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NOTE 1/21/2020: Continuation of "Kinetics of Electric Field-Driven Phase Transitions in Polarized Colloids," grant
NNX13AQ53G, with same Principal Investigator Dr. Boris Khusid.

Motivation: The widespread use of colloidal processes for scalable manufacturing of structured materials emphasizes a
critical need for improving fundamental understanding of the role of external fields in directing non-equilibrium
phenomena in suspensions. The challenge is due to kinetic limitations because the particles can be trapped into
metastable configurations for a long time due to the lower mobility of multi-particle structures compared to that of
individual particles. Microgravity offers a unique opportunity to study these phenomena by removing masking gravity
effects, such as particle sedimentation, convection, and jamming. The proposed research addresses both fundamental and
technological questions in the science of colloids aimed at understanding the equilibrium and metastable crystalline,
liquid, and glassy structures and the use of these materials in additive manufacturing.

Objectives: Conduct tests in the International Space Station (ISS) Advanced Colloids Experiment (ACE) facility to
elucidate the mechanisms of non-equilibrium phenomena underlying the assembly of colloidal particles assisted by
temperature field gradients and suggest novel routes for processing functional materials.

Methodology: A novel approach will be used to study mechanisms for formation of metastable and glassy phases in
suspensions in the ISS and for comparison on Earth. A single sample will be exposed to a temperature gradient to cover
the interesting range of particle densities. As the particle density is directly measured by microscopy, a priori knowledge
of the gradient profile is not required. Experiments will involve setting up a temperature gradient to observe the resulting
structures and then locally mix a region of known density to watch it glassify or crystallize. Quantitative data on the
suspension rheology will come from microrheology measurements through tracking particle thermal motion.

Deliverables: Understanding of non-equilibrium phenomena in colloids driven by temperature gradients and
experimental database for the control and manipulation of colloidal structures in space and terrestrial applications.

Research Overview

» Why is the research needed? New functional materials are created using micron-sized particles suspended in fluid
(called colloids) that self-organize into crystalline structures or amorphous glass phases by means of entropic forces or
under the control of non-equilibrium drive as supplied, for example, by temperature gradients. The ACE-T11
experiments in the ISS utilizes confocal 100 X microscopy for time- and space-resolved 3D imaging of the arrangement
of spherical colloidal particles, and examines the influence of temperature gradients on the particle motion and
arrangement (referred to as thermophoresis).

» What is accomplished? In ACE-T11, the phase behavior of micrometer-sized colloidal particles in long-duration
microgravity is studied in the ISS on dense suspensions at volume fractions f~0.60-0.63. The particles are found to
self-organize into face centered cubic (FCC) colloidal crystal of the capillary size (27 mm x 1.5 mm x 150 um). It is the
first confirmation of the theory for the phase behavior of hard spheres, the simplest model of matter with a crystallization
transition. In contrast, colloidal crystals formed on Earth do not grow larger than several hundreds of micrometers due to
gravitational settling.

» What is the impact of the research? Ultimately, the ability to design functional structures — based on micrometer-scale
building blocks — with a variety of well-controlled three-dimensional bonding symmetries, amorphous structures and
different rheologies will allow the development of new devices for chemical energy production and storage, photonics
and communication, and a new set of slurries and pastes useful for additive manufacturing. Such materials might

include photonic crystals with programmed distributions of defects. Optical technology utilizing such materials may
offer intriguing solutions to unavoidable heat generation and bandwidth limitations facing the computer industry. New
insights were gained in the ISS experiments on the formation of crystalline phases as distinct from the amorphous glass,
a question raised by previous microgravity studies, as yet unresolved, whether glass phases found on Earth would readily
crystallize in microgravity. In particular, it was revealed that molecular dynamics simulations of equilibrium work when
gravitational effects are unimportant. They therefore can be used for simulations of materials processing in microgravity.

