experimental samples in this study, separate spectroscopic experi-
ments strongly suggest that the spin-coating conditions we use to
prepare the samples produce films that contain roughly equal
amounts of collapsed and non-collapsed conformations. In fact,
an equal superposition of the anisotropy distributions Hy, of defect-
coil and defect-cylinder (Vand VI) is in reasonable agreement with
the experimental data. Interestingly, the discovery of highly ordered,
cylindrical conformations reported here for MEH-PPV may be a
critical factor resolving the puzzling properties of MEH-PPV and
related polymers. These include the significant local anisotropy of
thin films of pure materials®, and evidence that the structure of
MEH-PPV in films can be controlled by the conformation in the
solution used to spin-coat the films™. The new conformations
introduced in the present work, the defect-coil (V) and defect-
cylinder (VI), exhibit a key characteristic, namely, structurally
identifiable quasi-straight-chain segments. These segments are
therefore excellent candidates for the localized quasi-chromophores
in conjugated polymers. These conformations probably also
describe other stiff-chain conjugated systems, such as polyfluorene
and poly(phenyleneethynylene), that can develop the necessary
tetrahedral defects. O
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Spontaneous pattern formation by self-assembly is of long-stand-
ing'~ and continuing interest*’ not only for its aesthetic appeal®’,
but also for its fundamental®'® and technological relevance. So
far, the study of self-organization processes has mainly focused on
static structures, but dynamic systems?***—those that develop
order only when dissipating energy—are of particular interest for
studying complex behaviour®*. Here we describe the formation
of dynamic patterns of millimetre-sized magnetic disks at a
liquid—air interface, subject to a magnetic field produced by a
rotating permanent magnet. The disks spin around their axes with
angular frequency equal to that of the magnet, and are attracted
towards its axis of rotation while repelling each other. This
repulsive hydrodynamic interaction is due to fluid motion asso-
ciated with spinning; the interplay between attractive and repul-
sive interactions leads to the formation of patterns exhibiting
various types of ordering, some of which are entirely new. This
versatile system should lead to a better understanding of dynamic
self-assembly, while providing a test-bed for stability theories of
interacting point vortices®** and vortex patches®.

We fabricated circular disks by filling hollow polyethylene
tubing (~1mm inside diameter, ~2 mm outside diameter) with
poly(dimethylsiloxane) (PDMS) doped with magnetite (~5-—
30 wt%), and cutting the resulting composite into slices ~400 pm
thick. A permanent bar magnet of approximate dimensions (L x W
X D, in cm) 5.6 X 4 X 1 was placed at a distance h (about 2—4 cm)
below the interface, and rotated with angular velocity w (Fig. la).
The magnet was magnetized along its longest dimension, and had
magnetization M =~ 1,000 G cm ™. When the magnet was stationary,
the disks were attracted towards its poles, where they formed
orderless aggregates. When the magnet rotated, the disks were
drawn towards its axis of rotation. In addition, the magnetic
moments of the disks interacted with the rotating magnetic field,
and the disks spun around their centres. The fluid motion asso-
ciated with spinning resulted in a repulsive hydrodynamic
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interaction between the disks.

The competition between axisymmetric magnetic attraction and
hydrodynamic repulsion of the disks led to the formation of ordered
aggregates (Fig. 2). We denote the number of disks in an aggregate
by n. One disk (n = 1) experiences only the attractive magnetic force,
and in its stable position, its centre coincides with the axis of
rotation of the magnet (we will use “the centre” to mean this axis of
rotation). For n = 2, the disks repel each other, and are equidistant
from the centre, around which they slowly precess (angular velocity
Q = 2rp.m.). For n = 3-5, the disks organize into polygons (a
triangle for n = 3, a square for # = 4, and a pentagon for n = 5)
precessing around the centre. For n = 6, one disk goes to the centre,
while the remaining five form a pentagon around it. For n > 6,
multishell structures appear. The shells precess with the same
angular velocity Q. Most of the aggregates have one, well defined
stable structure, but in three cases we observed polymorphs,
where multiple steady states are possible. For 10 and 12 disks, the
patterns spontaneously interconvert between the polymorphs. In
the 19-membered aggregate, the hexagonal structure (shown on

