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We have simulated the self-assembly of a novel class of three-arm molecules,

ABC star-architecture polyphiles, using coarse-grained bead simulations. A number of

topologically complex liquid crystalline mesostructures arise that can be related to the

better-known bicontinuous mesophases of lyotropic amphiphilic systems. The simulations reveal

3D self-assemblies whose structural variations follow those expected assuming a simple steric

molecular packing model as a function of star polyphile splay and relative volumes of each arm

in the polyphile. The splay of each arm, characterised by the 3D wedge-shape emanating from the

core of each molecule to its exterior induces torsion of the interfaces along the triple lines,

whereas differences in the relative volumes of arms induce curvature of the triple lines. Three

distinct mesostructures are described, characterised by their micro-domain topologies, which are

unknown in simpler amphiphilic systems, but resemble in some respects bicontinuous mesophases.

These three- (or more) arm polyphilic systems offer an interesting extension to the better-known

self-assembly of (two-arm) amphiphiles in solution.

I. Introduction

The mutual immiscibility of hydrophobic and hydrophilic

domains within amphiphiles leads to a variety of supra-

molecular mesostructures in solution, from micelles of various

forms to folded bilayers. The shapes of these aggregates can be

rationalised in terms of the preferred packing configurations of

constituent molecules within the assemblies.1 The binary

character of amphiphiles leads to a natural description of

amphiphilic mesostructures in terms of the two-dimensional

interface that forms the common boundary between hydro-

phobic and hydrophilic domains; we describe the mesostructure

in terms of the interfacial geometry. The approach extends

naturally to a description of amphiphilic bilayers in terms of the

bilayer curvatures.2

The generalisation to molecules with three or more mutually

immiscible moieties, driving the spontaneous self-assembly

of bulk molecular mixtures (possibly in solution) to form

multiple domain types, has received relatively little attention.

A notable exception is in the field of synthetic copolymer

self-assembly, where the self-assembly of melts of so-called

‘mikto-arm’ copolymers has been explored experimentally and

theoretically. These star-shaped molecules contain 3 or more

arms, all covalently linked at one end via a common junction.

The star architecture imposes additional topological con-

straints on supra-molecular assemblies; in particular, the

associated mesostructures are characterised by the presence

of one-dimensional multi-phase lines that describe the loci of

the star junctions as well as two-dimensional interfaces, that

separate all moiety pairs. For example, three-arm (ABC)

mikto copolymer mesostructures are described by three-

dimensional domains of A, B and C types, two-dimensional

walls common to domainsAB, BC andCA and one-dimensional

ABC lines that bound all three domain types. The simplest

structure that is consistent with the star topology of each

molecule is a three-colored hexagonal honeycomb pattern, with

adjacent cells bearing distinct colours, arranged such that each

junction line is common to all three colours (see Fig. 3 below).

A number of experimental studies of three- and four-arm

mikto copolymer melts have confirmed the formation of

discrete domains, separated by two-phase walls and three- or

four-phase lines.3–14 To date, all reported mesostructures are

(somewhat idealised) prismatic arrays made of extended

rod-shaped domains, separated by planar interfaces, with

molecular junctions lying on extended, uncurved three- or

four-fold branch lines. Dotera and colleagues have developed

a lattice model to simulate the self-assembly of three-arm

copolymer melts and have largely confirmed these experi-

mental findings. Their simulations have in addition revealed

the possibility of a plethora of as yet unobserved meso-

structures, formed by extending various tilings of the flat plane

into the third dimension under pure translation normal to

the plane (just as the hexagonal honeycomb is related to the

hexagonal tiling of the plane). These planar tilings include

most Archimedean tilings,15–17 as well as quasi-crystalline

patterns.18 More recently, Huang et al. have implemented

particle dynamics techniques to explore mikto-arm self-assembly

as a function of the interactions between the molecular

species making up the star copolymers.19 Evidently, this is a

rich field to explore further at both experimental and theoretical

levels.
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We have commenced theoretical and experimental studies of

self-assembly of multi-arm intermediate molecular-weight

oligomers (rather than polymers) containing hydrophilic,

oleophilic and fluorophilic moieties. We call such molecules

(with more than two mutually immiscible moieties) star poly-

philes. These molecules resemble amphiphiles, in that they can

self-assemble in solution, with an additional fluorocarbon

moiety that is designed to be essentially immiscible with the

other two moieties. A number of star polyphiles are currently

being studied. The most promising cases are all derived from

the phloroglucinol molecule, with three arms covalently linked

to the central aromatic core via oxygen atoms at the 2,4,6

positions on the ring. Those arms are an aliphatic hydro-

carbon chain containing between twelve and twenty carbon

atoms, a perfluorinated unbranched chain with seven or eight

carbon atoms and a hydrophilic polyethylene glycol chain

made of seven or eight monomers (see Fig. 1(a)). Scattering

experiments and polarised optical microscopy confirm the

possibility of self-assembly of three-arm star polyphiles into

liquid crystalline mesophases.

