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Solution self-assembly of molecular bottlebrushes offers a rich platform to create complex functional organic

nanostructures. Recently, it has become evident that kinetics, not just thermodynamics, plays an important role in defining

the self-assembled structures that can be formed. In this work, we present results from extensive molecular dynamics

simulations that explore the self-assembly behavior of mikto-grafted bottlebrushes when the solvent quality for one of the

side blocks is changed by a rapid quench. We have performed a systematic study of the effect of different structural

parameters and the degree of incompatibility between side chains on the final self-assembled nanostructures in the low

concentration limit. We found that kinetically-trapped complex nanostructures are prevalent as the number of

macromonomers increases. We performed a quantitative analysis of the self-assembled morphologies by computing the

radius of gyration tensor and relative shape anisotropy as the different relevant parameters were varied. Our results are

summarized in terms of non-equilibrium morphology diagrams.

Introduction

Block copolymers are a versatile class of macromolecular materials
which can spontaneously self-assemble into a myriad of different
nanostructures both in solution conditions as well as in the melt
statel3. Precise control of the size and morphology of these
nanostructures is achieved by manipulating both molecular and
process parameters3>. In particular, polymer architecture, degree of
polymerization and composition are three key structural parameters
that can be used to design organic nanostructures from the bottom-
up> & 7. In the case of linear block polymers, by playing with
composition, degree of polymerization and blocks’ sequence, a
plethora of different structures can be realized® °. The other
dimension in this parameter space, corresponding to polymer
architecture, has been started to be explored in a more systematic
wayl%12 however a fundamental understanding of the principles
governing the self-assembly has not been achieved yet, as in the case
of linear diblock polymers. A particularly important class of
macromolecules with elaborated architecture are the so-called
molecular bottlebrushes, these are graft polymers where the
distance between grafting points along the backbone is smaller than

the characteristic dimensions of the grafted-chains’3-18,  This
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structural feature endows these materials with three characteristic
properties: i) a high concentration of side-chains, ii) extended
conformations, and (iii) a dramatic increase in the molecular weight
of entanglement?®. These features cause bottlebrushes to display
distinctive behaviors not present in simple linear polymers. More
importantly, those three emergent properties arise from the
macromolecular architecture alone rather than from any specific
chemistry. Thus, given the immense palette of possible chemical
components that could be used to synthesize bottlebrushes, it is
expected that novel functionalities can become feasible that are
difficult or impossible to achieve with simple linear polymers4 16,17,
Bottlebrush  polymers are synthetized mainly by three
polymerization techniques!’: (1) grafting- from (polymerization of
monomers from the backbone), (2) grafting-to (attachment of side
chains to the backbone), and (3) grafting-through (polymerization of
macromonomers). By using these polymerization tools, it is possible
to create molecular bottlebrushes with many structural variations:
branched, brush-coil, linear, among others> 17, It is common to use
methodologies to synthesize
multicomponent bottlebrushes, such as mikto-grafted and core-shell

a combination of these
bottlebrushes. These multicomponent bottlebrushes can then be
used to generate well-defined nanostructured objects by solution
self-assembly, or to fabricate periodic nanostructured materials with
large domain spacings by self-assembly in melt conditions!> 1% 20,

Solution self-assembly of block polymers is an important
methodology to create functional organic nanoparticles® 2% 22,
Solution self-assembly of molecular bottlebrushes thus offer a rich
platform to create advanced materials with potential applications
such as well-defined metal-organic nano-objects, stimuli-responsive
aggregates, photonic materials, drug delivery systems, and porous
nanoparticles®™ 17 2326, However, even in the simple case of linear
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block polymers, the prediction of possible polymer aggregates in
solution is a challenge, not only because of the complexity of the
systems, but also because non-ergodic behavior can arise under
certain solvent conditions?”32. Thus, non-equilibrium polymer
aggregates are possible, and probably the rule rather than the
exception, in most of the experimental situations. In fact, in the case
of mikto-grafted bottlebrushes, it has been shown that kinetically-
arrested polymer nanostructures can be created by the combined
effect of solvent quality changes and shear forces that arise during
the mixing of the solution3® 33, Nevertheless, a fundamental
understanding of equilibrium and non-equilibrium self-assembly of
bottlebrushes, and the implications of their structural parameters on
it, is still lacking.