<dBr/dr> (G cm™)
o
o
|

Figure 1 Experimental set-up and magnetic force profiles. a, A scheme of the
experimental set-up. A bar magnet rotates at angular velocity w below a dish filled with
liquid (typically ethylene glycol/water or glycerine/water solutions). Magnetically doped
disks are placed on the liquid—air interface, and are fully immersed in the liquid except for
their top surface. The disks spin at angular velocity w around their axes. A magnetic force
F, attracts the disks towards the centre of the dish, and a hydrodynamic force F, pushes
them apart from each other. The curves in b give the time average (over one revolution of
the magnet) of the radial derivative of the magnetic induction aB,/dras a function of r. This
derivative is proportional to the radially directed magnetic force F(r) acting on a
ferromagnetic point object located at r. Each curve corresponds to a different separation h
between the upper face of the magnet and the liquid—air interface. The force is ‘attractive’
(directed towards the centre) for r << ~3 cm (roughly equal to /2, half of the length L of
the magnet), and ‘repulsive’ otherwise. The patterns are stable only within the attractive
region. Inset, an optical micrograph showing the results of an experiment with iron filings
suspended in a viscous oil, and subjected to a rotating magnetic field such as that used in
the calculations: the annular band where F, changes sign (near r = L/2) is depleted of
filings.
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the left in Fig. 2) appears only above a threshold rotational speed
w =~ 800 r.p.m., while the less symmetric structure (shown on the
right) exists below this value (although the hexagonal structure can
be sustained in a metastable equilibrium at w < 800 r.p.m. by slowly
decreasing w from above the threshold). The aggregate formed by 19
1.27-mm disks is the largest stable structure observed with the
magnet used in our experiments. The reason for this limitation is

Figure 2 Dynamic patterns formed by various numbers (r) of disks rotating at the ethylene
glycol/water—air interface. This interface is 27 mm above the plane of the external
magnet. The disks are composed of a section of polyethylene tube (white) of outer
diameter 1.27 mm, filled with poly(dimethylsiloxane), PDMS, doped with 25 wt% of
magnetite (black centre). All disks spin around their centres at w = 700r.p.m., and the
entire aggregate slowly (2 < 2r.p.m.) precesses around its centre. For n < 5, the
aggregates do not have a ‘nucleus’—all disks are precessing on the rim of a circle. For
n > 5, nucleated structures appear. For n= 10 and n = 12, the patterns are bistable in
the sense that the two observed patterns interconvert irregularly with time. For n=19, the
hexagonal pattern (left) appears only above w =~ 800r.p.m., but can be ‘annealed’ down
to 700 r.p.m. by slowly decreasing the spinning rate. Without annealing, a less symmetric
pattern exists at w = 700r.p.m.
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that, as the aggregate gets bigger, the outermost disks experience a
less-homogenous and weaker magnetic field than those closer to the
centre. Under such conditions, they often fall out of resonance with
the external rotating field and stop spinning.

The spacing between the nearest neighbours in an aggregate of
size n is approximately independent of n, but increases with
increasing w. The faster a disk spins, the larger the hydrodynamic
repulsion it exerts on other disks. Thus, for a given strength of the
magnetic field, the separation between the disks increases with w.
Figure 3a shows two aggregates of 860-um-diameter disks: in the
picture on the left (w = 800r.p.m.), the lattice spacing is smaller
than in the picture on the right, where the disks are rotating at
w = 1,100 r.p.m (notice the outer disordered rim, where the disks
are off-resonance with the magnetic field). The lattice spacing can be
increased only to about seven disk diameters: above this separation,
disks start moving independently from each other, and the ordering
disappears (Fig. 3b).

