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Abstract 

In this study we investigate the effect of varying branched polymer architectures on the assembly 

of amphiphilic block polymers in solution using coarse-grained molecular dynamics simulations. We 

quantify assembly structure (e.g., aggregation number, assembly morphology, and micelle core size) and 

thermodynamics (e.g., unimer to micelle transition conditions) as a function of increasing solvophobicity 

of the solvophobic block in the copolymer for three broad categories of polymer architectures: linear, 

‘bottlebrush’ (with many short side chains on a long backbone), and ‘star-like’ (with few long side chains 

on a short backbone). Keeping the total number of coarse-grained beads in each polymer (or polymer 

molecular weight) constant, as we go from either linear or ‘star-like’ to bottlebrush polymer architectures, 

the micelle aggregation number and micelle core size decrease, and the solvophobicity required for 

assembly (i.e. transition solvophobicity) increases. This trend is linked to the topological/steric hinderance 

for making solvophobic bead contacts between neighboring polymers for the ‘bottlebrush’ polymer 

architecture compared to the linear or ‘star-like’ architectures. We are able to identify some universal trends 

in assembly by plotting the assembly structure and thermodynamics data as a function of branching 

parameter defined as the ratio of the branched chain to the linear chain radius of gyration in the unimer 

state, and the relative lengths of the backbone versus side chain. The results in this paper guide how one 

could manipulate the amphiphilic block polymer assembly structure and thermodynamics by choosing 

appropriate polymer architecture, block sequence, and composition.   

  

Page 2 of 31Soft Matter



 

3 
 

1. Introduction 

Nanostructured assemblies of amphiphilic block polymers in solution are designed for use in a 

variety of applications that include removal of pollutants from the environment, drug delivery, 

nanoreactors, and bio-imaging, as described in many review articles.1-13 Block polymer (BP)  self-assembly 

into micelles is driven by the competing interactions between the two or more polymer block types and the 

solvent or solvent mixture.8, 14-16 The assembled state characteristics (e.g. micelle size, morphology, and 

stability in different solvent conditions) are controlled by the polymer block sequence (e.g. AB, ABA, or 

BAB), molecular weight, amphiphilic composition (e.g. solvophobic or solvophilic composition), polymer 

concentration (e.g. dilute versus semi-dilute), and the polymer architecture (e.g. linear, cyclic, star, 

dendrimer, or bottlebrush).1-10, 12, 16-21 

Linear BP self-assembly in solution has been investigated extensively over past few decades.3-13, 15-

20 With recent advances in polymer synthesis schemes, self-assembly of complex non-linear polymer 

architectures, such as bottlebrush BPs, have begun to receive more attention (see review articles11, 13). The 

bottlebrush architecture is comprised of a linear backbone with densely grafted linear/non-linear side 

chains. This complex architecture allows for unique physicochemical properties such as a tunable chain 

size and stiffness simply by changing the grafting density, length, and architecture of the side chains.22-24 

Controlled synthesis where the bottlebrush backbone and side chain lengths are varied independently, 

achieving different BP sequences, has also been demonstrated.11, 25, 26 The self-assembly of bottlebrush BPs 

has been studied in bulk/near interfaces, in melt conditions,27-35 and dilute concentrations using 

experimental36-45 and computational46-55 techniques. Micellization of bottlebrush diblock polymers (di-BPs) 

has many favorable features over micelles formed from linear di-BPs. For example, bottlebrush BPs exhibit 

a smaller critical micelle concentration than lower molecular weight, linear BPs of similar chemistry.11, 36, 

45 The size distribution of micelles formed by bottlebrush BPs is easily controlled by modifying the ratio of 

solvophobic to solvophilic side chain length.29 Lastly, the side chain chains provide functionalizable end 

group chemistries such as groups with high contrast for imaging or cross-linkable groups that can stabilize 
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the micelle after assembly. 11, 36, 40 

Star polymer architectures also influence the self-assembly of BPs in solution and offer additional 

methods to target specific micelle characteristics. Experimental studies8 compare the self-assembly of star 

polymer architectures in solution (with different combinations of one to two solvophilic and/or solvophobic 

arms) to the assembly of linear BPs of similar chemistry and molecular weight. The comparison indicates 

that star BPs have lower aggregation numbers, smaller micelle sizes and higher critical micelle 

concentrations (CMC) than their linear equivalents.8 A theoretical study has also shown that varying the 

number of arms for the star BPs, at the same or different molecular weight, tunes the core-corona interface 

and in some cases, destabilizes spherical assembled morphologies with an increasing number of 

solvophobic polymers arms due to the entropic penalty of stretching a larger number of chains in the micelle 

core.56  

In this paper, we use coarse-grained molecular dynamics (MD) simulations to systematically 

investigate the effect of BP branching on the micelle thermodynamics (unimer to micelle transition, 

favorable energetic contacts, and conformational entropy) and assembly structure (micelle aggregation 

number, size, and morphology) for increasing solvophobicity of the solvophobic B block in the amphiphilic 

polymers with varying polymer sequence (AB, ABA, and BAB), and composition (75% solvophobic B 

block to 25% solvophobic B block). We vary BP branching by decreasing the backbone length while 

simultaneously increasing the side chain length to maintain the same total number of coarse-grained 

polymer beads in all BPs. We find that there is a non-monotonic behavior in the assembly thermodynamics 

(i.e., the solvophobicity required to form micelles), the aggregation number, and the micelle size as we go 

from linear to bottlebrush (with many short side chains on a long backbone) to ‘star-like’  (with few long 

side chains on a short backbone) BP architectures. We establish some universal trends by describing all of 

the above results as a function of branching parameter57 and relative lengths of backbone versus side chain 

length.  

