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1. Nanoscience and Nanotechnology in Europe

 Nanotechnology Products and Markets
Nanotechnology R&D Investment

d Nanotechnology R&D Programs in Europe




» Ability to understand, create, and use
structures, devices and systems that have
fundamentally new properties and functions
because of their nanoscale structure,1-100
nanometer .

» Ability to image, measure, model, and
manipulate matter on the nanoscale to
exploit those properties and functions.

» Ability to integrate those properties and
functions into systems spanning from nano-
to micro- to macro-scopic scales.
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Nanoarea Electron Diffraction of
DW Carbon Nanotube - Zuo, et.al

Corral of Fe Atoms - D. Eigler
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» Computing and Data Storage
» Materials and Manufacturing
it e » Health and Medicine

| § » Energy and Environment

» Transportation

» Security

» Space exploration

Source: www.ipt.arc.nasa.gov

» The market size for nanotechnology products amounted to $147 billion in 2007
and is expected to grow to over $1 trillion by 2015.
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Four Generations of-Products (2000-202C

Four Generations of Products (200-2020): Timeline for beginning
of industrial prototyping and nanotechnology commercialization

1st: Passive nanostructures (1t generation products)
EX: coatings, nanoparticles, nanostructured metals, polymers, ceramics
—e |-
~ 2000 2nd: Active nanostructures Ex: 3D transistors, ”
amplifiers, targeted drugs, actuators, adaptive structures %:IJ
O
—> e
~ 2005 3rd: Systems of nanosystems —E
S e Ex: guided assembling; 3D networking and new -
hierarchical architectures, robotics, evolutionary §
e, W "¢
~ 2010 e o | 4: Molecular nanosystems | 2
R&D —» Broad Use g . Ex: molecular devices ‘by design’, | <
IT 1960 - 2000 atomic design, emerging functions __l__
BIO 1980 - 2010 ~ 2015-
NANO 2000 - 2020 2020 AIChE Journal, 2004, Vol. 50 (5), M. Roco
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{ Commercialization-of Nanotechnology Products

» The transition of new and emerging nano-enabled technologies from the
laboratory to commercial products is dependent on numerous factors,
Including:

» Integrating the nanostructures, nanodevices, and nanosystems into products
with characterized and reproducible properties.

= Scaling-up the manufacturing or fabrication for commercial production;
development of related technologies.

= Market forces and cost.
= Consumer acceptance of nano-enabled technologies and products.

» All of these factors will determine whether nanotechnologies will move
from the laboratory to the market.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




— T
-

-

Nanotechnology R&D-Funding (G1oio‘§')'

Global Nanotechnology Research Funding (Public and Private)
iIn 2005-2006 & 2007-2008

2005 - 2006 2007 - 2008
Public Private Public Private

Bilion€)  (Bilion€) 'O | (Bilion€) (Billion€g) 'O 1AL
EU 3.4 1.9 5.3 3.8 2.5 6.3
USA 2.8 3.1 5.9 2.6 41 6.7
Japan 1.5 2.4 3.9 2.7 4.4 7.1
Russia 0.8 0.8
China 1.5 0.9 2.4 0.8 0.3 1.1
Others 1.5 1.1 2.6
TOTAL 9.2 8.3 175 12.2 124 246

Sources: EC and Lux Research
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+ Interactions Between, Nano-; Bio-; Info- & Cogni-Science

* 4 K

» Nanotechnology is not the only critical technology needed by the high-
value manufacturing sectors.

» Biotechnology (bio-) and ICT (info-) technologies together with cognitive
(cogni-) science are also important.

» Collectively, they form enabling technologies for product and process
technology innovations in other industrial sectors.

Bio- Micro- Info-

Cogni-
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2. Research Directions in Nanomaterials and
Nanostuctures by Design

d
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Fundamental Understanding and Synthesis
Analytical Nano-tools and Measurements
Manufacturing and Processing

Modeling and Simulation




» The largest barrier to rational
design and controlled synthesis
of nanomaterials with predefined
properties is the lack of basic Nanomaterial
scientific knowledge regarding
the physics, chemistry and
biology that limits our ability to SYNTHESIS
predict a priori structure-property
processing relationships.

Prediction

ng concepts cross-disciplines
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cont 09
ang e
ruc™ o =
Rl T an© N
1l C8%

M.C. Roco, October 4, 2007 ~ Costas Kiparissides

ADVANCED
ANALYSIS

for knowledge-
based design

MODELLING

RS

Role of advanced analysis for nanomaterials science
and nanotechnology ( Source:GENNESYS)
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nanoscale systems.