A theory of self-assembly of star polyphiles is under develop-

ment that builds on the notion of molecular packings,

introduced for amphiphilic assemblies. This theory will be

presented in detail elsewhere, here we offer only the essential

skeleton that motivates our simulation studies reported below.

The assembly is governed by the splay of each arm, just as

amphiphilic mesostructure is set by the preferred splay of the

hydrophobic chain ends. In order to achieve an optimal

packing of splayed arms (and thereby minimise the length of

the multi-phase lines per molecule), a relative twist between

adjacent molecules may be expected, whose magnitude scales

with the degree of splay of each arm (see Fig. 1). Thus, splay is

related to line torsion in star polyphile assemblies. These

packing considerations also lead to the possibility of curvature

of the multi-phase lines, if the polyphile is ‘unbalanced’ with

different volumes in distinct arms. To accommodate those

differences, we may expect the lines to curve away from the

bulkier arms. Note that the final structure must not only offer

steric accommodation to the constituent polyphiles, it must

also reduce the surface tension that depends on the interfacial

area in the pattern. The resulting micro-domain pattern is one

that manages to optimize the energetic trade-off that may arise

between the requirements of steric packing, and minimal

surface tension.

These heuristics lead us to expect a link between the star-

polyphile geometry, manifested in the curvature and torsion of

the multi-phase lines that thread the structure, via splay and

relative volume of each constituent arm of the polyphile. These

concepts—different to those of amphiphilic self-assembly—

can nevertheless be thought of as natural extensions of the

connection between amphiphilic membrane curvature and

molecular shape.

We therefore expect to find star-polyphile structures (and,

likely also mikto-arm copolymer assemblies) that exhibit

generically curved and twisted multi-phase lines, beyond the

straight lines of the prismatic cellular patterns described

above, hitherto observed and modelled in copolymeric systems.

This paper explores the validity of that claim in general terms,

seeking evidence of line curvature and torsion in model

star-polyphile assemblies.

II. Simulations

An elegantly simple coarse-grained approach to simulating

self-assembly of amphiphilic mesoscale structures, particularly

bilayer membrane systems, has been developed in the past few

years.20–23 The model has been demonstrated to reproduce key

features of (lipid) amphiphile assemblies, most notably (for

our purposes here) the formation of curved fluid bilayers,

including the effect of constituent lipid shape on the resulting

bilayer curvatures.24 In contrast to most simulations of these

systems, this approach ignores the presence of an explicit

solvent. Instead, self-assembly is triggered by effective tail

interactions between lipids, modelled as beads. Here we extend

this model to explore the self-assembly of generic star poly-

philes with mutually immiscible arms as a function of the splay

and relative volumes of constituent arms.

Our model star-polyphiles are represented by beads as

shown in Fig. 2. Each molecule consists of a neutral junction

bead and an (in principle) arbitrary number of arms attached,

in this case three. Each arm consists of two beads and has a

separate ‘color’, meaning that it interacts differently with other

Fig. 1 (a) An example of a three-arm polyphile, with polyethylene glycol, fluorocarbon and hydrocarbon oligomeric chains linked to a common

aromatic core, whose self-assembly in the presence of partially miscible solvents (water, hydrocarbon and fluorocarbon oils) is currently being

studied. (b–d) Schematic cartoon of three-arm polyphile stacking along triple-lines. (b) Each arm is represented by a splayed (cone-shaped) block

(with empty space between arms for clarity) and a single polyphile is the Y-shaped triplet of arms. (c) Adjacent polyphiles are stacked along the

triple-line without twist. (d) Adjacent molecules are twisted along the axis of the triple-line, forcing the interfaces between pairs of arms to adopt a

helicoidal form. Twisting allows the molecules to pack with reduced triple-line length, reducing the line tension (at the possible expense of increased

surface tension in the interfaces).
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beads according to their color. The self-assembly is initiated by

effective attractions between like-coloured arms of different

molecules. On the other hand, distinctly coloured arms repel,

consistent with their mutual immiscibility. Imposition of

strong repulsion between unlike-coloured arms is equivalent

to the strong segregation limit of polymer theory.