* Space Applications: Eventually, future space exploration may use self-assembly and self-replication to make materials
and devices that can repair themselves. Self-assembly and evolutionarily-optimized functional units are key to
long-duration space voyages. Even more immediate is the requirement of replacement parts and specialized repair
facilities for space missions. 3D printing and additive manufacturing will be necessary for future space missions. The
development of particle slurries and pastes with the appropriate rheological properties that work in both microgravity
and conventional gravity will be needed. One objective of the experiments conducted in the ISS is to develop new
materials that cannot be formed on Earth.

* Earth Applications: This investigation involves several fundamental and practical aspects of soft matter science with
potential applications on Earth. Self-assembly processes are crucial to making functional materials and devices from
small particles. Improved design and assembly of structures fabricated in microgravity may have use in a variety of
fields from medicine to optoelectronics on Earth. Ultimately, the ability to design and build functional structures based
on colloids will allow new devices for chemical energy, communication, and photonics, including photonic materials to
control and manipulate light. The rapidly growing fields of 3D printing and additive manufacturing rely on the
assembly and sintering of particle aggregates and the preparation of high-density slurries and pastes of different
colloidal materials and with different rheological and mechanical properties is a main goal of these studies.

As reported earlier, the International Space Station (ISS) experiments conducted by the New Jersey Institute of
Technology (NJIT) and New York University (NYU) researchers in 2020-2021 revealed the ability to order
micron-sized spherical particles in the face-centered cubic (FFC) lattice of the size of the capillary container (27 mm x
1.5 mm x 0.15 mm) in a long-duration microgravity environment. Micron-sized ellipsoidal particles were found to form
the nematic phase on the ISS that is similar to the structure of molecular liquid crystals. Contrary to polycrystalline
colloidal materials formed in terrestrial experiments, this large single colloidal crystal has a continuous, uniform, and
highly-ordered structure. A three-dimensional colloidal crystal is the optical analogy to an atomic crystal lattice, in
which the refractive index repeats periodically in three directions on the scale of the wavelength of light. This ordering
leads to the Bragg diffraction from a colloidal crystal when the light is scattered in mirror-like reflection by the
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successive particle layers and undergoes constructive interference. The grating constant of the crystal can be varied by
changing the size, refractive index, and volume fraction of colloidal particles. The use of micron-size colloidal particles
enables fabrication of a three-dimensional Bragg grating for the mid-infrared spectral region of 2-20 pm that contains
strong characteristic vibrational transitions of many important molecules, as well as two atmospheric transmission
windows of 3-5 um and 8-13 pm.

The NJIT and NYU researchers used the ISS experimental data for the development of a method for manufacturing a 3D
colloidal crystals for infrared photonics in a low-Earth orbit (LEO). The method employs the major outcome of the
ACET!11 experiment that demonstrated that the equilibrium phase diagram of colloidal hard-spheres provides reliable
design guidelines to form colloidal crystals in the long-duration microgravity environment. The invention disclosure was
submitted to the NASA New Technical Reports Server, NTR ID 1658166792. The team also submitted a
non-provisional patent application on the technology concept for manufacturing of 3D colloidal crystals for infrared
photonics in an LEO and returning them to Earth:

Mary Murphy (Nanoracks, LLC), Qian Lei (NJIT), Boris Khusid (NJIT), Andrew D. Hollingsworth (NYU), Paul M.
Chaikin (NYU), William V. Meyer (Universities Space Research Association). METHOD AND APPARATUS FOR
FABRICATION OF LARGE THREE-DIMENSIONAL SINGLE COLLOIDAL CRYSTALS FOR BRAGG
DIFFRACTION OF INFRARED LIGHT, Nonprovisional Patent Application 18/192,833; 03/30/2023.

Description: (Last Updated: 09/17/2023)

18/192833 Nonprovisional patent application. Mar-2023 Murphy M, Lei Q, Khusid B, Hollingsworth AD, Chaikin PM,
Meyer WV. "Method and Apparatus for Fabrication of Large Three-Dimensional Single Colloidal Crystals for Bragg
Diffraction of Infrared Light."
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