Computer simulations are a powerful tool with the potential of
providing physical insights about the relevant microscopic
parameters involved in the self-organization of bottlebrushes3* 3.
The first computational study on bottlebrushes focused on the
structural features of single-molecule homogeneous and two-
component molecular bottlebrushes modeled on a lattice under
both, good and bad solvent conditions338. Yethiraj performed
gridless Monte Carlo simulations of a single-bottlebrush
homopolymer by representing each bead as a hard sphere®. He
explored the statistical conformational properties as a function of
backbone molecular weight and side chain’s length. In more recent
works, Lennard-Jones models have been used to explore the
behavior of bottlebrushes in solutions, melts and networks*%52. An
interesting approach was put forward by Lyubimov et al. where they
proposed a hybrid approach by combining molecular dynamics
simulation and the Polymer Reference Interaction Site Model
(PRISM) theory to study of self-assembly of amphiphilic bottlebrush
polymers33 54, All these studies have provided valuable information
regarding the statistical properties of the model bottlebrushes
studied in those works. However, given the computational costs to
represent these large macromolecules, all the studies focused on
multi-bottlebrush simulations using Lennard-Jones models have
been restricted to study relatively small molecules (3-5 beads per
side chain and a small number of macromonomers). Thus, by using
such microscopic approaches it becomes complicated to explore the
organization of bottlebrushes with a large number of
macromonomers, that in turn, also contain side chains with a large
polymerization index. For this reason, in this work we use a coarser
approach to represent molecular bottlebrushes, where
intermolecular interactions are softer, such approach has been
successfully used to explore the large-scale organization of lipid
membranes, and thus, we expect that this simulation framework
would be able to correctly capture the physics of bottlebrushes at
this mesoscopic level of description.

We are particularly interested in the phenomenology reported in a
series of experiments regarding the solution self-assembly of
poly(glycidyl methacrylate)-g- poly(ethylene glycol)/poly(lactic acid)
[PGMA-g-PEG/PLA] bottlebrushes3® 33 55 this double-brush
architecture consist of side-chains of poly(D,L-lactide) [PLA] and
poly(ethylene glycol) [PEG]. It was shown that by manipulating the
ratio of hydrophilic (PEG) to hydrophobic (PLA) side chains and the
global molecular weight, these bottlebrushes could self-assemble
into spherical and cylindrical micelles, as well as vesicles, in the

2| J. Name., 2012, 00, 1-3

presence of selective solvents. Interestingly, toroidal micelles were
also found to be formed under certain conditions33. However, it is
not clear if all of these polymer aggregates formed as equilibrium
structures or if the flow field in combination with solvent quality
changes induced their formation and stability, and therefore they are
non-equilibrium nanostructures. It was also found that most of the
polymer nanostructures were formed by single molecules®®, thus
offering an intriguing case to be explored by molecular simulations.
The very low aggregation numbers of these macromolecular
aggregates can be explained by the fact that for every solvophobic
side chain, there is one solvophilic side chain, thus the areal density
of solvophilic chains is high enough to act like a brush that stabilizes
solvophobic cores against fusion. It should also be highlighted that
recent experimental work has found that solutes can induce
morphological transitions of the self-assembled structures of these
bottlebrushes®” %8, However, little is known about the behavior of
these materials in the presence of added solutes. In this work, we use
a coarse-grained molecular model to explore the self-assembly of
single amphiphilic mikto-grafted bottlebrushes in solution. Our
simulations are focused on the self-assembly of bottlebrushes in
response to a fast quench in solvent selectivity for one of the side
blocks. We have performed an extensive and systematic study of the
effect of different structural parameters and the degree of
incompatibility between side chains on the final self-assembled
nanostructures. We have found that kinetically-trapped complex
nanostructures are more common as the number of
macromonomers increases, and when the incompatibility between
side chains is large. We summarize our simulation results in terms of
non-equilibrium morphology diagrams.

Model and Methods

As mentioned in the Introduction, in this report we aimed to explore
the large time and length scales, much larger than those achieved
with ordinary molecular dynamics simulations based on an atomistic
description, associated to the complex molecular systems of interest.
Thus, we use a coarse-grained approach to model amphiphilic mikto-
grafted bottlebrushes. This coarse-grained approach contains
information regarding the molecular architecture of the
macromolecules, and the chemical details are encoded into generic
intermolecular interaction parameters®. Polymers are represented

n
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Figure 1. Schematic representation of the mikto-grafted bottlebrush architecture

=
A

considered in this work (C-g-A/Bn).. Solvophobic molecular units are represented by A
beads (red), whereas B beads (blue) are solvophilic. Backbone molecular units (C, green
beads) are slightly solvophobic.
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by a bead-spring model, with each bottlebrush composed by n
identical macromonomers, and each macromonomer is a linear
triblock oligomer AxCiB;,, where the subindices represent the
number of beads that each block is composed of. In this work we
fixed I =1, and each C bead on a given macromonomer is connected
to another C bead on another macromonomer, thus forming the
bottlebrush backbone. Our mikto-grafted bottlebrush molecule is
then denoted by (C-g-A/Bn), (see Figure 1 for details). It should be
noted here that a very similar molecular structure has been studied
in melt state with the use of Self-Consistent Mean Field Theory®® 61,
We consider two architecturally different structures: symmetric (
k = m) and asymmetric (k # m) side chains. In our modeling, beads
type A represent solvophobic molecular units, and B beads represent
solvophilic entities. The backbone units (C beads) are assumed to be
slightly solvophobic. The solvent is explicitly incorporated into the
simulations and it is represented by beads of type D. Intra—moleculzi\cg
interactions between two bonded beads are given by %intra =5
(rij — €0)?, where the distance between two particles is T, the
equilibrium bond length is €9, and the bond coupling constant is
denoted by ka.