The rest of our paper is organized as follows. In section 2, we describe the polymer model used in 
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the MD simulations, the MD simulation procedure and analyses, and the parameter space explored in this 

study. In section 3, we present and discuss our results for the different polymer architectures of different 

block sequences and amphiphilic compositions. In section 4, we summarize our results.  

2. Methods 

2.1. Model 

 

Figure 1. Schematics of the polymer architectures with A:B 50:50 (solvophilic to solvophobic compositions) and AB, 

ABA and BAB block sequences. The solvophilic components are represented with blue beads (A) and the solvophobic 

components with red beads (B). From left to right, the backbone length (Nbb) decreases and the side chain length (Nsc) 

increases to maintain the same total number of beads per polymer chain (Ntot = 96). We note that for A:B 50:50, 

polymer architecture 8 (Nbb=6 Nsc=15) and Ntot=96 neither an ABA nor a BAB sequences are feasible. For amphiphilic 

compositions of A:B 75:25 and A:B 25:75 (schematics not shown in this figure) there are fewer combinations of Nbb 

and Nsc that provide chains with Ntot = 96. 

We represent the linear and non-linear BPs, both the backbone and the side chains in the case of 

the branched polymer architectures, with a generic flexible coarse-grained (CG) bead-spring model.58, 59 All 

the details of our CG model are similar to our recent work.60 To be brief, we present only the key features 

here.  All polymer beads have a diameter of 1d, a mass 1m, and are bonded to their neighboring beads in 

the chain with a harmonic spring. The equilibrium bond distance is set to 1d and each spring has a force 
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constant of 50 ε/d2, where all the units are in reduced Lennard-Jones units. We define Ntot as the total number 

of beads in the polymer chain, Nbb as the number of beads in the polymer backbone, and Nsc as the number 

of side chain beads as shown in Figure 1. The solvophilic components (A) are represented by blue beads 

and the solvophobic components (B) with red beads, where the ratio of solvophilic to solvophobic 

components is indicated as A:B. The solvent is modelled implicitly. The effect of the solvent quality on the 

solvophobic B beads is captured through a Lennard-Jones (LJ)61 interaction potential between the 

solvophobic B beads described as   

𝑈𝐵−𝐵(𝑟) = 4𝜀𝐵𝐵 [(
σ

𝑟
)

12

− (
σ

𝑟
)

6
]    𝑟 ≤ 2.5d            (1) 

where σ is equal to the bead diameter (1d) and εBB is varied. The potential 𝑈𝐵−𝐵(𝑟) is set to 0 for distances 

above the cut-off distance of 2.5d and the potential is shifted to have a value 0 at the cut-off distance. We 

use the implicit solvent representation in order to access the relevant length and time scales for block 

polymer assembly. Our focus is on equilibrium structure of the assembly and previous studies comparing 

assembly in polymer solutions with implicit and explicit solvent models have shown that the equilibrium 

chain conformations agree.62-64 To connect the above implicit solvent model, in particular the σ and εBB of 

Equation 1 to specific chemistries, one could fit Equation 1 to the potential of mean force between the 

center of masses of two monomers in an explicit solvent/solvent mixture calculated from atomistic 

simulations.65  

The assembly of amphiphilic BPs driven by the solvophobic B-B interactions, all other pair-wise 

non-bonded interactions between the solvophilic A beads (A-A) or the solvophilic and solvophobic beads 

(A-B) are modeled with the purely repulsive Weeks-Chandler-Andersen (WCA)66 potential to capture the 

solvophilic nature of the A beads.  

 𝑈𝑊𝐶𝐴(𝑟) = 4𝜀 [(
σ

𝑟
)

12

− (
σ

𝑟
)

6
]  + 𝜀      𝑟 ≤ 21/6𝑑             (2) 

where ε is 1 (in reduced LJ units); the potential 𝑈𝑊𝐶𝐴(𝑟) is set to 0 above the cut-off distance of 21/6d.  
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We choose the above generic coarse-grained polymer model for all architectures to understand how 

the different connectivity in branched and linear polymer architectures impacts their assembly. To keep the 

model the same for all architectures, we have to maintain the backbone and side chain beads with the same 

size and interactions. Representing the side chains and backbones similarly is important in our study to 

fairly compare the bottlebrush polymer architectures with the linear and ‘star-like’ polymer architectures. 

This is not an unusual choice; in fact Dutta et al.55  have shown that coarse-grained bead-spring model with 

all beads of equal size in bottlebrushes with one side chain per backbone bead show quantitative agreement 

between the intrinsic viscosity determined from experiments and simulations. In experiments, the backbone 

and side chain chemistries may differ drastically, and if one wishes to directly simulate a specific 

bottlebrush chemistry in a solvent (or solvents), they may map their model (e.g., physical sizes of the beads, 

interaction between the beads) to those specific chemistries and solvent mixtures. We direct the reader to 

discussion about such interactions to chemistry mapping given in the supplementary information of Ref. 67 

and the main paper of Refs.68, 69 . 

