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The self-assembly of structural motifs and the self-organiza-
tion of dynamic motifs into highly ordered one-, two-, or
three-dimensional patterns with controlled structures have
received much attention in recent years, because of their
importance in basic research and their potential applica-
tions.[1] Recently, methods such as lithography, microstamp-
ing, or template-assisted synthesis have been employed to
fabricate patterns with controlled structures.[2] Of the many
challenges facing materials science, the development of
bottom-up crystallization strategies enabling the direct
growth of nanocrystal assemblies with patterns remains an
attractive, but elusive goal.

Living organisms accurately and routinely create com-
plex, spatially well-defined functional mesoscopic superstruc-
tures, which can now be partly mimicked.[3] Specific additives,
such as polymers, can exert a strong influence on crystal
nucleation, growth, and self-organization into hierarchical
architectures. A number of studies have already attempted to
mimic biomineralization by using synthetic polymers as
crystal-growth modifiers and superstructure-directing
agents.[4] Recently, self-organized CaCO3 crystals with sub-
micrometer-scale periodicity were grown on a thin matrix of a
hydrophobically modified polysaccharide in solution, in the
presence of poly(acrylic acid) (PAA).[5] Micropatterning of a
surface with single crystals of CaCO3 was achieved by using a
template-assisted method.[6] Synthetic approaches to the
morphological control of inorganic minerals through poly-
mer-controlled crystallization can produce a variety of
inorganic superstructures, such as helical fibers, mesocrystals,
complex spherical structures, hollow spheres, spongelike
structures, and self-similar structures.[7]

Double hydrophilic block copolymers (DHBCs)[4a] con-
sisting of a hydrophilic block that strongly interacts with
inorganic minerals and a non-interacting hydrophilic block
have recently been employed for the control of mineral
crystallization and have proven to be highly effective,
improved variants of the polyelectrolytes or amphiphiles
used previously.[8] We reported the preparation of helical
fibers of BaCO3 using a racemic phosphonated block
copolymer as additive.[9] This study demonstrated that the
phosphonated group has a strong influence on the crystal-
lization of BaCO3.
In the present paper, we extend these observations

through a systematic variation of pH and polymer concen-
tration. We find experimental evidence that self-organization
by reaction–diffusion processes, which govern pattern evolu-
tion and selection in many chemical and biological systems,[10]

can also be realized in biomimetic mineralization. To our
knowledge, this case is the first in which self-assembly and
self-organization of the primary nanocrystalline building
blocks occur in the same chemical system.
The phosphonated block copolymer 6 was synthesized

through radical polymerization initiated by the new macro-
initiator 4 (Scheme 1; see Supporting Information). Owing to
the high steric demand of its functional side groups, the
polymer is expected to be stiff, as suggested by computer
modeling.[9] The polymer exhibits a high molar mass of

Scheme 1. Synthesis of the phosphonated DHBC 6.
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greater than 700000 gmol�1 and a pH-independent polydis-
persity in the pH range 1.8–6.5 (see Supporting Information).
Crystallization of BaCO3 through a gas-diffusion proce-

dure (see Supporting Information) in BaCl2 solution (20 mm)

with polymer 6 (0.5 gL�1) as additive at a starting pH of 3.5
led to ultralong BaCO3 nanofibers, as shown in Figure 1.
After 1 day of growth, the resulting BaCO3 crystals consist

almost entirely of ultralong nanofibers with diameters of 40–
140 nm and lengths of up to several millimeters. Moreover,
some nanofibers display a helixlike structure, as observed in
our previous study.[9] High-resolution scanning electron
microscopy (SEM) images show that each nanofiber is
composed of spherical nanoparticles with diameters of
approximately 20 nm (Figure 1b, inset). The spherical nano-
particles self-assemble into the final helical objects. These
nanofibers are clearly different from our previous helical
fibers, which were assembled from nanorod building blocks.[9]