Self-Assembly Processes
» Molecular / NP self-assembly
» Flow and Field Assisted self-assembly
» Templated (opals, liquid crystals,...)
> DNA directed assembly om0,
Self-Assembly of Supercrystals
» Photonics
» Sensors Py |
> Magnetic storage .HC
e Modeling of self-assembly
® Incorporation in multi-scale models
e Scale-up of self-assembly
deposition)
C.B.Murray 2006
organization)
LPBE/AUTh/CERTH Prof. Costas Kiparissides

v/Controlled particle destabiliztion (aggregation vs.

Observed plane
of form {110},

» Exploit self-assembly during processing of molecular and

Cubie subunit

v/Interaction of NPs with field (flow or potential)

v'Binary supercrystal formation (deposition vs. self-

\

e
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Molecular-Machines

molecular machines
» NEMS - NanoElectroMechanical Systems
» Molecular Machinery (CNT gears)

MD is used to investigate the properties and

LPBE/AUTh/CERTH Prof. Costas Kiparissides

» Supramolecular Assemblies can be used as

. Han, ], A Globus, . Jaffe, and &, Deardor. 1997, Molecular dyamics simulasion of carhon manofibe
design space of the CNT gears. heti s ey 950 msmwﬂ;mpmi?ﬁgm
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STRUCTURAL MATERIALS

+ Light-weight materials
« High-T materials

« High-strength materials

« High surface area materials
+ Tribological materials

+ Corrosion-resistive materials

J

Metals, ceramics
polymers, organics
composites

J

NOVEL HYBRID STRUCTURAL
MATERIALS:
BONE-REINFORCED CONCRETE/
STEEL METAL MATRIX COMPOSITES

LPBE/AUTh/CERTH

+ Bone implants MATERIALS:
<«— - Dental implants — CELLS ON CHIP/
+ Tissue

MATERIALS

+ Electronic materials
« Magnetic materials
+ Photonic materials
+ Superconducting materials
+ Smart polymers

Y

Semiconductors, oxides
metals, ceramics
polymers, organics ...

BIO-MATERIALS NOVEL HYBRID FUNCTIONAL

'NANOMATERIALS
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. Overview of Bio-nanosystem Technologies

NATURAL NANOSYSTEMS BIOMATERIALS MEDICINE
- Precise design and control of architectural natural . Library: engineered nanostructures for integration . Cancer diagnostics and higher resolution
molecules (oligo- and polysaccharides) into complex shapes - Tissue engineering and better organ support
- Natural block copolymer self-assembly - Hybrid bio-artificial structures with novel - Artificial organisms as model system implants
- Natural compartmented nanoparticles and properties - Bionanosensors for monitoring
intelligent surfaces - Integrated systems for sensing and repair in - Nanobiotics for better treatment
- Develop new and original strategies for biological systems - Therapeutics delivery
elaborating functional polysaccharides-based - Antimicrobial / biocompatible surfaces - Toxicology to understand dangers
nanoelectronic materials - Nanocoatings for surface wettability - Gene therapy for disease management
- Flexible electrical displays using renewable raw - Nanocomposites for hard/soft tissue mechanical
materials matching

- Biomass valorisation and sustainable materials

1 }

FOOD DENTISTRY

- Nanostructure-guality complexes - Tooth diseases diagnostics

- Texture modifications for consumer value B_I O-NANOSYSTEMS - Dentine/enamel assembly

. Nutrient delivery systems and drug release for - High performance . Anti-caries, antimicrobial therapy
extending benefits reconstructed tissues and . Soft & hard tissue regeneration

- Process engineering for refined production —— implants 3 - Oral nanoprobes

. Colloid technology - New delivery systems . Biomimetic dental implants and fillers —
- Intelligent packaging —nano antibacterial - Optimised f!“’-”""*a' tre_atments implant biocompatibility

coatings for better products - Saferand higher quality . Cosmetic repair materials
. Shelf life monitoring for safer starage nanobased products . Bone repair

Y Y

AGRICULTURE HEALTH CARE COSMETICS/OINTMENTS PHARMACEUTICALS
- Health/resistance of plants and animals - Nanosized soft formulation - Drug delivery to specific tissue
- Lipid vesicles - Controlled screens - Drug targeting with low side effects
- Precision farming: maximise crop yields/ - Reactive materials - Antimicrobial surfaces
minimise fertilisers & pesticides through - Local skin delivery - Nanobiotics for greater efficacy
monitoring - Vaccines - Lab-on-a-chip and bioreactors for screening,
- New sources & implementation of bio-energies - Stealth therapeutic agents toxicology and drug targeting
- Agriculture based multifunctional nanoobjects - Nanophotonics effects - Biosensors and in vitro test systems for
- Quality and safety of food . Safety aspects monitoring
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Nanomaterials for Future Energy -