The largest aggregates obtained in our experiments were hex-
agonal structures, shown in Fig. 3c. Here the disks were 570 pm in
diameter; because of their small size, many disks could be packed
into the region of homogeneous magnetic field. The magnetite
content in these disks was low (~5wt%), to minimize their tilting
or tumbling. The structures were stable only when the packing in
the aggregate was hexagonal, and the structure had a six-fold
symmetry.

To understand better the nature and the capabilities of self-

5 mm

5 mm

Figure 3 lllustrations of various effects controlling the dimensions and the stability of
patterns. In a, the lattices were formed by 0.86-mm disks; the lattice spacing increased
with the rotational speed (800 r.p.m. in the picture on the left, 1,100 r.p.m. in the picture
on the right). The pictures in b illustrate the effect of w on the stability of aggregates. Two
1.27-mm disks were spinning on the ethylene glycol—-water interface. The streamlines
were visualized by placing drops of rhodamine/water solution onto the interface. In the
picture on the left, the disks were rotating at w = 700r.p.m. No dye entered a high-
pressure ‘8-shaped’ region connecting the rotating disks, and the separation between the
disks did not change with time. When w was increased to 1,100 r.p.m., the high-pressure
regions produced by the disks became disjoint, as indicated by the crossing of the
streamlines in the midpoint between the disks (right). Disks moved independently of each
other, and the separation between them varied with time. Optical micrographs in ¢ show
hexagonally ordered aggregates formed by 570-p.m PDMS disks doped with 5%
magnetite, and rotating at w = 1,100 r.p.m. on a liquid—air interface 2.5 cm above the top
face of the magnet. In this experiment, the liquid was a solution of 75% ethylene
glycol:25% water.
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assembly in our system, we investigated the forces involved in the
process both theoretically and experimentally. We calculated the
magnetic force acting on the disks using a standard current-sheet
method (see Supplementary Information); profiles of the magnetic
force are shown in Fig. 1b. The hydrodynamic repulsive forces arise
from the combination of the spinning of a disk and its translation
through the liquid. Consider the simplest aggregate composed of
two disks. Each disk produces a rotational flow of liquid around it,
and also experiences a flow produced by the other disk. Thus, each
disk can be represented as rotating around its axis, while simulta-
neously translating through the flow with a gradient of shear
produced by the other disk. For the typical rotation speeds (w),
disk radii (a), densities (p) and fluid shear viscosities (u) of our
experiments, the Reynolds number on the scale of the particle is Re
= (pwa*/p) < O(1), although it is not very much smaller (here, we
use the symbol O(e) to mean, as usual, ‘order-of- magnitude’ of €).
We note that an explanation based on the Bernoulli principle
appears inappropriate, because the Reynolds number is small.