We use the Dissipative Particle Dynamics (DPD)52%* technique to
explore the mesoscale dynamics of the molecular systems of interest
in this work. The inter-molecular interactions are represented by soft
potentials which allow for the large time and length scales to be
simulated. Explicitly, the effective intermolecular forcg that_gcbea_d)Di
feels due to the interaction with a bead j, is given by Fy; = Fy; + Fj;
+ Fyj. This force has conservative, dissipative and random pairwise
contributions, all of these are central forces and the correspondin
magnitudes are: F§= aij(l - r"l'/To), Fj) = —}’(1 - rii/ro)
(f‘ij : Eij) and FE= 0(1 - rif/ro)fij, for T <7ro and are zero
otherwise. 31’,’ =7;— 17,- is the relative velocity between the two
interacting particles, ¥ and @ represent the strength of dissipation
and fluctuation, respectively. To ensure the local momentum
conservation, the random force has the symmetry property §ij = §ji,
also ¥ and @ are related via the fluctuation-dissipation theorem®3, a?
= 2ykgT, where the Boltzmann constant and temperature are kg
and T, respectively. Note that 7o can be interpreted as the diameter
of soft spheres representing the beads. Thus, all beads, including
solvent beads, are assumed to have the same size. We use 7o and kp
T as length and energy units, respectively. The parameters @ij
quantify the repulsion between beads, representing the exclude
volume interactions and the chemical incompatibility between unlike
monomers.

Following previous works addressing the self-assembly of
polymersomes®®-%8 and the fusion of lipid membranes®®7!, the
interaction parameters were chosen as follows: k2 = 128 kgT /32 ,
€9 =0.751¢, 0 = 3, and the reduce number density is fixedtop = 3
. Following Groot and Warren’?, the self-interactions are fixed to @44
=agp=AQacc=Aapp= 25kBT/To, which comes from the
requirement that a pure fluid of each bead type possesses the same
compressibility of waterS. To select the rest of intermolecular
interaction parameters we considered the relationship between the
Flory-Huggins parameter, Xij, and the strength of the soft repulsions,
a;j, that was established in Ref. [72], namely: @i = a;; +3.497 x;;
(for p = 3). By using this expression for a polymer immersed in a
theta solvent (Xpoi—sotv = 0.5), then the corresponding DPD

This journal is © The Royal Society of Chemistry 20xx
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interaction parameter should have the value @poi — sotv = 27. Thus,
values lower than 27 represent good solvent conditions, whereas
values larger than that number will correspond to a bad solvent. The
particular case of @poi —solv = 25, represents an athermal solvent.
In this work we use @gp = 27, thus polymer side chains composed
by type B beads are in a solution very close to theta conditions. On
the other hand, C beads are slightly solvophobic, thus, we set @cp
= 30. We also assume that the chemistry between A and C beads is
similar, such that the chemical incompatibility is negligible, i. e. @ac
=25, However, B and C are dissimilar and therefore we set @gc
=28. To represent the highly solvophobic polymer side chains
composed by A beads, we have chosen @4p = 70. Finally, we have
one interaction parameter to be investigated, @4g, in addition to the
bottlebrush’s architectural parameters (k,m,n). To summarize, the
intermolecular interaction parameters are shown in the following
symmetric matrix:

A B cC D
25 ajgp 25 70
asp 25 28 27
25 28 25 30
70 27 30 25

oo

All simulations were performed using HOOMD-Blue’3-7>, The time
step used to integrate the equations of motion is 8t = 0.017, where
T = [T§M/kgT and m = 1 is the mass of a DPD bead. Images were
created using VMD’%. Our simulations take place within a box of
constant volume V = LyLyL,, and periodic boundary conditions are
used in all directions. The simulation box is filled with DPD beads to
the chosen density, P.
nanostructures formed by single bottlebrushes in solution, thus,
once the macromolecule’s architectural parameters (k;mn) are
selected, the bottlebrush is created with a random configuration
within the simulation box, then the box is filled with solvent beads
(type D) by assigning random coordinates to them. The simulation
box size is chosen to be big enough to avoid the self-interaction of
the bottlebrush with its periodic image. The total number of beads
(polymer and solvent beads) depended on the values of (km,n),
and ranged from 10°t03 x 10° peads. Simulations were
performed by using the following protocol: First,
configurations were relaxed with all intermolecular interactions @;j
= 25 (V i,j), thus, the solvent is an athermal solvent for all polymer
blocks and there is not segregation between chemically dissimilar
polymer segments. This step is performed for 105 time steps, after
which macromolecules adopt a relaxed configuration. In the second
step, a deep quench to a bad solvent condition, for the polymer
segments of type A, is mimicked by an instantaneous change in the
intermolecular interactions to those values on the matrix in Eq. 1.
The production run for the second step is 5 X 105 to 1.5 X 10° time
steps, depending on the bottlebrush’s degree of polymerization. For
each instance of the bottlebrush’s architectural parameters (k,m,n)
and intermolecular interactions explored, ten different initial
random configurations were generated and evolved to gather
statistics about the different polymer nanostructures that were
obtained by the described protocol.

