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ABSTRACT 

Structural variation in multicompartment micelles consisting of lipophilic-hydrophilic-

fluorophilic (hereafter referred to as BAC) triblock copolymers is investigated using the dissipative 

particle dynamics simulation method. It is demonstrated from our results that the structure of BAC 

multicompartment micelles is effectively tuned as a function of the lipophilic-fluorophilic ratio 

parameter, here termed ℛ𝑙 , of the constituent linear triblock copolymers. In particular, a 

morphological deviation from onion-like ABC micelles arises in BAC micelles systems as ℛ𝑙 

increases. The morphologies of BAC micelles with ℛ𝑙 ≪ 1  or ℛ𝑙 ≫ 1  display striking 

similarities, with the only notable difference being an inversion of the lipophilic and fluorophilic 

regions. When ℛ𝑙 ≈ 1, segmented worm-like structures with multiple cores are favored in BAC 

micelle systems. Through this study, it is confirmed that the block length ratio is an effective 

control parameter to tune the structure of multicompartment micelles. 
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1. INTRODUCTION 

Efficient reaction design forms an important foundation of many processes in modern 

chemistry. Reaction optimization has far-reaching effects that greatly improve many other facets 

of polymer manufacturing, pharmaceutical production, and related industries1-8. In particular, the 

field of immobilized molecular catalysis has attracted particular interest in recent decades9-18. By 

allowing high selectivity and reaction rates traditionally achieved by homogeneous catalysis while 

still yielding the excellent separability offered by heterogeneous catalysis, this field presents an 

opportunity to leverage the advantages of both techniques19-24. 

Despite the strengths of immobilized molecular catalysis, systems containing multiple 

tandem non-orthogonal reactions present significant difficulties25-28. Non-orthogonality in 

complex reaction processes introduces a challenge in designing for maximal reaction efficiency. 

Individual steps of a multistep reaction may be undesirably affected by other species present in the 

previous or next steps in the reaction29. In such cases, the catalyzing agent could suffer drastically 

reduced efficacy or cease to function altogether29-30. 

A potential solution to these obstacles arises in a field of growing academic interest in 

recent years. Multicompartment micelles. offer separate regions in which each of the non-

orthogonal reactions can take place, allowing one-pot synthesis and tandem catalysis29, 31-35. 

Micelles are, of course, well studied in colloid chemistry; indeed, the multicompartment micelle 

(MCM) is simply an extension of the traditional idea. It is well known that a traditional micelle is 

composed of amphiphilic molecules which have hydrophilic and hydrophobic parts36-37. MCMs, 

then, are composed of polymers of three or more blocks of distinct solvophilicity. 

Common examples result from triblock copolymers containing hydrophilic, lipophilic, and 

fluorophilic blocks38-43. By introducing immobilized catalysts into MCM systems, it is possible to 
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create a micelle nanoreactor44-48. Different catalysts may be attached to each block of the triblock 

copolymer; the immobilized catalysts are then confined to specific regions of the MCM. These 

distinct catalytic regions within the structure support simultaneous non-orthogonal reactions in the 

same chamber while still achieving high reaction rates and easy separability49-51. 

The morphology of the micelles determined by a given block copolymer affects the utility 

of these micelles for nanoreactor applications. By extension, the architecture of the constituent 

triblock polymers has a marked effect on the performance of the resultant micelle nanoreactor 

system. For example, even if the different species in the triblock copolymer are held constant, 

variations in the sequence, lengths, and length ratios of the respective blocks can lead to significant 

morphological changes in the resultant MCMs41-43, 52. These changes can lead to decreased extent 

of compartmentalization (leading to diminished catalyst effectiveness) or less efficient transport 

of reactant and product (leading to reduced reaction rates). 

In order to offer larger control over these effects, the present work aims to identify a key 

parameter which may be easily modified during polymer synthesis and which leads to significant 

MCM structural tunability. Identifying such a useful experimental parameter in turn allows for 

more effective control of reactant and product transport through the micelle, offering improved 

nanoreactor capability. The results presented here show that simply by varying the lipophilic-to-

fluorophilic block length ratio, a spectrum of morphologies may be generated.  

