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Abstract of the project proposal

Nowadays, the primary aim of nanoscience and nanotechnology is to synthesize particles and
objects at nanoscale and to develop materials in that size. Nanoscale materials can be used in
many useful and important applications e.g., in solar cells, energy storage, in industrial
applications (using the catalytic property of the nanoparticles), in nanoelectronics or
nanomedicine. The focus of nanoscience and nanotechnology is gradually shifting from the
synthesis of individual components to their assembly into larger systems and use them as
nanostructured materials. The primary goal of this project is to understand how nanoscience
and nonlinear chemical dynamics can be used to drive assembly of nanoobjects. Based on this
new "bottom-up” approach we will provide several applications where assembly of
nanoparticles into ordered nanostructures will be driven by self-organazing chemical systems
well-known at molecular level. Such nanostructures can have unique chemical and physical
properties, therefore, they can be potential candidates in the future for several applications

involving nanomaterials.



1. Self-assembly of colloids into helicoidal structure

In our works, we showed that emergence of helicoids and helices in precipitation processes in
the wake of a planar reaction-diffusion front is an intrinsic property of the system and (in
contrast to coming from initial and boundary condition effects) it can be attributed to the effect
of the noise in the system. Our findings reveal that the emergence of helicoidal and helical
patterns is reproducible with a finite, well-defined probability depending on the parameters of
the system. We also investigated the microstructure (building blocks) of helical patterns, and
we found that the precipitation helicoid consists of monodisperse spherulite-like particles of ~
1 um size (Figure 1). These building blocks are achiral, and the macroscopic helicoids, which
have four orders of magnitude larger size, emerged as a result of symmetry breaking, and not
as a result of the microscopic chirality magnified to the macroscopic level.
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Figure 1 Helicoidal patterns in copper chloride/potassium chromate precipitation system.

In the framework of this project, we could understand the formation of these helicoidal
structures. We developed a 3D reaction-diffusion model based on Cahn-Hilliard equation with

a source term (ab) and noise (7, ) added
Ja=Aa-ab,
o,b=Ab-ab,
o,m=—AA(m—m’+cAm)+ab+7,(t).

Here a and b are the concentration of the reagents, and m is the concentration of the precipitate.
A and o are parameters of the Cahn-Hilliard equation. This equation features fast, spinodal-

decomposition type dynamics, as well as slower, nucleation-and-growth processes. We applied



a time dependent noise (the amplitude of the noise is time dependent) in simulations and tested
its effect on pattern stability. We found that the noise not only important for symmetry breaking

at the beginning of the pattern evolution, but the noise stabilizes the existing helicoidal pattern.
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2. Dynamic self-assembly of colloids into precipitation wave

Pattern formation in reaction-diffusion systems provides intriguing examples for the emergence
of macroscopic order from molecular reaction events and Brownian motion. These patterns can
be categorized as being spatially steady or unsteady and temporally static or dynamic. An
extensively studied area of non-linear chemistry is the wave propagation in an excitable media.
Belousov—Zhabotinsky (BZ) reaction provides a typical example to investigate several
phenomena such as wave propagation and chemical chaos. Until now it has been accepted that
there is no dynamic pattern formation in precipitation systems, and there are no similarities
between patterns in excitable media and patterns emerging in precipitation reactions. This is
because precipitation systems are simple, static, usually contain only two inorganic salts, and
the formation of the precipitate is mainly dominated by local nucleation and growth processes.
It is thereby hard to imagine that dynamic waves can exist in precipitation (heterogeneous)
systems similar to those in excitable (homogeneous) systems. We showed that similar self-
organized chemical waves can exist in several precipitation reaction-diffusion systems. The
spontaneous appearance of traveling waves (spirals and target patterns) inside a thin and
moving precipitation front in a hydrogel media is reported in aluminum hydroxide and mercuric
iodide precipitation systems (Figure 2). A coexistence of moving precipitation layer with
“excitable” traveling waves inside the precipitation layer is observed. Contrary to what is
normally expected in waves propagating in other reaction-diffusion systems, these precipitation

waves display superdiffusive behavior whereby the temporal evolution of the radius (R) of



propagating targets exhibits the power law R~ (time)*®, with values of the exponent o in the range
of 0.65-0.84 depending on the initial concentrations of the reactants.