In this work we are interested in

initial

To characterize the polymer nanostructure size, shape 1alnd
anisotropy we have computed the gyration tensor’”” Gag = /p

Zk(rﬁ - R?om)(rg - Rgom), where the sum runs over all polymer

J. Name., 2013, 00, 1-3 | 3



PIEaSEdo o it ikl s Smargins

ARTICLE

beads in the molecular bottlebrush, 7% is the spatial coordinate @ of
the polymer bead k, and Réom is the coordinate @ associated to the
center of mass of the bottlebrush. From the diagonalization of G,
other properties can be deduced’®#, as for example, the radius of
gyration, RgZ= A1 + A, + 43, where 4/'s are the eigenvalues of G
(412 42 = 43), the relative shape anisotropy, A3 = 3/2(Tr G/
(Tr G)?, and asphericity, b =41 —5 ( 42 + 43).

Results and Discussion

As mentioned above, in this work, we focus on the solution self-
assembly of single-bottlebrushes. This section starts by presenting
the simulation results obtained for symmetric (kK =m) molecular
bottlebrushes (C-g-A/Bp).. For these calculations, the number of
macromonomers, M, was varied fromn = 100 ton = 1000, and the
side chains’ degree of polymerization was varied from k=10 to
k = 50. The effect of the chemical incompatibility between A and B
side chains on the self-assembled morphology was also studied, two
different values were considered: @4p = 30 (weak incompatibility)
and agp = 70 (strong incompatibility). Based on the relationship,
reported by Groot et al (Ref. 72), between DPD and Flory-Huggins
parameters, these values should correspond to Xap~ 1.4 and XaB
~ 13, thus being an order of magnitude different to each other. Our
motivation was to explore the effect of this parameter in these two
different regimes As mentioned above, for each different instance of
the architectural parameters (kmmn), ten different initial
configurations were evolved following the simulation protocol
described in the Methods section. We found that for a large enough
number of macromonomers, different initial configurations could
evolve into different self-assembled nanostructures (typically two or
three different morphologies), particularly for the large AB
incompatibility. In Figure 2, we display those self-assembled
nanostructures that appeared more frequently in symmetric
molecular bottlebrushes for both incompatibility values, @ap, used
in our calculations. To build the morphology diagrams presented in
Figure 3a and 4a, we selected those morphologies that appeared
more frequently among the ten different initial configurations for
each point in the explored parameter space.

Our simulation results for @4p =30 are summarized in the
morphology diagram on the parameter space (n,K) presented in
Figure 3a. As can be seen, when the number of macromonomers, 1,
is small (less than 400), spherical micelles are always formed for any
degree of polymerization of the side chains. For these architectural
features, the bottlebrush backbone folds around the spheres formed
by the solvophobic, type A, polymer segments (see Figure 2). This
collapse has to be such that there is not an area of the solvophobic
core exposed to the solvent. Note that the flexibility of the chains has
a strong influence on the way the folding happens on the surface of
the solvophobic core. In our model, polymer chains are fully flexible,
therefore hairpin-like conformations are not strongly penalized and
can occur with high frequency if that would help to minimize the
contact between type A polymer segments and the solvent. This
situation will change if semiflexible backbones were used instead®!.

Note that the motion of the backbone is strongly correlated to the
motion of side chains. Thus, it is expected that the collapse dynamics
of the bottlebrush backbone will be strongly dependent on the

4| J. Name., 2012, 00, 1-3
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dynamic features of the side chains. For example, if side chain
dynamics is slow, as in the case when they are below their glass
transition temperature, or if they are long enough to be entangled,
the backbone collapse will also be slow even though its own
dynamical features are not that of a chain below its glass transition
temperature. Thus, the collapse is not unique, but it can depend on
the pathway that the bottlebrush followed; if the solvophobic core
has fluid-like properties, then the folded backbone will sample
different conformations.

Spherical
Micelle

Ellipsoidal
Micelle

Rod-like Micelle
A

Double Micelle

*

Triple Micelle
O

Humpback
Micelle

*

Toroidal Micelle

Figure 2. Representative single-polymer self-assembled nanostructures obtained after a
fast quench into a bad solvent condition for one of the side chains (red domains).