** Fuel cells membranes
Nanosized catalysts

** Storage * (0, capture by nanomaterials
= Bioproduction ** Nanosize catalysts
= , * Hydrogenases Assisted oil recovery
= Battery capacity :
a Lifatime Hydrogen by nanoparticles
** Supercapacitors @ 0.
** Ageing @\%"0 S/ e
Microbatteries & Q
* Hybrid architectures < ** Thin films
3 (mineral and organic)
S 9 : ‘
C@‘@Q 'NANOMATERIALS % ** Tailored electronic structure
** | ightning (LED) K ég tailoring/synthesis/processing ’Zo ** Ageing
Sensors S 2 * Coatin
* Coating £Z NANOSCIENCES A .
Light materials S New phenomena: physics, u
Sponge materials chemistry, biology
> NANOCHARACTERISATION Storage
g Neutron scattering, synchrotron radiation 55 * Corrosion
jrar B . B B Fry H
** Thermoelectricity S in-situ and non invasive Q : r’égetlﬂg
**High T supraconductivity w 0aling
‘ . NANOSIMULATION
Cables with nanomaterials fgb Theory & high perf. computing 0 O
) N
2 S
K) d, Y@ * Corrosion
9 {39 ** Nanointerfaces
* High T materials V * (Coating
Radiation resistant materials 0@
** Nuclear waste 1930 0 g
" Nuclear fuel . a— Biocatalysts
Reprocessing Enzymesy Future needs in
* Marine corrosion ** Nanosize catalysts SR and N based analytics
** Ageing Photosynthesis :* urgent
* Reaction dvnamics high
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:._Research Priorities in-Nanomaterials Synthesis

» Develop models, theories, and experimental validation methods for guiding
synthesis and assembly.

» Basic knowledge of self-assembly processes, particularly those governed by
non-covalent forces.

» Develop new bottom-up methods based on exploitation of biological
principles such as molecular recognition and templated synthesis, as well as
supramolecular chemistry.

» Understanding of nucleation, growth, and disassembly mechanisms.

» Development of mechanisms controlling interfacial interactions in the
production of nanoparticles (non-agglomeration), and ordered, spatially-
resolved nanostructures.

» Develop new design strategies and paradigms for the controlled assembly
of nanocomposite and spatially resolved nanostructures with long-range
order.
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‘Research Priorities in-Nanomaterials Synthesis

Understanding of mechanisms controlling heterogeneous integration across time and
length scales.

Understanding of structure-property-processing relationships at the nanoscale and
their influence on the macroscale behaviour of materials.

Understand the origin of unexpected nanoscale behaviour and develop the ability to
predict behaviour for nanomaterials properties including:

- Hardness and ductility,
- Electronic and optical properties,
- Mass transport, reactivity, catalytic properties, etc.

Develop new high-throughput screening methods to determine structure-property-
relationships.

New synthetic strategies for identified building blocks and assemblies that are
amenable to combinatorial screening.

A database of key nanomaterial properties (e.g., physical, chemical, mechanical) that
compares performance to bulk materials.

Develop a systems approach to enable new, paradigm-shifting applications using
nanomaterials.




» Observing, correlating and understanding structure and function at the
nanoscale is essential to developing reproducible nanomaterials. To do this,
analytical tool capabilities must move from static measurements of quenched
samples to dynamic, real-time measurements.

New analytical tools are needed to:

» Evaluate nanomaterials with a spatial
resolution 1 nm or less

= Analyze buried interfaces

= Analyze nanoscale biosystems

= Analyze high throughput in real time

= Couple theory/modeling and experiment

» Develop nanostructure / property
relationships

= Understand and bridge multiple length
scales

LPBE/AUTh/CERTH
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Analytical Nanotools and Measureme

Tool Specifications for Real-time Characterization:

Scanning
System

=  Three-dimensional tomographic capabilities =
= Spatial resolution of 1nm or less Systom
=  Applicable to sample volumes of 1ums3 '

= Multiple probes for rapid, parallel measurement of
iIdentical  properties or for  simultaneous

1 1 % L0000
measurement of different properties i
I= -;; “,-“ "I, -:}\:‘\‘T:-‘.I“
DAL R A & 4

= Fast acquisition speed to monitor
Kinetic processes in real time

= Function In a manufacturing
environment ( on-line monitoring)

= Function in different environments
(e.g., in-vacuo, in-vivo, and in-vitro)

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Research Priorities-in Analytical Nanotools

e =

» Develop advanced methods and instrumentation (hardware and software) to
provide chemical and physical properties and structural information in real-
time, with 1-nm or less spatial resolution—including, but not limited to:

= Spectroscopies
= Scattering techniques (Fourier Space)
= Microscopies (Real Space)

» Integrate individual techniques into 2-D and 3-D, real-time multi-probe
systems. (Develop multi-probe systems that integrate imaging, scattering, and
spectroscopy functions to enable higher throughput.)