Figure 2 Chemical wave formation in (a) zinc hydroxide and (b) mercury (11) iodide systems

in Petri dishes. The pattern formation was observed from the top.
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3. Synthesis and self-assembly of nanoparticles

We developed a novel, inexpensive and simple method to create a highly periodic, silver
nanoparticle pattern using WET-Stamping technique. FIB-SEM studies demonstrated that the
self-assembled bands are composed of ~160 nm diameter nanoparticles inside and on the
surface of the gelatin film. Systematic analysis of the composition led us to two possible
mechanisms for the formation of the bands starting from Ag.O or Ag colloid particles.
Subsequent thermal treatment at 360 °C removed the gelatin, turned any remaining Ag.0O to Ag
and bound the silver particles to a conducting substrate, while the pattern is fully preserved. We
believe this flexible and easily adaptable method will open up new possibilities for the
preparation of meso- and nanoscale periodic silver structures for applications which include
nonlinear optical components, antibacterial medical components, and transparent conducting

grids on electrodes.



We have showed a simple concept to generate VVoronoi diagrams using diffusion and
aggregation processes of like-charged nanoparticles as building blocks by controlling the
interactions between nanoparticles in a hydrogel (agarose, see Figure 3). The aggregation
process of nanoparticles was triggered by the electrostatic screening of negatively charged
carboxyl protecting groups by sodium ions. The coupling diffusion of nanoparticles and sodium
ions and the aggregation of nanoparticles generate VVoronoi diagrams, where the VVoronoi cells
consist of aggregated nanoparticles and their edges are aggregation-free and nanoparticle-free
zones due to diffusion and fast aggregation processes. Our research provides an idea how to
control spatiotemporally the self-assembly of nanoscopic building blocks by a diffusion front.
Control of nanoscale systems by propagating reaction fronts could open up new avenues for

research on nanostructured materials
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Figure 3 Formation of Voronoi diagrams in an agarose gel containing dispersed gold

nanoparticles.

The synthesis of different sizes of nanoparticles and microparticles is important in
designing nanostructured materials with various properties. Wet synthesis methods lack the
flexibility to create various sizes of particles (particle libraries) using fixed conditions without



the repetition of the steps in the method with a new set of parameters. We provided a synthesis
method based on nucleation and particle growth in the wake of a moving chemical front in a
gel matrix (Figure 4). The process yields well-separated regions (bands) filled with nearly
monodisperse nanoparticles and microparticles, with the size of the particles varying from band
to band in a predictable way. The origin of the effect is due to an interplay of a precipitation
reaction of the reagents and their diffusion that is controlled in space and time by the moving
chemical front. The method represents a new approach and a promising tool for the fast and
competitive synthesis of various sizes of colloidal particles.

(a)

Figure 4 Fine structure of the bands (a) and the interband regions (b). Bands and the interband

region contain nanoparticles and microparticles whose size varies with the position of the bands.
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4 Time programmed self-assembly of nanoscopic objects

Dynamic self-assembly is of great interest in the fields of chemistry, physics and materials
science and provides a flexible bottom-up approach to build assemblies at multiscale levels.
We propose a method to control the time domain of self-assembling systems in a closed system,
from molecular to material level using a driving chemical system: methylene glycol-sulfite pH
clock reaction coupled to lactone hydrolysis (Figure 5). The time domain of the transient pH
state (alkaline) and the time lag between the initialization of the reaction and the pH change can
be efficiently fine-tuned by the initial concentration of the reagents and by the chemical
composition of the lactone. The self-assembly of pH-responsive building blocks can be
dynamically driven by this kinetic system, in which the time course of the pH change is coded
in the system. This approach provides a flexible and autonomous way to control the self-
assembly of pH responsive building blocks in closed chemical systems far from their

thermodynamic equilibrium.
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Figure 5 The concept of the time-programmed and precoded self-assembly of fatty acid

molecules (oleic acid), gold nanoparticles, and polymer chains in a pH-responsive polyNIPA-



based network. Lower and upper photographs show the states of the systems at the starting
(low) pH and at the highest pH. (a) Reversible vesicle-micelle transformation of oleic acid
molecules (low pH: vesicles — turbid solution, high pH: micelles — transparent solution), (b)
reversible dissolution and aggregation of carboxyl terminated gold nanoparticles (low pH:
aggregated NPs — blue solution with microscopic aggregates, high pH: free NPs — transparent
red solution), (c) volume change (shrinking and swelling) of a hydrogel filament containing
tertiary amine functional groups (low pH: swollen, highly elastic state; high pH: shrunken, more
rigid state).
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Results in nutshell
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