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Through self-consistent-field simulation we discovered
remarkable bicontinuous structures in dispersed drop-
lets of polymer surfactant (Figures 1 and 2). The
nanodroplet structures are soft and fragile: the molec-
ular bonding energy is weak, derived from self-assembly
of polymer molecules. Polymer surfactant assemblies
have many applications in soft nanotechnology, drug
delivery, templates for heterogeneous catalysts, aero-
sols, and personal care products. Patterned nanostruc-
tures are the key in all these applications, and a better
understanding of their formation is of paramount inter-
est. In the calculations, we generate the structures by
quenching a homogeneous droplet of polymer surfactant
in an aqueous bath and then relax the structure by a
dynamic variant of self-consistent-field theory. The free
energy model is that for a necklace of beads in a mean-
field environment:

where φ is the partition function for a mixture of
Gaussian chains and solvent, UI is the external potential
conjugate to the particle density FI, and FMF is the mean-
field free energy (see Appendix). The minimization of
the free energy is by dynamic iteration, adapted from
the external potential dynamics algorithm for collective

Rouse dynamics we proposed before.1 The dynamic
equations are

where fI ≡ -kT δ ln φ/δUI is the density functional of
the polymer (or solvent) molecule, with the mean-field
chemical potentials µMF,I ≡ δFMF/δFI as variables. It can
be shown that the density dynamics equations have the
same kinetic coefficients as collective Rouse dynamics,
which is proper for the spinodal-like microphase separa-
tion internal to the droplets.2 As a technical note, the
algorithm is fully explicit in the concentration variables
and thereby avoids calculation of the external potentials.* Corresponding author.

F ) -kT ln φ - ∑
I
∫V

dr UI(r) FI(r) + FMF (1)

Figure 1. Morphologies of AN-MBM polymer surfactant nano-
droplets (isosurfaces partly removed for visualization). Solvo-
phobic A concentration field for different block ratios f ) M/N.
0.35 (a), 0.30 (b), 0.25 (c), 0.20 (d), 0.15 (e), 0.10 (f).
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The simulation parameters are for diblock polymer
surfactant AN-MBM with N ) 20 in weakly selective
solvent and mild segregation, øAS ) 1.7, øABN ) 40, and
øAS - øBS ) 0.3, so that A is slightly more solvophobic
and B slightly more solvophilic. These are essentially
the parameters we verified before by comparison with
experimental microphase diagrams of concentrated
poly(propylene oxide)-poly(ethylene oxide) aqueous
solutions in ambient conditions,3 in which case each
bead or statistical unit corresponds to 3-4 monomers.
One should realize that in the mean-field model any
polymer surfactant solution with the same properly
scaled interaction parameters will behave in exactly the
same way.

The free energy model is that for an nVT ensemble,
and accordingly we do not calculate the global equilib-
rium in an open system, but rather a local equilibrium
morphology of an isolated droplet. The situation is
analogous to that of the classic study of the shape of an
isolated lipid vesicle, when interactions between vesicles
are less relevant. With the selected values of the Flory-
Huggins parameters, and N and M, the polymers are
all insoluble; hence, the deformations of the droplets are
at constant mass of polymer.

The simulations proceed by a sudden quench of a
homogeneous droplet in a solvent bath. Following the
quench, the droplet takes up or releases additional
solvent locally and globally, depending on the particular
morphology being formed. The polymer concentration
outside the droplet is zero, and this remains so during
the morphology adaptation. The simulations are stopped
when the order parameters do not change any more: the
free energy is then steady in a minimum, and the
pattern is a solution to the self-consistent-field condition
FI ) fI. We have found it advantageous to add a small
uncorrelated white noise field to the mean-field chemical
potentials. The uncorrelated noise does not obey the
fluctuation-dissipation theorem, but it helps small
barrier crossings in the free energy landscape. The
droplets (initial radius R0 cell units, each cell has the
size of the statistical unit) are placed in the center of
the box with sufficient space, N/2 cells, between the
droplet surface and the boundaries of the computational
box, thereby avoiding artifacts resulting from the peri-
odic boundary conditions. In all cases the droplets
develop an outer fuzzy layer of the solvophilic B block,
but since the confinement of the polymers is soft, the
droplet surface is not necessarily spherical. The surface
topography is that of small valleys, ridges, and bumps,
reflecting the underlying morphology, very much like
earth’s topography is an image of deeper events. The
internal structures, shown in Figure 1, depend on the
size ratio f ) M/N similar to bulk block copolymer
systems. More symmetric polymers f ) 0.35 form into
an onion structure of alternating A and B layers (Figure

1a); slightly less symmetric polymers f ) 0.30-0.25 form
a bicontinuous phase (Figure 1b,c) and then at f ) 0.20
a cylindrical phase (Figure 1d) and an inverted micellar
phase (Figure 1e) at f ) 0.15. Too asymmetric polymers
f ) 0.1 do not form any internal structure (Figure 1f).
In equilibrium the droplets contain an appreciable
amount of solvent (ca. 15%), distributed inhomogen-
eously over the solvophobic A and solvophilic B-rich
layers.