Solvophilic side chains are displayed in blue, whereas the bottlebrush backbone is
represented by the green tube wrapping around the solvophobic cores. Solvent
molecules are not displayed for clarity. Two snapshots are presented, the image on the
right is a cross-section of the image on the left. We also indicate the symbols used in the
morphology diagrams presented in Figures 3a and 4a. Images are not at the same scale.

This journal is © The Royal Society of Chemistry 20xx
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By increasing the number of macromonomers to n =400, 3
morphological transition occurs when side chain’s degree of
polymerization is small (k < 20). Instead of a spherical micelle, the
bottlebrush now self-assembled into an ellipsoidal micelle (see
Figure 2). As in the case of spherical micelles, the solvophobic
polymer segments form a core, but with an ellipsoidal shape, and the
backbone also wraps around it in a complicated folded conformation.
In turn, the solvophilic segments form a corona that interacts with
solvent molecules, screening the dissimilar interactions between the
type A segments and the solvent. If the side chains’ degree of
polymerization is larger than 20, then, the nanostructures that are
formed after bottlebrush collapse are spherical micelles once again
(see morphology diagram in Figure 3a). By increasing the bottlebrush
backbone molecular weight to values 500 <n <1000, then a
scenario with three different morphologies takes place. For large
enough side chains, spherical micelles are always formed, but for
degrees of polymerization below a critical value, ke(1), that depends
on the number of macromonomers, a morphological transition to
ellipsoidal micelles occurs. There is, however, a second transition
that takes place at smaller degrees of polymerization, k,(n), below
which the bottlebrushes collapse into rod-like micelles (see Figures 2
and 3a). These elongated nanostructures have a cross-sectional area
(perpendicular to the long axis) that is independent of the number of
macromonomers for constant side chain’s molecular weight.
However, as can be seen in the color map of the radius of gyration of
the nanostructures (Figure 3b), the length of the rod is controlled by
n, thus, providing a recipe to create organic rods of specific sizes.
Also note that the density map of the relative shape
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Figure 3. (a) Morphology diagram of symmetric (k = M) molecular bottlebrushes (C-g-

1000

Anisotropy { A3 ]

p—

600 800 1000 200 400 800 800 1000
n n

Ay/Bp), in the parameter space (“,k) representing the number of macromonomers and
side chains’ degree of polymerization, respectively, for weak incompatibility (3as = 30),
Each morphology represents the more frequent structure (of ten different initial
configurations) that is obtained following the simulation protocol described in the
Methods section. (b) Color map of the radius of gyration, Rg, of the morphology at every
point on the parameter space (n,k). (c) Color map of the relative shape anisotropy, A3,
of the morphology at every point on the parameter space (",k). The quantities displayed
in (b) and (c) are the average property taken over the set of initial configurations that
evolved to the same more frequent morphology.
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anisotropy (Figure 3c) correctly captures the expected large
anisotropy of these nanorods. The relative shape anisotropy is zero
for a completely symmetrical object (spherical micelle), it reaches a
value of 1/4 for a very thin circular disk-like object and becomes 1 for
a rod with an infinitesimal width. As can be seen in the density color
maps, the rod-like micelles’ shape anisotropy reaches a value ~0.6
when the side chains are short, and decreases in value as the side
chain molecular weight increases. Note also that ellipsoidal micelles
possess relative shape anisotropies in the range 0.15 < A3 < 0.35,
Note that relative shape anisotropy density map mirrors the whole
morphology diagram, and it could, by itself, be a good order
parameter to explore morphology diagrams in a more quantitative
way. One interesting result is that the largest bottlebrushes studied
in this work, n = 1000, self-assembled into toroidal micelles when
the side chains are short (see Figures 2 and 3a). As mentioned above,
for large n and small k, it is common that bottlebrushes self-assemble
into more than two different morphologies. In the case of these
toroidal micelles, they appeared 4/10 and 8/10 times when side
chains lengths were k=10 and k = 20, respectively. Morphology
diagrams that include the frequency that each of the reported
morphologies appeared are presented in the Supplementary
Information. Note that both the relative shape anisotropy (Figure 3c)
and radius of gyration (Figure 3b) for these toroidal micelles
decrease in value, as expected due to their symmetry and loop
configuration.

It should be highlighted that toroidal condensates have been
observed in semi-flexible, collapsed homopolymer chains in the
presence of poor solvents, both in simulations®?® and
experiments®. The stiffness of the chains makes a compact spherical
condensate unfavorable, as this entails a large bending penalty. Thus,
chains prefer to arrange themselves into toroidal condensates. In our
simulations, even though the model does not include bending
interactions between consecutive polymer beads, the bottlebrushes
possess an effective stiffness that arise from the high grafting density
of side chains. Also, by forming a toroidal structure, the excess free
energy associated with having two end caps is eliminated.
Interestingly, the dynamic simulations of Ref. 32 showed the
existence of different long-live intermediate states, including the so-
called “racquets”, that appear before the semi-flexible chains
eventually reached the toroidal morphologies. In our simulations we
also observed the formation of similar structures, two of these
configurations are presented in the Supplementary Information.