A Simulation details

Molecular dynamics (MD) simulations are performed using a

modified version of the mbtools extension to the Espresso

package.25 The full details of the original model can be found

in ref. 20. Denoting our units of energy and length e and s
respectively, all bead sizes are controlled via a repulsive

truncated and shifted Lennard-Jones potential

Vrepðr; bÞ ¼ 4e b
r

� �12� b
r

� �6þ 1
4

h i
for r � rc

0 for r4rc

(
ð2:1Þ

with rc = 21/6b. To simulate molecules with different arm

volumes, we require beads of different sizes, so the magnitude

of the bead diameter b is a variable parameter. Since b is

defined through this pair-interaction, it is set to be the

arithmetic mean of the diameters of the two interacting beads,

i.e. invoking the Lorentz–Berthelot mixing rules. Connected

beads along each arm are linked by a FENE bond

Vbond = �1
2kbondr

2
N log[1 � (r/rN)2] (2.2)

with stiffness kbond = 30e/s2. The divergence length is usually

set to rN = 1.5s, however, for large diameter beads this would

result in a substantial potential overlap between neighboring

beads of the same arm causing the simulations to crash. In

these situations the value is set higher thus allowing the bond

length to accommodate the relevant bead size. A harmonic

spring acting between the junction bead and the last bead of

each arm is used to straighten the arms,

Vbend = �1
2kbend(r � 4s)2, (2.3)

where the bending stiffness kbend = 10e/s2. The final inter-

action is the attraction which acts between all beads of same

color (i.e. between like arms) according to

Vattrðr; bÞ ¼
�e for rorc

�e cos2 pðr�rcÞ
2wc

h i
for rc � r � rc þ wc

0 for r4rc þ wc

8<
: ð2:4Þ

This is an attractive potential with potential depth e and an

interaction range set by wc. Values of wc around 1.2–1.6s are

found to be optimal in simulations of a pure ‘balanced’

star-polyphile, characterised by equal geometric charac-

teristics of each arm and symmetric cross interactions within

and between arms, which in this range self-assembles robustly

to the hexagonal honeycomb at the employed temperature of

kBT = 1.5e. Under these conditions the system is far from the

order–disorder transition (which does not occur unless

kBT 4 3e for the relevant values of wc). In general we find

that to achieve micro-domain segregation into 3 phases wc

must exceed 0.8 in agreement with ref. 20 for fluid bilayers. All

simulations presented are with symmetric cross-interactions

and s = 1, e = 1.

Simulations were performed as constant volume

(NVT ensemble) simulations using a Langevin thermostat with

time steps dt = 0.01t and a friction constant G = t�1 (in units

of Lennard-Jones time t). The simulated volume is a cubic

box of side length L with period boundary conditions. All

simulations are started from a random gas configuration and

run until an equilibrium state is reached. This is usually easily

determined visually, but is also monitored by looking at energy

and pressure fluctuations. If no changes occur over a simulation

period of several thousand time steps the system is considered to

have reached equilibrium. Additional details of the different

simulations are given below. Simulation movies available as

ESIw were all made with the VMD package.26

III. Results

A Splay simulations

The splay of an arm is modeled simply by varying the diameter

of the beads along the arm so as to approximate the shape of a

cone (see Fig. 2). Denoting the diameter of the beads by di,

where i= 0,1,2 for junction, first and second bead of each arm

respectively, the diameters are calculated as

di ¼ di�1
1þ tanðfÞ
1� tanðfÞ

� �
; ð3:5Þ

which follows from simple geometry. As mentioned earlier, b is

set to be the arithmetic mean of whichever two bead diameters

involved, i.e.

bij ¼
di þ dj

2
: ð3:6Þ

So, a particular splay angle f and junction bead diameter d0
defines the other diameters and thus the b parameters needed

for the simulations.

In Fig. 3 we see the result of simulating a geometrically

balanced molecule (i.e. all arms are identical in length and

volume) with no splay (f = 0). The system self-assembles to

form the 3-colored hexagonal honeycomb, as expected. For

low splay angles the hexagonal phase persists, but with

increasing junction–junction distance along the multi-phase

lines due to the increased volume of the splayed arms.

Increasing the splay angle to ca. f = 101 and higher, the

system evolves into a novel three-dimensional ‘tricontinuous’

pattern, containing three mutually interwoven three-dimensional

Fig. 2 (a) Rendering of the model star molecule. A neutral center

junction connects 3 mutually immiscible arms, indicated by different

colors. (b) A model star molecule with splayed arms.
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sponge-like domains, illustrated in Fig. 4. We have calculated

the structure factors of each domain, determined from the

Fourier transform of the bead positions. These are shown in

Fig. 4. The structure factors of all three domains coincide,

supporting our visual observation of congruent domains.