The tectonic assembly of the nanoparticles into a helixlike
structure is driven by the selective adsorption of the polymer
on a specific crystal face.[9] An X-ray diffraction (XRD)
pattern confirms the presence of pure witherite (BaCO3;
orthorhombic, space group Pmcn, a= 5.316, b= 8.892, c=
6.428 > (JCPDS 71-2394); see Supporting Information).
The primary particle size of 20 nm estimated by SEM
agrees well with the XRD data, as evidenced by the
reasonable coincidence between the experimental and simu-
lated diffractograms for 20-nm particles of BaCO3. A control
experiment in the absence of polymer additive under other-
wise similar conditions produced dendritic witherite crystals
(see Supporting Information).
To investigate their effect on the final product, the

polymer (0.5–2 gL�1) and Ba2+ (2.5–20 mm) concentrations
were varied. These experiments indicate that the concentra-
tion of polymer, the concentration of Ba2+, and hence, the

molar ratio of polymer to Ba2+ have a distinct influence on the
morphology of the BaCO3 crystals (see Supporting Informa-
tion). At a fixed Ba2+ concentration, a lower polymer
concentration favors long nanofibers of BaCO3, implying
that the phosphonated block copolymer exerts a strong
control on the BaCO3 crystallization. On the other hand, at
a fixed polymer concentration, a higher Ba2+ concentration
favors long nanofibers. At low Ba2+ concentrations, short
fibers and irregular particles are formed. Our experiments
show that a low polymer to Ba2+ ratio favors the formation of
longer BaCO3 nanofibers. This result might be caused by the
strong crystallization-inhibition effect of phosphonated poly-
mers, as shown for BaSO4.

[11a] The inhibition is dependent on
the polymer concentration, such that the largest number of
primary nanoparticles is expected for the lowest polymer and
highest Ba2+ concentrations. Thus, more and smaller crystal-
lization nuclei are present when CO2 and NH3 diffused into
the solution.[11b]

In a second set of experiments, the influence of the pH on
the morphology of the final products was examined. The
solubility of BaCO3 (as well as those of all other carbonates)
depends on pH. A lower starting pH means that a larger
amount of CO2 must be added before the precipitation can
begin, and therefore, that a higher reactant concentration is
present at the point of nucleation. The pH upon dissolution of
the polymer in a BaCl2 solution is approximately 3.5. When
the starting pH of the solution is 3.5 or 1.8 (adjusted by HCl)
and all other conditions are constant, long BaCO3 nanofibers
are observed (Figure 2a,b). Thus, a lower starting pH favors
long BaCO3 nanofibers. On the other hand, when the starting
pH of the solution is increased to 5.5, rather ill-defined short
nanofibers and nanoparticles are observed (Figure 2c). The
higher pH results in earlier nucleation at a lower concen-
tration of reactants, which apparently disturbs the self-
assembly into helical fibers. At an even higher pH of 6.5,
nucleation leads to spherical BaCO3 aggregates, which coexist
with a small number of helical nanofibers (Figure 2d).
Analytical ultracentrifugation of reaction solutions at

different starting pH values confirms that the Ba2+ ions form
clusters upon hydrolysis at higher pH values, as evidenced by
an increase in the sedimentation coefficient (see Supporting

Figure 1. SEM images at different resolutions of ultralong nanofibers
of BaCO3 after 1 day of growth ([polymer]=0.5 gL�1, [Ba2+]=20 mm,
starting pH 3.5); inset in (b) is an enlargement.

Figure 2. SEM images of BaCO3 crystals after 1 day of growth at
starting pH values of a) 1.8, b) 3.5, c) 5.5, and d) 6.5 ([poly-
mer]=1 gL�1, [Ba2+]=10 mm).
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Information). Furthermore, the polymer–Ba2+ interaction is
pH dependent, and the aggregate size and/or density
increases with pH, whereas the polymer itself does not
aggregate in the pH range investigated. The polymer–Ba2+

aggregation becomes very pronounced at a pH of 6.5, and
macroscopic aggregates are formed.
At the critical point between the assembly of BaCO3 into

fibers or spheres, the short nanofibers obtained from poly-
mer–Ba2+ aggregates at a starting pH of 5.5 self-organize into
striking larger-scale structures. Typical SEM images of the
quasiperiodic reaction–diffusion patterns observed after
1 day are shown in Figure 3. Light microscopy measurements