Using coarse-grained molecular dynamics, this study examines the effects of triblock 

copolymer architecture on aqueous MCM morphology in both hydrophilic-lipophilic-fluorophilic 

(hereafter ABC) systems and lipophilic-hydrophilic-fluorophilic (BAC) systems. Through the 

dissipative particle dynamics simulation method53-56, a significant structural difference between 

ABC and BAC micelle systems are studied. Following this, a more detailed study of the BAC 
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system uncovers a morphological trend which highlights the dependence of the micelle structure 

on the lipophilic-to-fluorophilic block length ratio. 

 

2. MODELING AND SIMULATION METHODS 

The self-assembled micelle structures formed by a triblock copolymer in solution can vary 

quite widely, even though the chemical species within each block are unchanged41-43, 52, 57-60. Other 

variables associated with the architecture of the copolymer may drastically affect the resultant 

structures. A trivial example lies in the difference between ABC and BAC micelles in water, where 

blocks A, B, and C are taken to represent hydrophilic, lipophilic, and fluorophilic blocks, 

respectively. 

The micelle structures formed by ABC triblock copolymers have been studied quite 

extensively52, 57-58, 61-62. These polymers readily form layered spheroids (referred to as “onion” 

morphologies63-67) composed of a fluorophilic core, an intermediate lipophilic layer, and a 

hydrophilic corona. If, however, the block sequence is modified to BAC, more exotic 

morphologies may easily be formed depending on the triblock copolymer block lengths. 

In this study, dissipative particle dynamics (DPD) is used through Materials Studio68 to 

examine the effect of the lipophilic-fluorophilic block length ratio on the resultant MCM 

morphology within both ABC and BAC systems. We define this ratio for a purely linear chain as 

 ℛ𝑙 = 𝑏̃𝐿 𝑏̃𝐹⁄ , (1) 

where 𝑏̃𝐿  and 𝑏̃𝐹  represent the reduced DPD block lengths corresponding to a real polymer of 

lipophilic and fluorophilic block lengths 𝑏𝐿 and 𝑏𝐹. The variation in micelle structure as a function 

of ℛ𝑙 is studied at several fixed hydrophilic block lengths. 
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 Based on the favorability of contributions from bulk interactions to the reduction of total 

energy, three morphological regimes are predicted to arise based on the ℛ𝑙-value of the constituent 

triblock copolymer. For ℛ𝑙-values either much greater than or much less than unity, it is expected 

that volume free energy contributions of the excess species with higher 𝑏̃-value will dominate, 

leading to the formation of spheroidal micelles with a lipophilic core (if ℛ𝑙 ≫ 1) or fluorophilic 

core (if ℛ𝑙 ≪ 1). The core is covered by patches of the species with the lower 𝑏̃-value and finally 

a hydrophilic corona.  

By contrast, for ℛ𝑙 near unity, it is predicted that a single-cored structure becomes less 

stable due to the competing volume free energy contributions arising from both the lipophilic and 

the fluorophilic species. Instead, polymers with ℛ𝑙  near unity are expected to result in 

morphologies ranging from segmented worm-like structures to agglomerates of multiple cores. 

 For the DPD simulations performed in this study, the system was defined as 5% polymer 

and 95% water. This polymer concentration is larger than the one necessary in a real physical 

system; the larger concentration is chosen in our simulations to ensure a significant amount of 

polymer interactions. The simulation box size was defined to be 30 × 30 × 30 with grid spacing of 

1.0 and a bead density of 3.0, allowing the use of the linear relationship between the Flory-Huggins 

𝜒-parameter and the corresponding DPD repulsion parameter (𝑎ij) for a given pair of molecular 

species56. 