Simulation results for the higher incompatibility between A and B
beads explored in this work, @sp =70, are summarized in the
morphology diagram on the parameter space (n,K) presented in
Figure 4a. As can be deduced by comparing this morphology map and
that one of the asg =30 case, the diversity of morphologies
displayed by these molecular systems is larger, but also, the self-
assembled nanostructures possess more complexity. The first
important observation is that the region on the parameter space that
gives place to spherical micelles is larger than in the previous case.
This can be rationalized by the fact that by increasing the chemical
incompatibility between A and B beads, the interfacial energy
increases®’. 8 (}'AB“'){,%Z). Thus, the core composed by type A
particles will tend to decrease the area of contact between A and B
beads, which is accomplished by forming a sphere. For a given

J. Name., 2013, 00, 1-3 | 5
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number of A polymer segments, spherical cores have the optimal
surface-to-volume ratio that minimizes the interfacial free energy
cost. Ellipsoidal micelles still occur in the morphology diagram, but
they appear at lower side-chain molecular weight.

Interestingly, when the number of macromonomers is
400 <n <800, a new morphology appears at intermediate side
chain polymerization indices. Instead of self-assembling into rod-like
micelles or ellipsoidal micelles, the bottlebrush forms two globes.
This peculiar nanostructure is formed by the collapse of two sections
of the bottlebrush, in an independent manner, into spherical micelles
that are connected by the backbone. We hypothesize that these
double micelles are kinetically-trapped morphologies that arise by
the combination of a deep quench into a preferential solvent
condition (selective for type B segments), and the strong
incompatibility between A and B polymer segments. By having long
bottlebrush backbones, the distant sections of the macromolecules
do not have a collective response to the changes in the environment,
but instead they respond locally to those changes. Thus, once the
solvent conditions change rapidly to the selective solvent situation,
the solvophobic segments start to collapse into local minimum free
energy configurations, which decrease the dissimilar contacts
between type A and solvent molecules as well as with type B polymer
segments, that in this case are spherical micelles. These connected
micelles are surrounded by a corona of type B segments, thus, the
bottlebrush backbone connecting the two globes is also immersed
within the corona, and it is not in contact with the solvent (see Figure

2).
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Figure 4. (a) Morphology diagram of symmetric (k = M) molecular bottlebrushes (C-g-
Ai/Bn), in the parameter space (n,k) representing the number of macromonomers and
side chains’ degree of polymerization, respectively, for strong incompatibility (2AB = 70).
Each morphology represents the more frequent structure (of ten different initial
configurations) that is obtained following the simulation protocol described in the
Methods section. (b) Color map of the radius of gyration, Rg, of the morphology at every
point on the parameter space (n,k). (c) Color map of the relative shape anisotropy, A3, of
the morphology at every point on the parameter space (n,k). The quantities displayed in
(b) and (c) are the average property taken over the set of initial configurations that evolved
to the same more frequent morphology.
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The double micelle nanostructure could potentially relax into its
equilibrium structure by fusing the two solvophobic cores, but this
will require that type A side chains cross the bridge formed by type B
beads, and this single-chain motion has a free-energy barrier? %, the
possibility of having type A chains crossing the B domain is
proportional to ~e ~“¥*% \where @ is a quantity proportional to the
block A molecular weight®!. Thus, the stronger the incompatibility,
the more difficult for the solvophobic chains to form a single
agglomerate, and more probable for them to stay in these kinetically-
trapped configurations. This also explains why these structures are
not observed in the lower incompatibility case. To support this claim,
we have performed additional simulations that started with double
and triple micelle structures, and evolve them for 2 X 10° time steps
by quenching to @a4p=30. For comparison, same initial
configurations were run for the same number of time steps keeping
asp =70, For the lower incompatibility case, double and triple
micelles evolved toward a single-micelle structure, whereas they
remain the same structures by keeping @4 = 70 (see Figures S7 and
S8 in the SlI).  These results support our statement about the
importance of the incompatibility between A and B side chains on
the kinetically-trapped structure formation.