= |mproved sample handling and manipulation
=  Miniaturization capability

= Vibration isolation capability

= Reproducible interprobe performance

= QOperation in-vacuo, in-vitro, and in-vivo

LPBE/AUTh/CERTH Prof. Costas Kip: (R




> Nanomaterials are manufactured

today with traditional
manufacturing techniques and
unit operations.

Researchers need to focus more
on the the development of
scalable, cost-effective, robust
and reliable production methods,

consistently and correctly
controlled at the atomic scale, to
significantly expand the

commercial use of nanomaterials.

Biological systems found in nature
provide excellent examples of
highly controlled and organized
architectures that generate
complex materials.

Source: GENNESYS Report

LPBE/AUTh/CERTH
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Nanoparticle preparation
Crystal growth
Deposition technigues
Removal techniques
Modification technigues

ADVANCED
SYNTHESIS

Nanofabrication
Nanoprocessing

KEY CHALLENGES AND GOALS
IN SYNTHESIS AND NANOFABRICATION

- New synthesis must include all types of materials (inorganic, organic, bio-)
- Increase reproducibility, precision, control of structural parameter

[size, shape, roughness, connectivity, morphology, chemical composition)

- Invent new nanofabrication strategies, develop an in-situ-control of the

relevant fabrication parameters

- Synthesis and nanofabrication at the interface to biology
- oynthesis of hybrid materials
- High-throughput screening with spatial resolution in nanoparticle synthesis

(particularly for drug production)

- Controlling purity at all synthesis steps

- News ways of self-assembling colloidal particles

- New microfluidic approaches in nanosynthesis

- New interaction between nanosynthesiser and nanoscientists

- Colloidal chemistry: newways to synthesis in a controlled way non-spherical

colloids (rods, pyramids)

- Nanoparticle synthesis (sol-gel gasphase): reduce size vanation from

20% tolessthan 5% (to see quantum effects); use of inverted micelles

June 15, 2011




» Develop Robust Scale-Up and Scale-Down Methodologies for Manufacturing.

= Develop models and documented design tools to scale up or scale down
processes quickly and effectively

= Design and develop processes to engineer materials at the device level
that retain properties of the nanoscale (e.g., retention of nanograins in
sintered consolidated material)

= Develop reliable passivation techniques to allow safe handling and
preservation of nanomaterial functionality

= Develop purification and classification processes
» Develop Novel Manufacturing Techniques for Hierarchical Assembly.

= Develop robust reproducible self-assembly techniques that integrate
synthesis and assembly functions of manufacturing and minimize labor and
energy input.

= Develop efficient modular tools for building-block assembly

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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» Develop Dispersion and Surface Modification Processes that Retain Functionality.

L
2l

Research Priorities in-Manufactun

= Develop techniques for direct measurement of dispersion characteristics
and surface modification in the manufacturing environment

= Develop the ability to address contamination in the process

= Develop a broad library of scalable surface functionalization and
compatibilization techniques for modifying and dispersing all families of
nanoparticles while retaining functionality

» Process Monitoring and Control for Nanomaterial and Product Consistency.

= Develop robust, rapid quality control (QC) tests

= Develop “smart” responsive control systems for real-time processing based
on improved analytical tools that provide on-line imaging techniques

» Integrate Engineered Materials into Devices While Retaining Nanoscale Properties.

= Develop manufacturing methods that cross material-scale boundaries

= Develop and design processes that integrate engineered materials at the

device level while retaining properties of the nanoscale
LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Applications

Nuclear

. Microelectronics |

-~

. Automotive

P

{ Civil

<
Aerospace

Materials

Computers \ .
Optoelectronics

7

.

"

Development &
improvement of new
materials

Characterization

Y

Properties

Materials theory plays an indispensable role in the development and
Improvement of new materials in various industries.

LPBE/AUTh/CERTH
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» Robust, high-confidence models and simulations are needed to
predict the properties and behavior of new nanomaterials and
assembled systems across scales — from synthesis of particles
through their integration Into devices, and finally, to their

performance in final products.

A\

500
¥
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Nanopartlcles &-Nanostructured Materials

e A unique aspect of nanostructured materials is the diversity of
morphologies that can be achieved using various building blocks and
processing techniques. Unigue enhancements of properties can be
achieved but these properties are often difficult to predict.

