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Introduction


This NSF NIRT project seeks to advance the rapidly expanding research frontier of the fluidic manufacture of anisotropic particle building blocks [1].  Simultaneously, we aim to exploit the tremendous potential for encoding information into the sequence, shape and symmetry of anisotropic particle building blocks so they can assemble into complex three-dimensional (3D) structures [2].  Taken together, these two areas each represent one level of a new hierarchical assembly paradigm that can input spherical nanocolloidal precursors and, by way of anisotropic building blocks, output complex 3D terminal structures with a range of new, active functionalities.  Yet, to date, the two levels of the assembly hierarchy have advanced independently on the different scales of microparticles (fabrication) and molecules (anisotropic assembly) rather than together at the nanoscale.  

In this project we seek to address the key fundamental scientific challenges needed to realize this hierarchical paradigm at nanoscale dimensions.  At this scale there is rich new potential for applications requiring active functionality for materials in photonics, electronics and energy management.  In this aim we are supported by our recent discovery that fluidic processing can be used to assemble microparticles into permanently bonded anisotropic building blocks with high sequence and shape fidelity.  Our prior research has additionally shown vis simulation that anisotropic building blocks are a key foundation from which 3D terminal structures can be assembled.  Our objective is addressed through an integrated research program that brings to bear our state-of-the-art capabilities in nanofabrication, fluidic manufacturing, nanocolloid assembly, direct visualization by confocal and electron microscopy and computer simulation of anisotropic building block interactions and assembly.  Simultaneously, by developing new data repository and wiki cyber tools we create a clear conduit for dissemination of our discoveries so as to contribute to training and education of students.  

To illustrate the project focus, in Fig. 1 we depict two kinds of nanocolloids with differing interactions (e.g. type “A” and type “B” due e.g. to different surface chemistries).   To permanently bond the constituent nanocolloids, we execute fusing reactions that yield permanent interparticle bonds.  The particular sequence of “A” and “B” constituents is actively controlled by fluidic control mechanisms.  Because the concept is general, it can be applied to produce a range of nanocolloidal building blocks for hierarchical assembly.  We will thus discover how to optimally design a set of anisotropic buildings with interactions that can be exploited to assemble a particular 3D terminal structure targeted for assembly.

Project Objectives


A number of important fundamental challenges arise in the hierarchical assembly of anisotropic building blocks.  First, when fabricating building blocks by fluid manufacturing, we should better understand the effect of particle-channel interactions and apply that understanding to better design fluidic networks to fabricate complex structures.  Second, when assembling building blocks into complex 3D terminal structures, we should better understand how to optimally design building blocks for programmable assembly into a target structure and then apply that understanding to better design self-and guided assembly processes.  Thus, we pursue two key objectives:

Objective 1: Investigate key issues needed to extend the paradigm of nanofluidic processing to manufacture anisotropic building blocks of programmable sequence, shape and chirality as the constituent particle size is progressively decreased.  Target in particular: (i) anisotropic building block – surface interactions in fluidic channels of complex design; (ii) design of fluidic networks for complex building block fabrication.

Objective 2:  Investigate key issues needed to assemble complex, three-dimensional terminal structures from anisotropic building blocks with interactions encoded in the building blocks.  Target in particular: (i) optimal decomposition of 3D terminal structures into anisotropic building blocks programmed for assembly; (ii) design of self- and guided- assembly processes.

Methods and Results


In pursuit of the research objectives, we are applying four principal methods.  The interactions among these methods are shown in Fig. 2.

Microfluidic production of anisotropic particles with configurable anisotropy. We perform continuous synthesis of anisotropic particles with features such as alternating bond angles, configurable patchiness and uniform roughness [1]. The sequence and shape of the anisotropic particles are configured by exploiting a combination of confinement effects and microfluidics to pack precursor colloids with different properties into a narrow, terminal channel. The precursors are permanently bonded into particles by thermal fusing. Particles produced have precisely configured, repeatable bond angles. Sequence and shape anisotropy are combined to yield microparticle analogues of surfactants, tri-blocks and patchy particles.  With this method we can produce particles at a high frequency (up to 1 Hz), and isolate the products in a microfluidic device for further use.

Field-assisted assembly of anisotropic particles.  We efficiently generate assemblies of anisotropic nanocolloids with controllable order by application of applied fields. Using rod shaped colloids as a model material we have investigated the effect of centrifugation on their assembly.  Dispersions of colloidal rods are subjected to different centrifugation speeds in custom made cells.  3D image volumes of sediment structure are collected by confocal laser scanning microscopy.  We use image-processing algorithms [3] to quantify the nematic order parameter (S) of the materials formed by field-induced assembly.  We find that the nematic order parameter (S) increases with increasing Peclet number for rods of aspect ratio 3.6.  Here the Peclet number is computed from the single rod rotational diffusivity.  The enhancement in orientational ordering is a consequence of the interplay between a thermodynamically-driven order-disorder transition and transport-driven alignment effects. 

Theory and simulation of anisotropy effects. We apply a variety of simulation techniques to investigate the synthesis and self-assembly of anisotropic nanocolloidal systems. Brownian dynamics simulations have been carried out to ascertain the effect of rectilinear channel confinement on bond angles in anisotropic particles [4]. To examine the phase behavior and self-assembly of the anisotropic nanocolloids, we use several methods including equilibrium molecular dynamics, Metropolis Monte Carlo, and a variety of energy minimization techniques such as Monte Carlo minimization(“basin-hopping”) and numerical algorithms. We also employ an algorithm recently developed to search for low-energy structures of arbitrary colloidal building blocks.

Characterization of functional properties of nanocolloidal assemblies.  We have developed a MEMS-based fluidic device for characterization of the conductivity properties of nanocolloidal structures. FIB (focused ion beam) methods were used to prototype and test design ideas. Thin film fabrication techniques were then applied to progress from design ideas to device implementation. In the device shown schematically in the figure, colloids are propagated into the device, and the voltage-current response of the resulting assemblies is obtained as output.  The aim is to investigate the influence of nanocolloidal packing and confinement on the electrical properties of terminal nanocolloidal assemblies.
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Figure 1.  Schematic of the hierarchical assembly paradigm for production of complex 3D structures by nanofluidic manufacturing and anisotropic building block assembly.
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Figure 2.  Interactions among the four research methods.  Please see text for additional discussion.
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