 𝑎ij = 25 + 3.5𝜒ij (2) 

Total simulation time was generally taken to be 𝛼𝑡𝑒 , where 𝑡𝑒  is the minimum time 

required to achieve pressure equilibration. The constant 𝛼, chosen arbitrarily to be equal to 2.5, 

allows the simulation to continue for a fixed amount of time after initially reaching the 

equilibration stage to ensure that the system is settled into a fully equilibrated state. A visual 
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representation of this equilibration is presented in Figure 1a. For a timestep of 0.05 reduced DPD 

unit, a total time of 8.75×103 reduced DPD units was determined to be satisfactory for all 

simulations. The reduced DPD unit time is taken to be the amount of time necessary for a bead to 

diffuse a distance of its own radius due to thermal fluctuations55-56. It should be noted that choosing 

a timestep greater than 0.05 reduced unit is discouraged. As observed by Groot and Warren56, 

employing a timestep greater than this value results in artificial temperature increases in violation 

of equipartition. The physical soundness of the DPD simulation can be gauged by examining the 

variation in system temperature and system pressure over the entire simulation time, as shown in 

Figure 1. 

 The species A, B, and C are loosely based on the species displayed in Figure 2; these three 

species were selected for their spectrum of solvophilicity. Repulsion parameters for this study were 

assigned in order to ensure immiscibility between the A, B, and C blocks between both each other 

and water. The exact values were based first on 𝜒-values calculated via the COMputational 

Miscibility Analysis (COMMA) method previously introduced by the authors69, converted to 

repulsion parameters via equation (2), and finally adjusted in order to guarantee distinct three-

phase separation upon self-assembly. Table 1 summarizes the values of these repulsion parameters. 

The total polymer length (i.e., 𝑏̃𝐻 + 𝑏̃𝐿 + 𝑏̃𝐹) was constrained to 27 in all simulations performed 

in this study to guarantee a maximum extended polymer length shorter than the simulation box 

size in all dimensions.  

 

3. RESULTS AND DISCUSSION 

As noted previously, it is expected that ABC micelles exhibit significantly less structural 

variation than the corresponding BAC micelles. Of course, this expectation is quite reasonable: the 
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onion-like shell structure often formed in ABC micelle systems minims unfavorable interactions 

by aligning the triblock copolymer chain according to its sequential change in hydrophilicity. In 

BAC micelle systems, however, the triblock copolymer generates a larger variety of structures to 

minimize the free energy, since the traditional layered structures are not always possible. 

 Indeed, simulation results bear out this prediction quite satisfactorily. Figure 3 displays the 

differences which arise between ABC and BAC micelle systems for ℛ𝑙 less than, equal to, and 

greater than unity (with the reduced hydrophilic block length held constant at 𝑏̃𝐻 = 15). When the 

fluorophilic block is longer than the lipophilic block (i.e., ℛ𝑙 is less than unity), the ABC and BAC 

systems form nearly identical structures. As the ℛ𝑙-value approaches unity, however, the BAC 

system begins to diverge from a single-cored structure. In the limit as ℛ becomes much greater 

than unity, the fluorophilic block becomes the deficient species, which causes a significant 

structural change in the BAC system and a significant divergence between the two systems 

(Figures 3d and 3h). The ABC system displays no structural changes as a result of modifying ℛ𝑙; 

an onion-like configuration is favored in each case. Increasing the ℛ𝑙-value in the ABC system 

corresponds only to generating a thicker lipophilic shell and a smaller fluorophilic core, while in 

the BAC system it causes a complete core inversion. 

 The difference between the two systems becomes quite pronounced in the limit of ℛ𝑙 ≫ 1. 

In fact, even when the hydrophilic block is shortened, ABC micelle systems still exhibit a dominant 

preference for fluorophilic-cored spheroidal micelles across all ℛ𝑙-values, as shown in Figure 4. 

BAC micelle systems, by contrast, again display a complete inversion of the ABC morphology for 

large ℛ𝑙, forming micelles with fluorophilic patches surrounding a lipophilic core. 