In the case of f ) 0.25 (Figure 2), the layers are
perforated with pores, and the entire structure is
bicontinuous. The droplet strikingly resembles a bucky-
ball, within each inner layer a mixed pore pattern of
pentagons, hexagons, and septagons. In bulk solution
or melt systems, perforated lamellae consist ideally of
a perfectly hexagonal array of pores. In the curved
nanodroplets, by rule of geometry, a perfect array of
hexagons is impossible to form, and the perforation is
mixed. In bulk, a mixture of 85% of this particular
polymer surfactant and 15% solvent forms a gyroid
bicontinuous structure (data not shown).

From Figure 3, where the radial positions of internal
maxima of A concentration are plotted as a function of
initial droplet size R0, it can be observed that, with
increasing R0, the position of the A shells shifts linearly.
When an additional layer can be formed, the inner
layers move outward. Since the domain size is constant,
the pore density in each layer is constant too, and the
number of pores in each shell is determined from its
radius. There is no intrinsic magic “60” number, as in
C60, associated with additional stability of the nano-
droplets. The resemblance with a carbon buckyball is
purely coincidental on the basis of a geometrical rule
for packing pores in a spherical shell.

One may consider several experimental methods for
generating the structuresssimilar as in studies of lipid
aggregatessfor example by dispersing insoluble polymer
surfactant through sonification or through destabilizing
a suitable surface film. Perforated lamellar or similar
bicontinuous structures have been observed experimen-
tally in thin polymer films4 and in simulations of

Figure 2. Morphologies of AN-MBM polymer surfactant nanodroplet (f ) M/N ) 0.25) for different initial radii R0. From left to
right: R0 ) 20, 23, 26, 30, 33 (in units of polymer bead size). Notice that in this viewing mode the outer fuzzy shell is not visible.

Figure 3. Shell position vs initial radius for different layers.
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confined systems.5 Isolated, closed block copolymer
membrane structures in solution (polymersomes) are
found in various systems.6,7 In solutions of crew-cut
amphiphilic polymers, Eisenberg and co-workers have
determined a entire wonderland of structures.8 Some
exhibit onion phases, and others are bicontinuous. The
raspberry droplets with the inverted micelles (Figure
1e) resemble so-called large compound vesicles. The
agreement at this point is qualitative, in particular
regarding the difficult question whether such systems
are in local or global equilibriumsthe answer depends
on the actual formation process. Eisenberg prepares his
systems by a very slow quench from good solvent, with
demonstrated exchange between different aggregates
through fission and fusion phenomena.6 The recently
discovered high-genus giant superstructures (.1 µm)9

have striking resemblance to the bicontinuous droplets.
But in our case the pores have size of the polymer coil,
whereas in the superstructures the domains apparently
are much larger than the constituting polymers. A more
detailed comparison, using realistic experimental par-
ameters and calculation of the optimal droplet structure
in an open system, is in progress: marvelous structures
abound.

Acknowledgment. The supercomputer resources
were provided by the High-Performance Computing
Centre, University of Groningen. We thank Adi Eisen-
berg for stimulating discussions.

Appendix. Details of the Free Energy.

The free energy functional F[F] (eq 1 in the text) is1,3

Here Φ is the intramolecular partition function for the
ideal Gaussian chains in the external field UI, V is the
system volume, np (nW) is the number of polymer (water)
molecules, and FMF[F] is the mean-field contribution due
to the nonideal interactions. The mean-field free energy
is

with the mean-field excluded-volume parameter ν, the

compressibility parameter κ, and the interaction kernels
(with a the bond length)

The bare interactions are related to the Flory-Huggins
ø-parameters through

The mean-field chemical potential is

The explicit formula for the functional fI is

where N is a normalization constant, θIs is 1 if bead s is
of type I, and 0 otherwise, the integration is over all
coordinates of the chain, Hid is the intramolecular
Gaussian chain Hamiltonian, and X is the field variable.
Notice that in the proposed new density dynamics
algorithm the mean-field chemical potential is used as
the field variable X, so that now XI ) µMF,I[F], whereas
we used XI ) UI in the previous algorithms.1,3
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µMF,I[F](r) ) ∑
J
∫dr′ εIJ(|r - r′|) FJ(r′) +

κν(∑
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fI[X](r) ) N ∑
s

θIs∫VNd{R} δ(r - Rs)e
-(Hid+∑s′Xs′(Rs′))/kT
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