By the same rationale explaining the existence of double micelles,
one could expect that larger backbones could give place to multi-
micelles: small spherical micelles connected by the bottlebrush
backbone. In fact, our simulations show that this is the case: at
n =900 and k = 20, the bottlebrush self-assembled into a triple-
micelle (see Figures 2 and 4a). We should note here that a linear
arrangement of the three small spherical micelles is the more
frequent structure (Figure 2), however, we also observed the
formation of triple micelles arranged into a V shape. These elongated
triple micelle structures have larger shape anisotropy values than
ellipsoidal or spherical micelles (see Figure 4c). At small side chains
polymerization index, k =10, these bottlebrushes form another
interesting structure: it is composed by a small satellite spherical
micelle attached to a short rod-like micelle (labelled as humpback
micelle in Figure 2). The shape anisotropy associated to this complex
micelle has a noticeable increased value compared to that of
spherical and ellipsoidal micelles. Finally, for the largest
bottlebrushes, m = 1000, with short side chains, k = 10, rod-like
micelles are formed. As can be inferred from Figures 3c and 4c, both
shape descriptors (shape anisotropy and radius of gyration) correctly
capture the morphological changes that these complex
macromolecules undergo as its structural parameters are varied.
Note in particular, the large shape anisotropy that rod-like micelles
and triple-micelle structures display. This structural descriptor clearly
indicates the region on the parameter space where complex micelles
appear.

Given the rich phenomenology found in the case of symmetric
bottlebrushes, it is expected that an asymmetry on the side chains
polymerization index (k#m), could give place to a rich
morphological behavior too. Thus, we explored the effect of this
asymmetry on the self-assembly behavior of the mikto-grafted
bottlebrushes considered in this work. For these cases, we fixed the
total to n=1000, and the
incompatibility between A and B beads to @4p = 50. We expect that
this value of the intermolecular interaction strength between A and

number of macromonomers
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B polymers is large enough to allow for the presence of kinetically-
trapped nanostructures if they are highly probable (for reference, a
morphology map for a symmetric bottlebrush with @asg =50 is
presented in the Sl). Figure 5 summarizes our results. For these
simulations we have studied the effect of three different solvophilic
side chains polymerization index, namely, m = 10, 20 and 50. The
polymerization index of the solvophobic chains was varied from
k=10 to 50 as displayed on Figure 5. First, we focus on the
bottlebrushes with the shorter solvophilic side chains, m = 10 (first
row in Figure 5), which self-assembled into rod-like micelles when
the type A chains are short (k = 10). However, by increasing the
solvophobic molecular weight to k=20, a toroidal structure
appears as the self-assembled nanostructure (see Figure 5). By a
further increase in Kk the nanostructures transit from ellipsoidal to
spherical micelles. When the degree of polymerization of the
solvophilic side chains is increased to m = 20 or 50 (second and third
rows in Figure 5), two different kind of structures are formed. When
the molecular weight of solvophobic chains is smaller than that of
the solvophilic (type B) chains, bottlebrushes have a tendency to
form pearl-like structures (multi-micelles). Note that these
structures are equivalent to the double micelles described above for
the symmetric case, and that the size of the globes are not uniform,
which reinforce the notion that these are non-equilibrium structures.
Finally, at larger degrees of polymerization of type A chains, spherical
micelles are always formed (Figure 5).

It should be noted that the multiple-micelle structures resemble the
pearl-necklace structures that have been observed in the course of
the collapse of homopolymers under a fast quench to poor solvent
conditions®?®5, The scenario follows a step-wise evolution with
monomers forming small clusters that stabilize, and then grow by

30 40 50

Figure 5. Representative single-polymer self-assembled nanostructures obtained after a
fast quench into a bad solvent condition for one of the side chains (red domains), formed
by (C-g-Ai/Bm)1000 asymmetric bottlebrushes. Solvophilic side chains are displayed in
blue, whereas the bottlebrush backbone is represented by the green tube wrapping
around the solvophobic cores. Solvent molecules are not displayed for clarity. The
solvophilic block molecular weight is fixed at (a) m=10, (b) m=20, and (c) m=50.
Solvophobic side chain molecular weight, k, increases from left to right. The chemical
incompatibility between A and B polymer segments was fixed at @AB = 50,

This journal is © The Royal Society of Chemistry 20xx
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fusion of clusters, until all monomers form a single core. Thus, the
intermediate pearl-necklace structures in homopolymers collapse
are non-equilibrium structures on the way toward the equilibrium
state. In our study, the solvophilic side chains help to stabilize these
multi-micelle structures even more, thus, we do believe that these
structures are very long-live non-equilibrium states. However, we
should highlight that it has been shown that pearl-necklace
structures are equilibrium states in polyelectrolyte solutions®®. Thus,
to test our hypothesis about these multi-micelle structures being
kinetically-trapped morphologies, we have performed additional
simulations. Following Wessels and Jayaraman®’ we have applied
three different protocols in which the following intermolecular
parameters are varied in a gradual stage-wise increase: protocol (i),
in this protocol @4p is increased gradually from ajp=25 to a£B=70;
protocol (i), both @ap and @apare increased gradually between
same limits; and protocol (iii), in this case @ap alone is increased
gradually. In these protocols, simulations are divided into Ny stages
where the parameters being varied are kept at fixed values. At every
stage, simulations were run for 10* time steps, and the parameters
were increased by 6a;j = (a{i - a(i]i)/TIW. For each of these protocols
we used three different values of n, =100,200 and 400. We
applied these protocols to two symmetric bottlebrushes: one that
forms double micelles (n =600, k = 20), and another that forms
triple-micelles (n =900, k = 20). In all of these slow quenching
protocols the final self-assembled morphology was different from
the one obtained when doing a fast quench. For the short
bottlebrush, which forms double micelles under a fast quench, the
slow quench protocols produced either spherical or ellipsoidal
micelles (a summary of these results is presented in Sl). For the larger
bottlebrush, which tend to form triple micelles under a fast quench,
the slow quench protocols produced either toroidal or ellipsoidal
micelles (see Figure 6). These results support our hypothesis that the
multi-micelle morphologies are kinetically-trapped structures.