w< 800 r.p.m. w> 800 r.p.m.
a
o ©0
°© O o
-
o o
(o B e ]
b
(2]
C
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Figure 4 Various phenomena observed in systems of magnetized rotating disks. In a the
two structures interconvert depending on the rotational speed w of the external magnet.
For w < ~800r.p.m., both the small disks (1.27 mm in diameter), and the large disk
(2.42mm in diameter), rotate at w; the small disks organize in a semicircle slowly
precessing around the large disk. When w is increased, the large disk falls off resonance
from the external magnetic field, and starts rotating at w" < w. As a result, the
hydrodynamic repulsion it exerts on its smaller neighbours decreases; the structure of the
aggregate changes, and resembles the one formed by seven equally sized disks (Fig. 2). In
b the difference in size between the large disk (diameter 1.7 mm) and the small disks
(1.27 mm) is not large enough to ensure that the large disk will always organize smaller
disks around it; the type of aggregate formed depends on initial conditions. Once either of
the two types is formed, its size can be modified by adjusting w, but the two morphologies
cannot be interconverted. The optical micrographs in ¢ show aggregates assembled on
curved surfaces; we did not observe such structures in our experiments on planar
interfaces. The picture on the left shows a nucleated five-membered aggregate of 1.27-
mm disks rotating on the top surface of a droplet of perfluorodecalin (PFD) covered with
water. The picture on the right shows a pattern formed on the bottom of a water droplet
floating on a PFD—air interface.
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We thus expect the explanation for the repulsive hydrodynamic
interaction to lie in the realm of viscosity-dominated flows, where
small inertial effects are probably significant. There are only a few
analytical results available for a force-free particle in a wall-bounded
shear flow”: such a particle experiences a lift force transverse to the
streamlines O(pucaReg), where uc is the typical velocity on the
scale of the particle, and Reg = pGa®/u is the Reynolds number
based on the local shear rate G. For our system, the particle
experiences a torque, which generates a local velocity uc = wa,
and the background shear rate is G = O(wa’/d), where d is the
distance between the centres of the disks. Therefore, the repulsive
hydrodynamic force F;, between the disks is predicted to be F, =
O(p(wa)aReg) = O(pw?a’/d’). In the stable configuration, this
hydrodynamic repulsion balances the magnetic force attracting
the disks towards the axis of rotation of the external magnet.
Although a detailed calculation remains to be done, we verified
experimentally that qualitative trends predicted by this analysis
appear to be correct (see Supplementary Information).

Our qualitative theory explains the nature of the pairwise forces
acting in the system, but it is clearly insufficient to account for the
emergence of the patterns that we observe, especially in more
complicated systems. The structure of the aggregates of disks of
different sizes can be controlled by adjusting the rotational speed to
decouple larger disks from the field selectively (Fig. 4a). Aggregates
that have structures dependent on the initial distribution of the
disks can also be prepared (Fig. 4b). The self-assembly can take place
on both planar and curved surfaces (Fig. 4c). It seems likely that
changing the shape of the spinners, and engineering the profile of
the magnetic field, would lead to even more complex behaviour.

We believe that this system could be a useful experimental tool in
assisting theoretical research on multivortex flows. Also, if the size
of the disks could be reduced to several micrometres, the type of
self-assembly that we describe here might have practical applica-
tions in optics; for example, in tunable diffraction gratings or in
photonic bandgap materials. If it was found to be possible to
‘solidify’ large, dynamic structures, new materials or materials
precursors (such as membranes and molecular sieves) might be
obtained.
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Natural composite materials are renowned for their mechanical
strength and toughness: despite being highly mineralized, with
the organic component constituting not more than a few per cent
of the composite material, the fracture toughness exceeds that of
single crystals of the pure mineral by two to three orders of
magnitude'. The judicious placement of the organic matrix,
relative to the mineral phase, and the hierarchical structural
architecture extending over several distinct length scales both
play crucial roles in the mechanical response of natural compo-
sites to external loads’™. Here we use transmission electron
microscopy studies and beam bending experiments to show that
the resistance of the shell of the conch Strombus gigas to cata-
strophic fracture can be understood quantitatively by invoking
two energy-dissipating mechanisms: multiple microcracking in
the outer layers at low mechanical loads, and crack bridging in the
shell’s tougher middle layers at higher loads. Both mechanisms
are intimately associated with the so-called crossed lamellar
microarchitecture of the shell, which provides for ‘channel’
cracking in the outer layers and uncracked structural features
that bridge crack surfaces, thereby significantly increasing the
work of fracture, and hence the toughness, of the material. Despite
a high mineral content of about 99% (by volume) of aragonite, the
shell of Strombus gigas can thus be considered a ‘ceramic ply-
wood), and can guide the biomimetic design of tough, lightweight
structures.

The crossed lamellar shell of Strombus gigas, the giant pink Queen
conch native to Caribbean habitats, contains structure at five
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