (visually in Figure 7), aggregation

number (Figure 8a), and assembled domain sizes (Figure 8b) at lower values of eygp. These two

14
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architectures only deviate in assembled structure at ewg = 0.60, where the ‘star-like’ polymer exhibits
disordered states (like the z =1 cases at ey = 0.80) while the bottlebrush with similar solvophobic backbone

and side chain lengths (N,,=12 N,=7) does not exhibit disordered states.

Next, we consider the chain conformation at the surface for z = 4. R, |, in Figure 9a, shows the

largest increase for the ‘star-like” polymer architecture (Ny,=4 Ny=23) when the polymer transitions from
ordered to disordered domain structures, similar to all of the architectures with z = 1; this is because the
chains are able to spread out on the solvophobic surface and the surface-B-block attractions dominate over
the B-B interactions. The polymer architecture with a similar solvophobic backbone and side chain length

(Nep=12 Ni=T7), shows only marginal changes in both R,z | and R, + (in Figures 9a-b, respectively)

which indicates that this densely grafted brush cannot adapt its chain conformation on the surface and forms
similar domain structures for all values of eyp investigated. The bottlebrush polymer architectures (Ny,=32

Ni=2 and Ny,=24 N=3) show an increase in their R, | when the domain structure transitions from
hemispheres to inter-connected disordered domains in Figure 9a. The significant decrease in R,p + with

increasing values of eywp for the bottlebrushes with long side chains and the ‘star-like’ polymers

(architectures 2, 3, and 5) in Figure 9b indicates that the polymers flatten out on the surface.

Based on the past literature,!!- 12 we hypothesize that the striped domains at high eyp are due to an
increase in the effective stiffness along the polymer backbone induced by surface adsorption of the chains.
The side chains have a smaller volume available to them when adsorbed on the surface than in the bulk
solution, effectively increasing the steric repulsion between the side chains and the stiffness along the
backbone.!'!> 12 The increase in effective stiffness of the bottlebrush polymers could reduce their ability to
adopt favorable conformations for packing into hemispherical domains leading to inter-connected
disordered domains that allow for more regular packing of stiffer polymer chains. In Figure S5, we plot
the persistence length of the solvophobic backbone, /g, as a function of increasing values of ewg under

various solvent conditions considering both the chains adsorbed on the surface and chains far away from
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the surface in the bulk solution. We calculate /,,5 by modelling the solvophobic block as a wormlike
cylinder® which was shown in a recent publication®® to accurately describe bottlebrush conformations in
dilute solutions. For chains within micelles formed in the bulk solution, /s is independent of the value of
ews, as expected. For chains adsorbed on the surface that form striped domains, /g increases with
increasing ewg; see for example the bottlebrush architectures (NV,,=32 N,.=2 and N,,=24 N,.=3). The increase
in /s g 1s more prominent at low values of egp (i.€., before assembled domains form on the surface) than at
high values of &gp (i.e., after assembly domains form on the surface) as the packing of the chains influence
the chain conformations. In the case of Ny,=24 N=3, the [, 5 decreases as ewp increases when the system
transitions from hemispherical to striped domains, similar to the reduction of chain stretching seen in the
transition of spherical to cylindrical micelles to alleviate the entropic penalty for chain stretching;® then
lysp continues to increase with increasing values of ewg. For architectures that do not show the striped
domain formation (i.e., bottlebrush with similar solvophobic backbone and side chain lengths Ny,=12 N=7
and ‘star-like’ Ny=4 N=23) the data is not shown as /5 exceeds the backbone length making the

calculation unreliable.

Even though we have focused our discussion on the solvophobic B block of the polymers, one
should note that the solvophilic A block also has a significant role in all the assembled morphologies on the
surface. In the assembled state of amphiphilic polymers, the solvophilic A blocks induce steric repulsions
in the corona due to excluded volume effects and this excluded volume is a function of the polymer
architecture. In the case of the densely grafted bottlebrushes (z = 4 for N,,=24 N,=3 and N,,=32 N, =2), the
stiffening of the backbone due to the steric repulsions of the side chains would induce a flat core-corona
interface where the polymers are able to pack regularly side-by-side without causing significant steric
repulsions between A blocks in the corona. In the case of the ‘star-like’ polymer architecture (z = 4 for
Npp=4 N4=23), the corona A block chains spread out as much as possible, taking up a large volume to
relieve the steric repulsions near the grafting point at the core-corona interface. The increased volume of

the ‘star-like’ polymer solvophilic A blocks results in a curved core-corona interface as steric repulsion in
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the corona prevents a regular side-by-side packing of the chains. Thus, the architecture of solvophilic A

block plays an important role in predicting the final assembled state in bulk and on the surface.

To confirm that the trends we emphasize in Figures 7 — 9 are not specific to those chosen values
of Ny, in Figure S6, we show results from protocol 2 for polymers with z =4 and an approximately constant
Nyt By comparing Figure S6 with the bottom row of Figure 7, where N, varies between different
architectures with z = 4, we see that the trend in domain structure with varying polymer architectures with
z=41is the same. The polymer architectures with backbones much longer than their side chain lengths form
continuous domains, the polymer architectures with similar solvophobic backbone and side chain lengths
form hemispherical domains, and the polymer architectures with backbone lengths much shorter than their
side chain lengths form disordered domains on the surface. This confirms that the trends we emphasize in

Figures 7 — 9 are not specific to those chosen values of V.