reveal that these patterns are formed in solution and are not
induced by the drying process (see Supporting Information).
The periodic wave pattern has multiple centers, from which
concentric rings radiate outwards at even spacings (Fig-
ure 3a), and is reminiscent of Liesegang ring patterns[12] or the
concentric wave patterns observed in the spatially extended
Belousov–Zhabotinsky reaction.[13] On the substrate, many
groups of concentric rings grow at the same time and stop
before they merge into one another. The distance between
adjacent rings is nearly constant at approximately 5 mm
(Figure 3), excluding the possibility that these structures are
formed by a Liesegang phenomenon. In Liesegang ring
patterns, the distance between adjacent rings increases
according to Xn=Q (1+p)n, where Xn is the position of the
nth band, p is the space coefficient (often in the range 0.05–
0.4), and Q is a constant. In addition, Liesegang rings are
usually formed by imposed concentration gradients in gels,
but our ring patterns are formed in dilute solution.
The enlarged SEM images show that each ring (band) is

composed of short nanorods (Figure 3c,d). These short
nanorods stand, rather than lie, on the substrate and tend to
form bundles that are organized in a circular pattern. Note
that the experimental window for the formation of this ring
pattern is narrow ([polymer]= 0.8–1.3 gL�1, [Ba2+]= 8–
12 mm, starting pH 5.1–5.7).
We assume that the periodic pattern formation in the

present study belongs to a self-organization process that

results from an autocatalytic reaction in counterplay with a
diffusion process.[14, 15] Such phenomena are usually observed
in gel media.[15] To understand the underlying mechanism of
the formation of the dynamic ring patterns, we have to
formulate the different processes that are equivalent to the
elementary steps in a Belousov–Zhabotinsky reaction (see
Supporting Information). The Belousov–Zhabotinsky reac-
tion is a self-sustaining reaction–diffusion system;[13] in thin
films, straight, spiral, or target oscillating waves of activity
propagate as a result. Coupled chemical reactions cause
changes in the concentrations of the reagents, which in turn,
cause local changes in the oxidation potential of the solution.
These potentials can be visualized with a redox indicator.
In our case, the formation of the polymer–Ba2+ complex is

essential for the oscillating reaction. During complex forma-
tion, which is a key step in the autocatalytic cycle, Ba2+ ions
bind to polymeric polyanions.[16] The formation of the
polymer–Ba2+ complex can be demonstrated experimentally
by titrating a polymer solution with Ba2+ and detecting the
conductivity (data not shown). Dynamic light scattering
measurements indicate that the average size of the poly-
mer–Ba2+ complex formed when 6 is added to an aqueous
Ba2+ solution is approximately 386 nm (data not shown),
further confirming the formation of the complex.
Upon subsequent addition of CO2, BaCO3 is formed

primarily in the vicinity of the polymers, which act as localized
Ba2+ depots. Because of crystallization inhibition at the high
local polymer concentration, amorphous nanoparticles of
BaCO3 are generated. SEM images of reaction products
formed at different growth stages are presented in Figure 4.
After 4 h of growth, the product consists of a film composed
of particles of approximately 20–30 nm in size (Figure 4a).
The corresponding electron diffraction (ED) pattern confirms
that these nanoparticles are amorphous (Figure 4a, inset).
The amorphous BaCO3 nanoparticles can aggregate.

Although the crystallization of an amorphous particle is
thermodynamically favored, kinetically inhibition makes it a
rare event. If, however, a nanocrystal is formed, the majority
of the polymer–Ba2+ complex is set free, because at its high
local concentration the complex is not included in the crystal
lattice, and it is only partially adsorbed onto the nanoparticle
surface. The release of the polymer–Ba2+ complex upon
crystallization is the important autocatalytic step in the
observed oscillating reaction. The formation of a nanocrystal,
not only results in the crystallization of other amorphous
particles in the surrounding aggregate, but also in the
attraction of additional amorphous nanoparticles. Similar
behavior was also found for crystalline vaterite-type CaCO3
particles formed by the oriented attachment of amorphous
precursor particles.[17]