However, we have not yet definitively identified the structure

of this tricontinuous pattern.

We can, however, draw some conclusions from our

own theoretical investigations of the geometrical features of

tricontinuous patterns, consisting of three interwoven and

geometrically identical labyrinths. A number of trisections of

space into three equivalent, 3D domains have been con-

structed, and will be discussed in detail elsewhere. The variety

of tricontinuous patterns is at least as rich as the plethora of

bicontinuous forms that arise from the study of three-periodic

minimal surfaces.2 All tricontinuous patterns that we have

constructed contain saddle-shaped hyperbolic branched inter-

faces, inducing non-zero torsion along these lines. Indeed, the

tricontinuous structure detected by our simulations exhibits

torsion along the triple lines, evidenced by the screw-like

configuration of the interfaces in the vicinity of the triple lines.

The triple lines found in these balanced cases also appears to

be, on average, curvature-free.

B Simulating relative arm volumes

We can form ‘unbalanced’ polyphiles by changing the relative

volumes of the arms, achieved by altering the diameter of the

beads constituting distinct arms. Since the bond length is not

completely fixed, the arm lengths shorten to varying degrees

Fig. 4 (a) and (b) Two snapshots of the novel tricontinuous mesophase composed of red, green and blue domains, with various domain pairs

highlighted. The images reveal the features of a ‘balanced’ example, with three geometrically equivalent interwoven 3D domains with long-range

translational order. See also movie 1 in the ESI.w (c) Structure factors calculated from the bead centre positions for the differently coloured beads

from a single simulation snapshot, illustrating that the three phases are equivalent. Simulation details: 3000 molecules, L = 39.4s, d0 = 1s,
f = 13, occupied volume fraction = 0.56, kBT = 1.5e, wc = 1.6s.

Fig. 3 Simulation snapshots of a 3-colored hexagonal honeycomb

with red, blue and green arms, respectively. (a) Orthographic projec-

tion along a symmetry axis. (b) Orthographic projection perpendi-

cular to a symmetry axis of the red phase alone showing the

rod-like structure. Simulation details: 900 molecules, L = 20s,
d0 = 1s, f = 0, occupied volume fraction = 0.42, kBT = 1.5e,
wc = 1.6s.
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compared with balanced cases (15–20% in the extreme cases

presented below). Volume changes of arms are achieved

mainly by swelling induced by increased bead diameters. This

is in contrast to the simulations by Dotera and coworkers16

where relative volume fractions between arms were obtained

exclusively by altering the arm lengths.

We discuss here two unbalanced situations. The first con-

tains a single arm that is larger than the other two; the second

situation is the converse, where one arm is smaller than

the other two. The relevant bead diameters are [1, 0.7, 0.7]

in the first case, and [1, 1, 0.6] in the second case, where

diameters are ordered as red, blue and green respectively. The

results presented below are typical also for a range of relative

volumes, from the volume differences in our pair of scenarios,

towards more balanced cases (at least for the ranges

[1.0, 0.7–0.8, 0.7–0.8] and [1.0, 1.0, 0.6–0.8] in the two scenarios).

We focus here on the most asymmetric cases analysed in detail,

since these offer a clearer picture of the morphologies.

The first scenario listed above corresponds to a situation

where the volume fraction of the red phase is similar to the

volume fraction of the blue and green phases combined. The

simulation result is shown in Fig. 5. As illustrated in Fig. 5(a)

the red majority phase segregates into a sponge-like three-

dimensional domain while the two minority components

segregate into convex, compact domains (Fig. 5(b)). As shown

in Fig. 5(c) (and movie 2 in the ESIw) each compact green

domain has four neighbouring blue domains and vice versa,

arranged such that the globules are centred on nodes of the

tetrahedral diamond net. Merging the blue and green domains

results in a second three-dimensional sponge-like domain,

complementary to the red majority domain. Thus, the overall

structure is related to a double diamond network with one of

the diamond networks constructed of alternating blue/green

domains’. This organisation is illustrated further in Fig. 6.