Lastly, in Figures S7 and S8, we compare the results from simulations with square-packed surfaces
and hexagonal-packed surfaces to demonstrate that the polymer architecture, not the two-dimensional
pattern of surface beads on the bottom surface, determines the changing/constant domain shapes as a
function of surface-B attraction. The hexagonal-packed surface is overall more attractive than the square-
packed surfaces at the same value of eywg as each adsorbing polymer B-bead has more surface bead neighbor
contacts at a given coordinate on the surface (Figure S9). As a result of the hexagonal-packed surface being
more attractive than the square-packed surfaces at the same value of ewg, the structural transitions of the
assembled domains on the square-packed surface with increasing ewg occur at lower values of eyp on
hexagonal-packed surfaces. At the same value of ewp the adsorbing polymers have larger parallel and
smaller perpendicular components of the solvophobic block radius of gyration for the hexagonal-packed
surfaces than for the square-packed surfaces (Figure S8), but all trends seen on square-packed are also seen

on hexagonal-packed surfaces.

4. Conclusions
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In this computational paper, we investigate how the self-assembly of varying amphiphilic polymer
architectures (linear, bottlebrush, and ‘star-like’) is impacted by surfaces with attraction towards
solvophobic polymer chemistry. The branching in polymer architectures affects the polymer conformations
and how they pack on the attractive surface resulting in different domain structures near/on solvophobic
surfaces. Bottlebrushes with similar solvophobic block backbone and side chain lengths form hemispherical
domains on the surface that do not change in size with increasing attraction strength of the surface to the
solvophobic block. This is because these densely crowded brushes cannot alter their conformations to make
more favorable surface-solvophobic block contacts. On the other hand, bottlebrushes with backbones that
are longer than the side chain lengths form hemispherical domains that transition to striped domains and
continuous domains as surface-polymer attraction strength increases. This transition in domain structure
results from more ordered packing of the chains on the surface due to increased backbone stiffness as the
volume available to the side chains of adsorbed polymers is reduced as compared to the bulk solution state
far from the surface. Going from bottlebrush to linear or from bottlebrush to ‘star-like’, the domains that
form near/on the surface become more sensitive to increasingly attractive surfaces, as the chains are more

able to spread out on the surface and pack into larger hemispherical domain structures.

Overall, these results guide the design of assembled structures near/on surfaces by tuning the
polymer architecture and the surface chemistry. We show how polymer architecture can be designed to
target continuous or discrete domains on solvophobic surfaces with tunable sensitivity to different surface

chemistries.
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Figure 1. Image of the simulation box. The solvophobic B beads of amphiphilic polymers are represented in red and
the solvophilic A beads in blue. The top neutral surface is represented with gray beads and the bottom attractive surface
is represented with light red beads. The distance between the top and bottom surface is large enough to allow for bulk-
like polymer assembly in between the surfaces.
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Figure 2. Simulation schemes to represent solvophobic surfaces that differ from the solvophobic bead and do not
change significantly with changing solvent quality (protocol 1) and solvophobic surface that has the same bead type
as the solvophobic bead (protocol 2).
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Figure 3. Schematics of the polymer architectures in this study with grafting densities z= 1 and z = 4. The solvophobic
B-beads are represented in red and the solvophilic A-beads are represented in blue. In the top row, for z = 1, we
maintain a constant number of beads per chain (V,,=96) for all architectures as we go from left to right; to accomplish
this we decrease the backbone length (Vy,) and simultaneously increasing the side chain length (V). In the bottom

row, for z = 4, the backbone and side chain lengths are the same as the branched polymers in the top row; the number
of side chains per backbone bead is 4 compared to 1 in the top row.

25



Page 26 of 32

Soft Matter

o0
=]
[
I~
=
w
®
)
=
=
w
Q
=4

o o

Il [
faa] m
: :

S = ﬂu

T [ -

= = =

%] %] w w

gy5=0.40
gy=0.50

saseaqaul 993 o[y m jueysuod
s1 M3 3raym @1 [030301g

and £pp=&wg

Protocol 2: £5; and &y
are varied simultaneously

96 on solvophobic surfaces

Figure 4. Assembled domains for polymer architectures 1 through 5 with z =1 and N,y

with different fixed values of ewp (rows) as egp is varied (protocol 1). The bottom row shows analogous results as the

top rows but with protocol 2 where eyp and egp are kept equal and varied simultaneously. All images shown are for
epg = 0.8. For each architecture, all beads are shown on the left and the solvophilic beads are hidden on the right to

show the solvophobic domains clearly.
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Figure 5. Structural characteristics of hemispherical adsorbed domains for polymer architectures with z = 1 at different
fixed values of ewp. (a) The aggregation number and (b) micelle radius of gyration of the domains near/at the surface
at egg = 0.8.
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Figure 7. Assembled domains for polymer architectures 2 through 5 with z = 4 and varying N, (for architectures 2
through 5 N, =288, 312, 348, and 372, respectively) on solvophobic surfaces with different fixed values of eyp (rows)
as epp is varied (protocol 1). The bottom row shows analogous results as the top rows but with protocol 2 where ey
and epp are kept equal and varied simultaneously. All images shown are for egg = 0.6. For each architecture, all the
beads are shown on the left and the solvophilic beads are hidden on the right to show the solvophobic domains clearly.
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Figure 8. Structural characteristics of adsorbed clusters for polymer architectures with z = 4 at different fixed values
of ewp. (a) The aggregation number of adsorbed clusters at egg = 0.8. (b) The micelle radius of gyration of adsorbed
clusters at egg = 0.6.
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Figure 9. Adsorbed chain structural characteristics for polymer architectures with z = 4 at different fixed values of
ewp With the parallel (a) and perpendicular (b) components of the radius of gyration of the solvophobic block at egg =
0.6.
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