Therefore, the crystalline structure grows quickly and
consumes all of the material in its direct surroundings.
Consequently, diffusion processes come into play and begin
to form the oscillating ring pattern (Figure 4b). The crystal-
line nanoparticles aggregate into short fibers, which have a
tendency to stand on the substrate (Figure 4b, inset; similar to
ZnO nanorods, which grow vertically on a substrate in
solution[18]). The overall precipitation reaction in the presence
of the phosphonated polymer 6 can be formulated as

Figure 3. SEM images at different resolutions of the concentric ring
patterns of BaCO3 crystals after 1 day of growth ([polymer]=1 gL�1,
[Ba2+]=10 mm, starting pH 5.5).
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Equation (1) (see Supporting Information for partial reac-
tions).

mBa2þ þ ðm�xÞH2O3P-polymer-PO3H2 þ xCO2 þ xH2O

! ½BaCO3cryst�x # þðm�xÞ ½polymer-ðPO3HÞ2Ba� þ 2mHþ ð1Þ

This autocatalytic precipitation reaction coupled with
diffusion of the nanoparticles establishes a reaction–diffusion
system that leads to a concentric ring pattern. With time, a
series of rings propagate out from a common center. To
further substantiate that the observed oscillating precipitation
reaction is of the Belousov–Zhabotinsky type, we carried out
numerical simulations of the reaction–diffusion system using
a Brusselator model (see Supporting Information).[19] The
simulated pattern evolution in time and space qualitatively
agrees with the experimental observations, supporting the
oscillating character of our precipitation reaction. Note that
similar patterns, although not derived from a Belousov–
Zhabotinsky reaction, are also found in biominerals. For
example, spiral patterns have been observed on the growing
inner surface of nacre (aragonite-type CaCO3); the exact
origin of the patterns has not been fully explained.[20]

Many physical, chemical, and biological systems self-
organize into periodic patterns characteristic of reaction–
diffusion processes.[12–15, 21] Examples include periodic precip-
itation fronts, Liesegang rings, Belousov–Zhabotinsky reac-

tions, chemical turbulence, cardiac waves, and bacterial
colonies.
Nature often uses oscillating reactions and similar pat-

terns as a means of producing structures and materials with
unique properties that are expressed on scales ranging from
macroscopic (for example, stripes in seashells, and annual
rings in trees, agates, and rocks) to microscopic (for example,
cellular growth, chemotaxis, and biological waves).[21, 22] This
study adds a new example of spontaneous, self-organized
pattern formation in solution by biomimetic mineralization.
The resulting patterns are similar to those in a variety of
physical, chemical, and natural systems, but are formed by a
mesoscale transformation process.
In summary, we report the first Belousov–Zhabotinsky

reaction for a self-organized system consisting of nanoparti-
cles. In this system, the coupled reaction partners are not in
the same aggregate state (in solution). The relationship
between time and space in the observed ring patterns can be
elucidated on the basis of the formalism for Belousov–
Zhabotinsky oscillating reactions combined with nanoparticle
assembly. The formulation of the underlying coupled reac-
tions shows that the autocatalytic step is the formation of a
polymer–Ba2+ complex. The reaction–diffusion system results
in the spontaneous (that is, without external manipulation of
concentration, temperature, or any other parameter) forma-
tion of micrometer-sized periodic rings of nanocrystalline
BaCO3. This ring pattern is grown on a substrate in an
aqueous solution containing a new synthetic DHBC. Such a
spontaneous generation of a pattern with remarkable regu-
larity on the submicrometer scale is unexpected and indicates
that the Belousov–Zhabotinsky reaction may be generalized
to systems in different aggregation states (for example, liquid
and solid).
The phosphonated block copolymers applied herein

interact strongly with inorganic minerals and effectively
control the crystallization of BaCO3. A single DHBC can
control both crystallization and self-organization by multiple
reaction pathways determined by subtle changes in the
experimental parameters.

Received: March 15, 2006
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