2.2. Simulation details 

Past studies have shown that there are several appropriate computational approaches to study self-

assembly of amphiphilic polymers in solution (e.g., PRISM theory,60, 69, 70 dissipative particle dynamics 

(DPD),71 as well as other approaches highlighted in a recent review paper72). In this paper, we use MD 

simulations in the canonical (NVT) ensemble using the Nosé-Hoover thermostat with the LAMMPS 

package.73 We create the initial configuration by randomly placing 400 polymer chains with random 

orientations in the cubic simulation box, with the box size selected to achieve the target BP solution 

concentration, η, (defined as the volume of the polymer divided by the simulation volume). The simulation 

box volume is initially 20% larger than the desired box volume to prevent overlap between the chains in 

the initial configuration. We start from this larger simulation box and linearly reduce the sides of the cubic 

simulation box over 3,000,000 timesteps to arrive at the desired occupied volume fraction η of 0.025 at a 

temperature of T*=4 and εBB=0.055. Next, we set the temperature of the system to T*=1 and allow the 
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system to equilibrate for another 3,000,000 timesteps at εBB=0.055 to finish the equilibration stage of the 

simulation.  

To achieve assembly of the amphiphilic BPs in solution, we perform a gradual stage-wise increase 

of the solvophobicity of the system (equivalent to increasing εBB in our procedure) which mimics 

experiments where the initial good solvent condition is varied by adding/exchanging with a poor solvent 

for the solvophobic block. We increase εBB by 0.009 and spend 3,000,000 timesteps at each εBB value. We 

stop this stage-wise increase of εBB when there is no further change in the aggregation behavior. The choice 

of the time spent at each stage and the increase in εBB between the stages is extensively tested, through both 

replicate simulations and more gradual changes in the solvophobicity, to ensure we produce close to 

equilibrium results at each εBB.89, 130 We sample independent snapshots every 300,000 timesteps; which is 

longer than the time required for the chain conformation autocorrelation function to decay to 0.  

2.3. Analyses 

We analyze the assembly morphology (e.g., aggregation number, micelle size, and the packing 

parameter for non-spherical assemblies), assembly thermodynamics (e.g., unimer to micelle transition 

solvophobicity and energetically favorable contacts), and chain conformations of the polymer chains during 

micellization.  

To determine the aggregation number, we define two polymer chains as part of a micelle if their 

B-block center of mass is within a critical distance of a minimum number of neighbors (excluding unimers) 

as shown in Figure S.1. This critical distance is determined to include the peak of the radial distribution 

function of the B-block center of mass at an εBB  above which clustering does not change with increasing 

εBB.  We then use a “friends of friends” algorithm74 to determine which chains are in which clusters. After 

the clusters are determined, we calculate the number of chains in each cluster i, Nagg,I and the ensemble 

average aggregation number at each εBB  

< 𝑁𝑎𝑔𝑔 >=
∑ 𝑁𝑎𝑔𝑔,𝑖

𝑛
𝑖=1

𝑛
                               (3) 
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where n is the total number of micelles from the sampled configurations at that εBB. The radius of gyration 

of the micelle core for cluster i is calculated by considering only the B-beads in cluster i as indicated in 

𝑅𝑔,𝑐𝑜𝑟𝑒 𝑖
2 =

1

𝑁𝑎𝑔𝑔,𝑖 𝑁𝐵
∑ ∑  (𝒓𝐵,𝑗𝑘 − 𝒓𝑐𝑚 𝐵,𝑖)

2
  

𝑁𝐵
𝑘   

𝑁𝑎𝑔𝑔,𝑖 

𝑗=1
                (4) 

and is then averaged over all the clusters in the system. rB,jk is the position vector of B-bead k in chain j, NB 

is the number of B beads per chain, and rcm B,i is the position vector of B-bead the center of mass of the B-

beads in cluster i.  

 We also calculate the value of εBB at which the system transitions from a disordered fluid-like state 

to ordered micelles and call it the transition solvophobicity (εBB
tr). To calculate εBB

tr, we consider the 

aggregation number (Nagg) distribution at each εBB and then identify εBB
tr as the point at which a distinct 

population of micelles start to form. As εBB increases, clusters start to form with Nagg>1 and the P(Nagg) 

increases for Nagg >1, until the system approaches a stable average value for Nagg, <Nagg>f. We define εBB
tr 

as the εBB at which the probability of finding clusters of <Nagg>f reaches a value of 0.1. This is shown in 

Figure S.2. Recent papers69, 70 describe different definitions/methods to calculate εBB
tr and show that the 

qualitative trends remain similar regardless of the criteria used to calculate εBB
tr. 

To compare the enthalpic driving forces between the different polymer architectures, we calculate 

the number of favorable energetic intermolecular contacts by identifying the first peak value of the B-bead 

intermolecular radial distribution function at a fixed solvophobicity after the chains have formed micelles 

that do not change with increasing solvophobicity (Figure S.3). This value indicates that number of beads 

that are within the minimum of the attractive well of the LJ potential.  