  These results demonstrate that ABC micelle systems are relatively insensitive to changes 

in the ℛ𝑙 -value, instead forming characteristically onion-like structures independently of this 
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controlling parameter. When considering BAC micelle systems, however, modifying the ℛ𝑙-value 

leads to a wider range of micelle configurations. Indeed, as predicted previously, BAC micelle 

systems exhibit three distinct structural regimes based upon ℛ𝑙. Considering the lipophilic and 

fluorophilic blocks as the two competing species in determining the micelle configuration, when 

ℛ𝑙 strongly deviates from unity in either direction, there is a strong tendency to form spheroidal 

micelles with a core composed of the excess species and patches of the deficient species. For ℛ𝑙-

values close to unity, neither of the blocks forms a dominant core and segmented structures are 

favored over spheroidal structures. In all cases, the hydrophilic blocks form an outer shell around 

the micelle – curiously, there does not appear to be a governing structural pattern in the 

modification of 𝑏̃𝐻. 

 Simulation results for a series of BAC micelle systems as a function of ℛ𝑙-values are 

presented in Figure 5a, where the horseshoe-like shape highlights the structural similarities at 

either extreme of ℛ𝑙. For improved clarity, due to the thickness of the hydrophilic shell, visibility 

of the hydrophilic block is disabled in Figure 5b. Note that the reduced hydrophilic block length 

𝑏̃𝐻 = 18 for all simulations in Figure 5. 

It is clear that the preference for the formation of a strongly spheroidal morphology 

increases as ℛ𝑙 becomes further from unity. Patches composed of the deficient species surround 

the core in these extremes (namely, regimes I and III). As ℛ𝑙 approaches unity, however, these 

patches become larger; near ℛ𝑙  = 1, the micelle structure becomes decidedly non-spheroidal 

(regime II). It is clear that segmented worm-like configurations arise for B4A18C5 and B5A18C4. 

This behavior is especially evident in Figure 5b, where the hydrophilic block visibility is disabled. 

 As previously noted, the total polymer length was constrained to 27 in all cases. Due to 

this constraint, simulations with smaller 𝑏̃𝐻  may take on larger values of 𝑏̃𝐿  and 𝑏̃𝐹  and 
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consequently have access to a wider range of ℛ𝑙-values. Based on Figure 5, then, it should be 

expected that BAC triblock copolymers with larger ℛ𝑙-values should have a stronger preference 

to form spheroidal structures upon self-assembly. 

Indeed, results from simulations performed for 𝑏̃𝐻 -values of 15, 12, and 9 clearly 

demonstrate increasingly spheroidal morphologies in the regime I and III limits (where ℛ𝑙 is far 

from unity), as seen in the horseshoe diagrams in Figures 6-8. Micelles in the intermediate range 

between regimes I/III and II characteristically display patches of the deficient species (again, either 

lipophilic or fluorophilic) with the core comprised of the excess species. As an extension of the 

patches observed at intermediate ℛ𝑙 , micelles in regime II display the predicted agglomerates 

composed of multiple similarly-sized cores of both lipophilic and fluorophilic species. 

It bears noting that no predominant structural patterns arise as a result of the decrease in 

𝑏̃𝐻 . This value appears to correspond solely to the thickness of the hydrophilic shell which 

surrounds the micelle, rather than any direct morphological changes. Certainly there is no 

discernible pattern in regimes I and III. Moreover, any trend in regime II appears to be exceedingly 

minor if present at all. In fact, this observation is not without precedent; Wang et al. reported results 

showing that further increasing 𝑏̃𝐻 beyond the point of full encapsulation of the micelle by the 

hydrophilic shell has the sole effect of increasing the shell thickness70. 

 

4. CONCLUSIONS 

This investigation has highlighted the importance of the parameter ℛ𝑙, representing the 

lipophilic-fluorophilic block length ratio, in the self-assembly of linear BAC triblock copolymers 

in multicompartment micelles. A morphological deviation from “onion-like” micelle 

morphologies is observed to occur in BAC-based systems at high lipophilic-fluorophilic ratios: in 
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contrast to ABC micelles retaining a layered structure, BAC micelles exhibit a structural inversion, 

adopting a structure with a dominant lipophilic core and fluorophilic patches. 