In contrast to the balanced case analysed above, this first

unbalanced pattern necessarily contains triple lines with net

curvature. Indeed, these lines form closed loops, lying on the

boundaries of the disc-like walls separating adjacent blue and

green globular domains. In addition, the triple lines also

Fig. 5 Simulation with bead diameters [1.0, 0.7, 0.7]. (a) All three domains, showing the sponge-like topology of the red domain. (b) Blue and

green globular domains. (c) Close-up of blue and green globular domains showing the four neighbouring green/blue globules coordinating each

blue/green globule in a quasi-tetrahedral configuration. See also movie 2 in the ESIw. Simulation details: 1000 molecules, L = 20s, d0 = d1 = 1s,
d2 = d3 = 0.7s, occupied volume fraction = 0.4, kBT = 1.5e, wc = 1.6s.

Fig. 6 (a) New domain pattern (with space group symmetry F�43m)

found in simulations of three-arm star-polyphiles with unbalanced

arms: the bulkier arm (red) forms a single three-dimensional network

pattern whose channels lie along edges of the tetrahedral diamond net.

The other two smaller arms form convex globular domains, centred at

vertices of a second interwoven ‘striped’ diamond net, whose vertices

are alternately coloured green and blue. (b) A second view, corres-

ponding more nearly to the space-filling domains of the true polyphile

mesophase.
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appear to contain some torsion, since the normal vectors to the

domain walls vary around each loop. Therefore, this unba-

lanced example leads to triple lines that are both curved and

twisted.

Fig. 7 shows the pattern that emerges from the simulations

by imposing an unbalanced 3-arm star architecture, corres-

ponding to that of the second situation described above. As

with the tricontinuous pattern, we have not yet identified the

geometric details of the structure. However, the topology of

the pattern is to our knowledge novel: here the domains

containing the smallest moiety of the polyphile molecules

are discrete convex globular domains, as in the previous

unbalanced example, discussed immediately above. In contrast

to that case, here the two larger moieties each form interwoven

three-periodic sponge-like domains (see also movie 3 in the

ESIw). In addition, the pattern contains triple lines that are

both curved and twisted, as in the previous case.

IV. Conclusions

We have simulated the self-assembly of a novel class of

self-assembled molecules, with particular focus on formation

of liquid crystalline mesophases. Coarse-grained bead simula-

tions of these three-arm ABC star-architecture polyphiles have

uncovered a richness of liquid crystalline mesostructures that

can be related to the better-known bicontinuous mesophases

of lyotropic amphiphilic systems. For convenience, the

modelling has effectively imposed equal surface tensions

between all three (AB, BC and CA) interfaces. The simulations

form 3D self-assemblies whose structural variations appear to

follow the variations that are expected assuming a simple steric

molecular packing model as a function of star polyphile splay

and relative volumes of each arm in the polyphile, where the

former feature induces torsion of the interfaces along the triple

lines and latter curvature of the triple lines.

We have detected three distinct mesostructures, charac-

terised by the topology of the micro-domains that result from

self-assembly. A tricontinuous pattern, containing three inter-

woven 3-periodic sponge-like domains is found in a range of

‘balanced’ three-arm star polyphiles, whose arms are of equal

volume. The triple lines in this pattern exhibit torsion,

to accommodate the splay, but no curvature. In contrast,

unbalanced splayed molecules reveal complex mesostructures,

with curved and twisted triple lines. One example is a ‘striped’

bicontinuous pattern, with the most voluminous moiety

forming a 3D sponge-like domain, interwoven by a second

3D sponge like domain, that consists of alternating globules of

the two less voluminous moieties. This example is closely

related to the double-diamond bicontinuous mesostructure

based on the D-surface, and is cubic (with space group

F�43m). A distinct unbalanced molecule gives a pattern con-

taining a pair of interwoven 3D sponge-like domains of the

two more voluminous fractions of the star polyphile, while the

third component forms a 3D lattice of isolated globules.

Evidently, these three- (or more) arm polyphilic systems

offer an interesting extension to (two-arm) amphiphilic

Fig. 7 Simulation with bead radii [1.0, 1.0, 0.6] for the red, blue and green arms respectively. (a) All 3 domains. (b) The pair of bulkier

domains (red and blue), showing interwoven sponge-like patterns. (c) The blue majority domain together with the green minority component, that

forms isolated globules. Simulation details: 1000 molecules, L = 22s, d0 = d1 = d2 = 1s, d3 = 0.6s, occupied volume fraction = 0.38,

kBT = 1.5e, wc = 1.6s.
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self-assemblies. Indeed, the simulations reported here suggest a

wider range of mesostructures than has been found to date in

amphiphilic systems. We are currently exploring a number of

polyphile systems experimentally, encouraged by these simula-

tions. Preliminary results suggest that liquid crystals form readily

in these systems, as predicted by the simulations reported here.
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