 We use the branching parameter57 as a metric for defining polymer architecture. The branching 

parameter (gg) is defined as the radius of gyration of the branched chain (𝑅𝑔,𝑏
2 ) divided by the radius of 

gyration of the linear chain (𝑅𝑔,𝑙
2 )  

𝑔𝑔 ≡
<𝑅𝑔,𝑏

2 >

<𝑅𝑔,𝑙
2 >

                   (5) 
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and is calculated at the initial solvophobicity (εBB=0.055), where the simulation is still in a disordered fluid-

like state. We choose to characterize the extent of branching in polymer architecture using the branching 

parameter especially since we maintain the same total number of beads in all polymer architectures. Other 

studies have used length of the backbone versus side chain length to characterize extent of branching going 

from spherical to anisotropic bottlebrushes,29, 30, 55, 75 and from comb to bottlebrush polymers.31, 32 

 We also estimate the conformational entropy loss of the solvophobic (B) components upon 

assembly (Sconf, B-block) as follows:  

𝑆𝑐𝑜𝑛𝑓,𝐵−𝑏𝑙𝑜𝑐𝑘 = −𝑘𝐵 ∑ 𝑃(𝑅𝑔
2)

𝑛
𝑙𝑛𝑃(𝑅𝑔

2)
𝑛

𝑠𝑡𝑎𝑡𝑒𝑠
𝑛=1                           (6) 

where P(Rg
2)n is the probability that the B-block has a squared radius of gyration Rg

2 in state n and is 

determined for each (Rg
2)n sampled. The radius of gyration of the solvophobic (B) components is used for 

the calculation as the radius of gyration of the solvophilic (A) components does not change as significantly 

as the B-block upon assembly as seen in Figure S.4.  

Select polymer architectures of the BAB block sequences form states where the two solvophobic 

blocks of one chain are split between two different micelle cores, which we will refer to as bridged 

conformations. The probability of different chain conformations, including bridged conformations, is 

indicated in Figure S.5 for three select architectures (linear, bottle brush, and ‘star-like’) as a function of 

solvophobicity, εBB. At high εBB, the probability of bridging does not change with increasing εBB and we 

compare the probability of the bridged conformations at high εBB, Pbridge,f, between the different polymer 

architectures. 

For the spherical and non-spherical assembly morphologies, we also calculate the packing 

parameter, p,76 as 

𝑝 =
𝑉

𝑙𝑐𝐴
                                  (7) 
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where V is the volume of the solvophobic block per chain in the micelle core, lc is the length of the 

solvophobic block per chain within the micelle core, and A is the interfacial area between the micelle core 

and corona per chain, as depicted in Figure S.6. We calculate the packing parameter after confirming that 

the clusters do not change upon further increase of solvophobicity. We calculate V, the volume of the 

solvophobic block per chain, by 

𝑉 =
∑ 𝑉𝐵

𝑁𝐵
1

0.64
               (8) 

where the numerator is the sum of the total number of solvophobic beads (NB), each with volume VB, for 

one chain and the denominator is 0.64, to account for random sphere packing and void volumes within the 

micelle core. To determine lc, we use 

𝑙𝑐 =
1

𝑁𝑐ℎ𝑎𝑖𝑛𝑠  (𝑁𝐵−1)
∑ ∑ ((𝒓𝑖𝑛𝑡,𝑖 − 𝒓𝑖𝑗)

2
)

0.5(𝑁𝐵−1)
𝑗

𝑁𝑐ℎ𝑎𝑖𝑛𝑠
𝑖                          (9) 

 which is the average distance from the B backbone bead of chain i (with the position vector rint,i) bonded 

to the backbone A-bead, which sits at the core-corona interface, to the rest of the B-beads (each with 

position vector rij) within the polymer chain i, averaged over all chains (Nchains) in the simulation. The choice 

of metric for lc is not straightforward for branched polymer architectures as each of the side chains have a 

different length within the micelle core. After trying various metrics to determine lc, we find that irrespective 

of the choice, the qualitative trends in the packing parameter stays the same (data not shown). Finally, the 

interfacial area per chain, A, is determined through the solvent accessible surface area (SASA)77, 78 which 

is calculated with a solvent probe radius of 1d. After testing different probe sizes, a probe radius of 1d is 

chosen to exclude voids in the micelle core in order to consider only the outer surface of the micellar 

structures. The interfacial area per chain is calculated as  

𝐴 =
𝑆𝐴𝑆𝐴

𝑁𝑐ℎ𝑎𝑖𝑛𝑠
                    (10) 

where Nchains is the number of polymer chains in the simulation. 
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2.4. Design parameters explored 

To investigate the effect of different polymer architectures on the assembly of BPs, we keep the 

total number of beads fixed at 96 polymer beads per chain. With the fixed number of beads per chain, we 

are able to isolate the effect of branching while maintaining constant the energetic driving force which is 

simply proportional to number of solvophobic beads. To maintain the same number of beads (Ntot) going 

from linear to bottlebrush to ‘star-like’ polymers, we decrease the backbone length (Nbb), while 

simultaneously increasing the side chain length (Nsc). This is shown for AB, ABA, and BAB block 

sequences and A:B 50:50 amphiphilic composition in Figure 1. For example, by decreasing the backbone 

from Nbb=96 (Nsc=0) to Nbb=24 (Nsc=3) to Nbb=4 (Nsc=23) we vary architectures from linear to bottlebrush 

(long backbone with many short side chains) to ‘star-like’ (short backbone with few long side chains), 

respectively.  Additionally, we investigate the effect of the amphiphilic BP composition and consider three 

cases: solvophilic-rich A:B 75:25, symmetric A:B 50:50, and solvophobic-rich A:B 75:25 for AB,  ABA, 

and BAB BPs. All simulations are run for the occupied volume fraction of η =0.025. 