The structures adopted by micelles composed of linear BAC triblock copolymers are well 

described by a horseshoe-like diagram, as seen in Figures 5-8. Although regimes I and III exist at 

far ends of the ℛ𝑙  spectrum, their structures are strikingly similar, both possessing a core 

composed of either the lipophilic or the fluorophilic species, whichever is dominant; the deficient 

species forms patches surrounding the core, while both regimes retain a hydrophilic corona. 

Regime II, by contrast, displays markedly different structure from either extreme, with multi-cored 

structures being preferred over single-cored spheroids.   

For systems of triblock copolymers with bulky side chains, intuition suggests that there 

exists a natural extension of the structural parameter ℛ𝑙 into a more general form ℛ which does 

not require the aforementioned assumption of copolymer linearity. Precise determination of the 

mechanistic relationship between block copolymer architecture and micelle structure is the focus 

of ongoing study by the authors. Nonetheless, for systems where the assumption of copolymer 

linearity is applicable, the lipophilic-fluorophilic block length ratio is clearly an important 

controlling factor in the resultant micelle morphology. As such, the parameter ℛ𝑙 serves as an 

excellent predictive control parameter of micelle structure in linear BAC triblock copolymer 

systems. 
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Table 1. Repulsion parameters 𝑎ij between each pair of species in the DPD simulation system. 

Note that 𝑎ii = 25.0 by definition56 [see equation (2)]. Values in shaded cells are implied by other 

cells due to the fact that 𝑎ij = 𝑎ji 

 

 Block A Block B Block C Water 

Block A 25.0 37.5 57.5 27.5 

Block B 37.5 25.0 40.0 47.5 

Block C 57.5 40.0 25.0 60.0 

Water 27.5 47.5 60.0 25.0 
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Figure 1. Change in (a) system temperature and (b) system pressure for a representative DPD 

simulation as a function of simulation time. The variation in temperature reveals an acceptably 

small average deviation from equipartition of approximately 0.3%, while the variation in pressure 

gives 𝑡𝑒 = 3×103 reduced DPD units. 
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Figure 2. Chemical structures of blocks exhibiting (a) hydrophilic, (b) lipophilic, and (c) 

fluorophilic characteristics. Preliminary simulations were performed on these species to determine 

representative 𝜒ij-values, which were then adjusted to ensure microphase separation between all 

species present in the DPD simulations.  
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Figure 3. Morphological differences between (a-d) ABC and (e-h) BAC micelle systems as a 

function of ℛ𝑙. The reduced hydrophilic block length is held constant at 𝑏̃𝐻 = 15. As seen in the 

cross-sectional views in (d) and (h), the two systems result in markedly different micelle structures 

for ℛ𝑙-values much greater than unity.   
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Figure 4. Morphological differences between (a-d) ABC and (e-h) BAC micelle systems as a 

function of ℛ𝑙. The reduced hydrophilic block length is held constant at 𝑏̃𝐻 = 9.  

 

  



21 

 

 

 

Figure 5. (a) A horseshoe diagram demonstrating the structural variation of a hydrophilic-rich (𝑏̃𝐻 

= 18) BAC micelle as a function of ℛ𝑙 . Regimes I and III display striking morphological 

similarities, highlighting the importance of ℛ𝑙  as a governing structural parameter. (b) A 

horseshoe diagram of the same system with hydrophilic-block visibility disabled. Water visibility 

is disabled in both cases for clarity.  
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Figure 6. A horseshoe diagram demonstrating the structural variation of a BAC micelle with 𝑏̃𝐻 

= 15 as a function of ℛ𝑙. Water visibility is disabled for clarity.  
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Figure 7. A horseshoe diagram demonstrating the structural variation of a BAC micelle with 𝑏̃𝐻 

= 12 as a function of ℛ𝑙. Water visibility is disabled for clarity.  
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Figure 8. A horseshoe diagram demonstrating the structural variation of a relatively hydrophilic-

poor (𝑏̃𝐻 = 9) BAC micelle as a function of ℛ𝑙. Water visibility is disabled for clarity.  
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