We finalize this section by highlighting two aspects of the solution
self-assembly of the mikto-grafted bottlebrushes studied in this
work. The first one has to do with the diversity of possible
morphologies that can be obtained by exposing the macromolecules
to a fast quench into a preferential solvent. The larger the number of

an . . .
Triple Toroidal
Micelle Micelle
+ Ellipsoidal
Duni ™ Ry Micelle ®
ar\l) . . .
0 100 200 400 n

W
Figure 6. Self-assembled morphologies obtained by following different quenching
protocols for a symmetric bottlebrush with * = 900 and k = 20, simulations are divided
into w sta§es, and at each stage the corresponding parameter(s) are increased by Say
= ("'{;’ - aii)/nw, where a§=25 to @fj=70. See text for more details. Under an
instantaneous quench (tw = 0) a triple-micelle structure is formed, however, by doing a
slow quenching, the macromolecule self-assembled into a different morphology.
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macromonomers is, the higher the probability to get kinetically-
trapped nanostructures. As mentioned above, for some cases, more
than one structure was obtained by starting from different initial
configurations, the ones that are more frequent were presented
above, but there are others that are also interesting, some of them
are displayed in the Sl. In the case of double and triple micelles, there
are variations in the relative size of the globes forming the structures
as well as in their relative spatial location. A second aspect to
highlight is the stability of these kinetically-trapped structures. As
mentioned in the Methods section, the simulations for bottlebrushes
with a large number of macromonomers were run for more than 10°
time steps, which is already a large number of steps considering that
the model uses a soft inter-molecular interaction potential. We
decided to evolve some of the final configurations for an additional
10° time steps, each final configuration was used to run three
replicas that have different seeds for the random number generator
used by DPD as implemented in HOOMD-Blue’. Few of the
configurations evolved to another morphologies, but most of them
remained in their self-assembled structure, some examples are
presented in the SI (Figure S9). For those morphologies that we
thought have still a chance to relax even more an additional number
of time steps were ran (3 X 10°). These longer simulations indeed
allowed some of these structures to relax. In the case of asymmetric
multi-micelles, they tend to relax more easily than others, although,
as expected, the relaxation time seems to be a random quantity. As
can be seen double micelle structures are quite stable, for that
single-realization in Fig. S9, it changed too little after 5 million-time
steps. We have run another system in which a double micelle (
n = 600) was stable for 10”time steps in total, and a case of a triple
micelle that has been stable for 6 X 10° time steps in total. Thus, we
have shown that kinetically-trapped states are common in these
kinds of mikto-grafted polymer bottlebrushes under a fast quench in
solvent quality. Being kinetically-trapped means that these states
could still evolve towards equilibrium, however, in their evolution on
the free-energy landscape they need to find the “right” path which
could occur in a few time steps or millions of them. Some of these
states could be metastable, and are just waiting for the proper
thermal fluctuation to get out and evolve towards equilibrium. This
subject itself is an exciting area that would require powerful
advanced sampling techniques®-1% to provide some physical insights
on the complicated free-energy landscape associated to these
polymer systems.

Conclusions

In this work, we have performed a systematic study of the effect
of several structural parameters on the solution self-assembly
of molecular mikto-grafted bottlebrushes subjected to a fast
change in the solvent quality of the solution. We have found the
existence of a diverse set of non-equilibrium nanostructures
that appear as an interplay of chemical incompatibility between
solvophilic and solvophobic polymer segments, molecular
weight and solvent quality. Our results emphasize that the non-
equilibrium morphologies generated by the mikto-grafted
bottlebrushes studied in this work can be long-lived out-of-
equilibrium states and could, potentially, be realized in
experiments. To avoid their eventual relaxation to equilibrium

8| J. Name., 2012, 00, 1-3

one could use additional protocols to cross-link some of the side
chains, and thus, use these complex nanostructures as
templates to create organic-metallic nano-objects. In this work,
we used a simple coarse-grained model that assumes that every
polymer block is fully flexible, however, a more realistic
simulation approach semiflexible chains could
potentially uncover polymeric nanostructures that arise as a
consequence of the bending properties of the polymer chains;
work on these lines is underway and will be presented in a
future report.
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