3. Results & Discussion 

 To describe the effect of the polymer architecture on the assembly behavior we present the 

micellization thermodynamics and structural characteristics in Figure 2. We vary polymer architectures for 

A:B 50:50 amphiphilic composition as indicated for the AB, ABA, and BAB BPs in Figure 1 and 2a. We 

change the polymer architectures in Figure 1 and 2 from linear to bottlebrush to ‘star-like’, from left to 

right, by decreasing the backbone length (Nbb) and simultaneously increasing the side chain length (Nsc) to 

maintain the same total number of beads per chain (Ntot=96). Most of the micelles found for systems in 

Figure 2 are spherical. We compare the solvophobicity (solvent quality) required to form micelles (εBB
tr) 

for each of the polymer architectures in Figure 2b. As we explore linear to bottlebrush architectures, εBB
tr 

increases indicating that a poorer solvent quality is required for bottlebrush BPs to form micelles as 

compared to the linear BPs. Then, from bottlebrush to ‘star-like’ architectures, εBB
tr decreases. The ABA 

and BAB triblock sequences exaggerate this pattern for the bottlebrush architectures and show a higher εBB
tr 
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than the AB diblock polymers (di-BPs) with equivalent polymer architectures.  The bottlebrush tri-BPs 

(ABA and BAB) compared to the bottlebrush di-BPs (AB) show the largest difference in εBB
tr. The 

differences in εBB
tr between AB, ABA and BAB reduce as the polymer architecture become more ‘star-like’ 

because the ‘star-like’ BPs are similar for all three (AB, ABA, and BAB) block sequences; in these ‘star-

like’ BPs, the side chains have significant conformational freedom around the short backbone (e.g., for 

polymer architecture 9, the backbone comprised of 4 beads has four side chains that are each 23 beads 

long). Similarly, other structural characteristics of the ‘star-like’ BPs are also similar irrespective of the 

block sequence, as described next. 

 

Figure 2. Micelle assembly and structural characteristics for A:B 50:50 amphiphilic BPs with AB, ABA, and BAB 

block sequences and (a) varying polymer architectures (also shown visually in Figure 1). (b) Transition 

solvophobicity, (c) the aggregation number at εBB=0.91 and (d), micelle core radius of gyration at εBB=0.91, (e) 

solvophobic block conformational entropy difference between disordered and assembled states at εBB=0.91, (f) first 

peak from the B-B intermolecular radial distribution function at εBB=0.91, and (g) branching parameter. The error bars 

indicate the 95% confidence interval between the results of three independent simulations.  

The structural characteristics of the micelles formed from the different BP architectures (Figure 

2c-d) are evaluated at εBB=0.91, a value of solvophobicity above which the clustering does not change with 

increasing εBB. For each BP sequence, as we go from linear to bottlebrush polymer architectures, both the 
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final aggregation number (Figure 2c) and the micelle core radius of gyration (Figure 2d) values decrease. 

Then, from bottlebrush to ‘star-like’ polymer architectures, the aggregation number and core radius of 

gyration values increase. For each of the bottlebrush polymer architectures, the ABA BPs form the smallest 

aggregates with the lowest aggregation number and the BAB BPs are in between. We note that we see a 

similar non-monotonic trend in the aggregation numbers for systems with Ntot=144 (Figure S.7.) and 

Ntot=24 (Figure S.8.). 

Next, we evaluate how well the results presented so far agree/disagree with some past work. 

Published experimental results investigating the effect of block sequence have shown that for linear BPs, 

the tri-BPs form smaller micelles with lower aggregation numbers than di-BPs of the same molecular 

weight.8, 79, 80 Thus, the experimental results for linear BPs agree with our results for the linear BPs. Beyond 

the published experiments, we go on to show that for the bottlebrush polymer architectures the differences 

between the sequences exist, and are larger than the differences between sequences for the ‘star-like’ 

polymer architectures which show no discernable difference between the AB, ABA and BAB block 

sequences. Past experiments comparing star and linear BPs have shown that star polymer architectures have 

lower aggregation numbers and smaller micelle sizes than their linear equivalents,8 which is also captured 

in our simulation results shown in Figure 2c-d. These qualitative agreements with the experimental trends 

provide validation for the suitability of our generic coarse-grained model for this study.  

Our results in Figure 2c-d show a non-monotonic pattern in the assembly characteristics as we go 

from linear to bottlebrush to ‘star-like’. We hypothesize that this non-monotonic behavior in the assembly 

characteristics stems from the topological arrangement of the solvophobic B beads and how well they are 

shielded/exposed in the different architectures. These topological effects should impact the thermodynamic 

driving forces for assembly, namely the enthalpic (e.g., energetically favorable B-B contacts upon 

aggregation) and entropic (e.g., configurational entropy loss upon assembly) contributions to the change in 

free energy upon BP assembly. Our initial hypothesis is that for BP systems with same number of coarse-

grained A and B beads, the lengthening/shortening backbone length and increasing/decreasing number and 
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length of side chains should affect, primarily, the entropic contributions arising from the translational and 

conformational entropy of the disordered and assembled states, and that these entropic contributions would 

dominate the assembly behavior. We estimate the conformational entropy loss of the solvophobic B-block 

upon micellization as the difference between the conformational entropy of fluid-like state at low 

solvophobicity and that of the aggregated state at high solvophobicity. This estimate is shown for different 

BP architectures in Figure 2e. The trends in conformational entropy loss upon assembly for varying BP 

architecture is the opposite of what would be required to explain the assembly behavior in Figures 2b-c. 

One would expect that a BP architecture with higher εBB
tr requires stronger enthalpic interactions to 

aggregate and compensate for a larger loss in conformational entropy upon aggregation. This means that as 

bottlebrush architectures have a higher εBB
tr, they should have larger loss in conformational entropy upon 

aggregation. Instead, the conformational entropy loss upon aggregation is lower for the bottlebrush polymer 

architectures than for the linear or the ‘star-like’ polymer architectures. The bottlebrush chains are compact 

(i.e., few possibilities of conformations) with dense local packing of the side chains along the polymer 

backbone and thus, do not lose as many conformations upon assembly. The ‘star-like’ polymer architecture 

loses the most conformational entropy upon assembly because the long solvophobic and solvophilic side 

chains on short backbones easily interchange positions and fluctuate around the short backbone in favorable 

solvent conditions. Upon micellization, this conformational freedom of solvophobic and solvophilic side 

chains in the ‘star-like’ polymer is curtailed as the solvophobic and solvophilic side chains separate to the 

core and corona, respectively, resulting in a big loss in adoptable conformations. We note that for the BAB 

sequences, the conformational entropy loss is calculated separately for each of the B-blocks. As such, the 

conformational entropy loss for the BAB polymer architecture 9 (Nbb=4 Nsc=23) in Figure 2e shows a 

different behavior than would be expected, compared to the behavior in the AB and ABA block sequences, 

because each of the solvophobic ends for polymer architecture 9 are linear. 

Next, we consider the other thermodynamic driving force for assembly, namely the enthalpic gain 

upon assembly (due to the aggregation of the solvophobic (B) beads) for the different BP architectures. In 
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Figure 2f, we compare the number of favorable energetic contacts for the various BP architectures by 

considering the height of the first peak in the inter-molecular B bead radial distribution function for the 

different BP architectures after stable aggregates have formed (εBB=0.91). This describes the number of 

nearest B bead neighbors that each B bead has; the higher the value of the first peak the higher the number 

of neighbors. The behavior of the number of nearest neighbor contacts in Figure 2f explains the behavior 

in Figures 2b-c. The system that has fewer nearest neighbors upon assembly also needs a higher 

solvophobicity to transition, εBB
tr. This conclusion remains unchanged even if we calculate the number of 

intermolecular B-B contacts only within the interior of the micelle core (Figure S.10.) and avoid the effect 

of micelle sizes (and surface areas) that one may think impacts the results in Figure 2f.  This means that 

the solvphobicity needed for assembly of polymers with varying architecture at constant molecular weight 

is dominated by how shielded/exposed the solvophobic beads are to make those energetically favorable 

solvophobic contacts. The total entropic contributions also have an important role in the assembly, for 

example: while the intermolecular contacts are less for the bottlebrush ABA BPs than the bottlebrush BAB 

BPs, the εBB
tr is larger for the bottlebrush BAB BPs than the ABA BPs.  

To establish a general metric of comparison between the various branched polymer architectures 

and linear polymer architectures of the same molecular weight, in Figure 2g, we characterize the polymer 

architectures by their branching parameter.57, 81 The branching parameter is calculated at low solvophobicity 

(εBB=0.045) when the system is in a disordered fluid-like state and the chains are in their unimer state, by 

dividing the radius of gyration of the branched polymer architecture by the radius of gyration of the linear 

polymer architecture. The behavior of the branching parameter, gg, with changing polymer architecture 

(Figure 2g) follows a similar trend to the aggregation number (Figure 2c), indicating that this is could be 

a useful metric for designing and predicting the assembly behavior of the branched polymers from the 

radius of gyration of the chains before assembly.  
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Using this branching parameter, gg, as a metric to describe the polymer architectures, we plot the 

transition solvophobicity (εBB
tr), the final aggregation number, and the micelle core radius of gyration as a 

function of gg in Figure 3. For AB di-BPs, the εBB
tr decreases monotonically in Figure 3b with increasing 

gg. For the ABA and BAB tri-BPs, however, the results in Figures 3b, 3c and 3d show that in addition to 

gg, the classification of branching (i.e., chains with Nbb>Nsc or chains with Nbb<Nsc) affects the εBB
tr. At a 

similar gg, polymer architectures with Nbb>Nsc, which we broadly classify as bottlebrush, have a higher εBB
tr 

than the ‘star-like’ polymer architectures with Nbb<Nsc. As mentioned before, the assembly and structural 

characteristics of the ‘star-like’ polymer architecture for block sequences AB, ABA, and BAB are all within 

error of each other.  

 For the di-BPs in Figures 3e and 3h, the aggregation number and the micelle core radius of 

gyration behave similarly, with both being higher for the bottlebrush polymer architectures (Nbb>Nsc) than 

the ‘star-like’ polymer architectures (Nbb<Nsc). Going from AB to ABA to BAB block sequences, both the 

aggregation number (Figure 3e-g) and the micelle core radius of gyration (Figure 3h-j) reduce for the 

bottlebrush architectures, resulting in a more monotonic change of these characteristics as a function of the 

branching parameter, gg.  

So far, the results we presented are BPs with A:B 50:50, symmetric BP composition. We also 

calculate the micellization thermodynamics and structural behaviors for: A:B 75:25 (solvophilic-rich) and 

25:75 (solvophobic-rich) in Figures 4 and 5, respectively. A similar comparison with regards to the 

branching parameter could be done for these amphiphilic compositions, but for the sake of brevity and 

clarity in the comparison between the different polymer architectures and block sequences, we show the 

results versus polymer architecture number as done in Figure 2.  

Both A:B 75:25 (Figure 4b) and 25:75 (Figure 5b) show a non-monotonic behavior similar to the 

A:B 50:50 (Figure 2b) polymers for εBB
tr with changing polymer architecture, suggesting that for the cases 

studied, at the same total number of beads, the polymer architecture affects assembly thermodynamics in a 
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similar way regardless of amphiphilic composition or block sequence. Following the behavior established 

for linear polymers through past experiments and simulations, increasing the solvophobic composition 

reduces the CMC (similar to reducing the εBB
tr at fixed concentration) because BPs with larger number of 

solvophobic B beads need smaller solvophobicity (enthalpic driving force) to induce assembly. In contrast 

to A:B 50:50 and A:B 75:25 (Figures 2 and 4), the BAB BPs with A:B 25:75 (Figure 5) show a lower εBB
tr 

than the AB and ABA block sequences. We hypothesize that the majority solvophobic component in the 

BAB sequence shields the repulsion of the solvophilic A block at the center of the BAB BPs, reducing the 

εBB
tr more than the AB and ABA sequences.  

 

Figure 3. Micelle assembly and structural characteristics for various (a) polymer architectures as a function of the 

branching parameter for polymers of A:B 50:50 amphiphilic composition and AB, ABA, and BAB block sequences. 

Transition solvophobicity (b-d), the aggregation number at εBB=0.91 (e-g), and the micelle core radius of gyration at 

εBB=0.91 (h-j). The error bars indicate the 95% confidence interval between the results of three independent 

simulations.  
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Figure 4. Micelle assembly and structural characteristics for (a) different polymer architectures with A:B 75:25 

amphiphilic composition (solvophilic-rich) and AB, ABA, and BAB block sequences. (b) Transition solvophobicity, 

(c) the aggregation number at εBB=1.00, and (d) micelle core radius of gyration at εBB=1.00. The error bars indicate the 

95% confidence interval between the results of three independent simulations.  

The structural behavior of the solvophilic-rich composition A:B 75:25 in Figure 4c-d  shows a 

similar behavior to the A:B 50:50 BPs, although the values are smaller than those in Figure 2c, and like 

A:B 50:50 all of the assemblies here are spherical. Interestingly, for all polymer architectures of ABA and 

BAB block sequences, the differences between the εBB
tr, the aggregation number, and the micelle core radius 

of gyration reduce, resulting in a similar assembly behavior for the ABA and BAB block sequences.  
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Figure 5. (a) – (c) Same as Figure 4 but for A:B 25:75 amphiphilic composition. (d) Chain packing parameter, p with 

horizontal lines as guides for critical values of the packing parameter. The micelle structural characteristics in this 

figure are calculated at εBB=0.63. 

The solvophobic-rich BP system (A:B 25:75) discussed in Figures 5, show different assembly 

morphologies depending on the polymer architecture and the block sequence. The large aggregation 

numbers in Figure 5c for the BAB block sequences are due to all of the chains in the simulation box 

aggregating to form a single cluster, visualized in Figure 6. The packing of the chains and the resulting 

assembly is quantified by the chain packing parameter,76 p, for each system after the micelles have formed 

(Figure 5d). Representative simulation box visualization of the resulting assemblies is presented in Figure 

6. From the well-established trends in the packing parameter,76 values below 0.33 (the dotted line in Figure 

5d) indicate spherical morphologies, values between 0.33 and 0.5 (the dashed-dotted line in Figure 5d) 

indicate cylindrical morphologies, and values between 0.5 and 1 indicate vesicle morphologies. We caution 

the reader that this analysis from simulations is sensitive to the criteria used to calculate the chain length 

within the micelle structure (Equations 7 and 9), despite this we see that the trend in the behavior of the 
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calculated packing parameters remains consistent regardless of the exact criteria used. There are also 

additional sources of error introduced by the selection of the probe size to determine the solvent accessible 

surface area (SASA) (Equation 10) and with the approximation to determine the aggregate volume 

(Equation 8) as these implicit solvent simulations do not account for any potential swelling of the core 

through the uptake of solvent. As such we propose the solid horizontal line in Figure 5d as a shift of the 

dotted line to indicate the change between spherical and cylindrical assembly morphologies to account for 

the potential sources of error in our calculations. Despite all of the sources of uncertainty, the agreement in 

the change of packing parameter values and the resulting micelle morphology is good, with the increase in 

the packing parameter coinciding with the micelle morphology transition from spherical to cylindrical to 

bilayer micelle structures. 

For the AB di-BPs (A:B 25:75), going from linear to bottlebrush polymer architectures, all of the 

micelle morphologies are spherical in Figure 6. In contrast, the ‘star-like’ polymer architectures starting 

from polymer architecture 7 (Nbb=8 and Nsc=11) form cylindrical micelle morphologies. Similarly, there is 

an increase in the packing parameter in Figure 5d, as the polymer architecture goes from linear to 

bottlebrush to ‘star-like’, indicating a monotonic flattening of the core-corona interface as the packing 

parameter increases, and the micelle morphologies changes from spherical to cylindrical after a critical 

value (suggested by the solid horizontal line) is reached.  Going from AB to ABA or BAB there is an 

increased tendency to flatten the core-corona interface; correspondingly the ABA and BAB sequences have 

higher packing parameter values than the AB BPs in Figure 5d.  The ABA tri-BPs show a monotonic 

increase in the packing parameter similar to the AB di-BPs, although the ABA micelle morphology is 

cylindrical for most branched polymer architectures as compared to AB di-BPs. Correspondingly, all the 

packing parameter values are shifted to higher values for the ABA sequence as compared to AB sequence. 

For the BAB BPs in Figure 5d, going from linear to bottlebrush, the packing parameter increases 

significantly and micelle morphology changes from spherical to cylindrical and to bilayer in Figure 6. 

Thus, for solvophobic-rich systems, the assembly morphology and curvature of the core-corona interface 
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are a stronger function of polymer architecture and block sequence than for solvophilic-rich or symmetric 

BPs.  

 

One feature that is unique to the BAB sequences, is the ‘bridging’ chain conformation. In this 

conformation, chains form ‘bridges’ between two micelle cores under certain conditions where a chain has 

each of its two solvophobic blocks in two different micelle cores as visualized in Figure 7b. As bridging 

of micelles can drive gel formation and impact the resulting materials rheological properties, we quantify 

the impact of the polymer architecture on the propensity for bridging. The plateau probability of the chains 

 

Figure 6. Representative simulation snapshots of assembled morphologies for varying polymer architectures with 

A:B 25:75 amphiphilic composition (solvophobic-rich) and AB, ABA, and BAB block sequences at εBB=0.63. The 

simulation images are shown at εBB=0.63 which is the value of solvophobicity after the number of chains per cluster 

reach a plateau value and do not change further with increasing solvophobicity. We note that for an amphiphilic 

composition of A:B 25:75 neither ABA nor BAB polymer architectures 6 (Nbb=12 Nsc=7) and 8 (Nbb=4 Nsc=23) are 

feasible with Ntot=96. 
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to bridge two micelle cores defined as the probability of the chains to bridge two micelle cores after 

clustering stops to change with increasing solvophobicity (which occurs at different solvophobicities for 

the different amphiphilic compositions) is shown in Figure 7c. Regardless of the amphiphilic composition, 

going from linear to bottlebrush polymer architectures, the probability for bridging reduces significantly 

until no chains form bridges for the ‘star-like’ polymer architectures. As the backbone length decreases 

from linear to bottlebrush polymer architecture, it becomes more favorable for the chain ends to loop back 

into the same micelle core (as indicated by the reduced probability of bridging) in order to avoid the larger 

energetic penalty of bringing two micelle cores (and their accompanying coronas) closer together. This 

explanation is also applicable to the behavior of the different amphiphilic compositions, where despite the 

reduced enthalpic driving for the A:B 75:25 BPs to form bridges (as there are fewer B-beads per 

solvophobic block), the increased distance between the solvophobic blocks (as solvophobic beads are 

replaced by solvophilic beads to achieve the relevant amphiphilic ratio) favors bridging as the micelle cores 

are formed further apart. Lastly, we also show that the extent of bridging is sensitive to the polymer 

concentration (Figure S.11), but the qualitative trend of propensity for bridging with varying polymer 

architecture remains similar. The propensity for bridging is increased with increasing polymer 

concentration as the entropic penalties for bridging conformations reduce due to polymer crowding. 

 

4. Conclusions 

The polymer architecture is known to affect micellar characteristics and non-linear polymer architectures 

are now being synthesized and used to assemble micelles with specific features, such as micelle structure, 

aggregation number, and unimer to micelle transition, that are different from those formed using linear 

polymer architectures.  In this computational paper we show results that serve as guidelines for predicting 

micellar assembly as a function of polymer architecture, sequence and composition in varying solvent 

conditions. As we go from linear to bottlebrush to ‘star-like’ polymer architectures (maintaining the same 

molecular weight) we find a non-monotonic change in the transition solvophobicity, aggregation number, 
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and core micelle size. For the bottlebrush polymer architectures, the aggregation number and micelle size 

decreases and the transition solvophobicity increases (i.e., requires more poor solvent to form micelles) as 

compared to linear and ‘star-like’ architectures. The non-monotonic behavior is driven by the reduced 

favorable intermolecular contacts for the branched polymer architectures (with many short branches) 

compared to linear polymer architectures or ‘star-like’ architecture (with few long branches). Additionally, 

the block sequence and amphiphilic composition change the effect of the different polymer architectures 

(linear, bottlebrush and ‘star-like’) on micelle assembly. We are able to find some universal trends as a 

function of the branching parameter (the radius of the gyration of the branched chain divided by the linear 

chain in unimer state). We find that the ‘star-like’ polymer architecture (few long branches) exhibits similar 

assembly thermodynamics and structure regardless of the block sequence. The polymer architecture also 

influences the core-corona interface, flattening the core-corona curvature for solvophobic-rich polymers, 

 

Figure 7. Polymer bridging characteristics for (a) varying polymer architectures with BAB block sequence. (b) Sample 

snapshot highlighting a chain bridging between two micelles of different color. (c) Final (plateau) probability for a 

chain to bridge two micelles of A:B 75:25, 50:50, and 25:75 composition. The values are calculated at εBB=0.63, 0.91, 

and 1.00 for A:B 75:25, 50:50, and 25:75, respectively. The error bars indicate the 95% confidence interval between 

the results of three independent simulations. 
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as the polymer architecture goes from linear to bottlebrush to ‘star-like’.  

Overall, these results indicate general design strategies based on the radius of gyration of the 

polymer chains for a range of polymer architectures, amphiphilic compositions, and block sequences. These 

trends can be used to target specific micelle characteristics, such as the micelle structure and stability in 

solution, in order to tune the micelle for a specific application.  
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