» Materials: Metals and metal alloys, ceramics and glasses,
semiconductors, polymers and polymer composites, soft solids
(liquid crystals, colloidal matter, ice cream)

» Properties: Magnetic, Electrical, Optical, Thermal, Mechanical,
catalytic, etc.

e The ultimate goal i1s to reduce the dependence on experimental
measurements and perform at least the preliminary stages of materials
selection and design on computer. The aim is to reduce the cost and
time of developing materials for new applications.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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¢+ Design-of Nanomaterials and Nanodevices

* 4 K

ASSEMBLY
MANIPULATION
NANO-FAB

. SYNTHESIS ANALYSIS ~_~
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Computational Materials Research

Materi Experiment

Quantum physics, solid state chemistry, Improved analysis and synthesis methods

solid mechanics, fluid mechanics,
fracture mechanics, pecolation theory,

thermodynamics, rheology, etc.

Computer Simulation

Atomistic Modelling

Methods:
Ab initio (Hartree-Fock, DFT)
» Molecular statics
Molecular dynamics (MD)
» Quantum mechanical MD
« Monte Carlo (MC)
MD/MC hybrids
+ L attic dynamics

Microstructure Modelling
Methods:

+ Potts Modell Monte Carlo

« Cellular Automata

+ Diffuse-interface model

» Phase Field models

» \foronoi methods

» Population Balance models

Macro-scale Modelling

Methods:
Finite Element Methods (FEM)

» Densification models

Computational thermodynamics

Multi-scale modelling
link anatomic and/or micro-scale to macro-scale

}

Materials Applications

New and improved polymers
LPBE/AUTh/CERTH es June 15, 2011




Challénges in Materials Simufation

Functional Design Current Status:

1. Impressive advances in solving the challenges:

» Models / Algorithms / Approximations
2. Simulation is allover in nanoscience research

» To alarge extent, it has substituted ‘traditional’ Theory, due

to its capacity to give quantitative (not just qualitative)
answers to each specific system

» A large community of groups specialized in simulations in

nanomaterials

» Many experimental groups do simulations to understand and

complement their experiments.
3. Huge improvement in computer power

LPBE/AUTh/CERTH Prof. Costas Kiparissides
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» Electronic structure/quantum calculations(102-103atoms, 10ps)

e Quantum chemical methods
e Ab initio Molecular Dynamics (classic nuclei / QM electrons)
e Density Functional Theory (DFT) and Hartree-Fock (HF) Approaches

Local Density Approximation (LDA) is a simplified version of the “parameter-
free” DFT and HF approaches. Semi-empirical quantum chemical methods
are systematic simplifications of DFT or HF theories. Hybrid approaches link
DFT-MD with a full QM treatment of the hydrogen nuclei.

» “Classical” calculations (~104-10° atoms, 1ns)

e Molecular Dynamics (~10° atoms)
e Monte-Carlo (critical phenomena / phase transitions)

Can describe generic properties of large collections of model molecules
(polymer, colloids, supramolecular assemblies, nanoparticles, etc.).
Requires interaction potentials (“force fields”) from QM calculations.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




» Mesoscopic and Macroscopic Methods

e Semi-Macroscopic (Mesoscale) models such as
Dissipative Particle Dynamics (DPD), Lattice

Boltzmann Hydrodynamics (LBH), Self-Consistent
Field Methods (SCF).

e Traditional: FEM, FD, FV, CFD

» Provide a closer link to molecular properties and
Monte Carlo sampling.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




: Classical continuum theories

! (2010) (@001 EEM, Solid and fluid
— 'f mechanics (plasticity,
; viscoelasticity, ...), Energy
101 With a few exgeptions, and mass transport theories,
B no suitable };’ﬂethods Diffusion equations.
10
- "g ',
=7 Mesoscopic theories
Y .- Continuum gradient theories, Lattice
Lo Boltzmann, Monte Carlo, Particle

hydrodynamics, etc.

B MD, Tight binding
10

Ab 1nitio Length (m)
] | ] ] | ] ] | ] | ] ’_
1071 107 10° 10 107 1
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{Materials Simulation;: From-Atomic to "I\/Iéér'(')s'copic

* 4 K

Multiple length and time scales

» Electronic information with ‘chemical accuracy’

» Large-scale (often macroscopic) environment that fixes
boundary conditions

Gold nanoclusters on graphite; R. Palmer‘s group, Birmingham

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Multi-Scale Modeling in NanoMaterials

» Current Status and Future Directions

e Extension of existing computational technigues to broader
length and time scales. Development of new theories and
computational tools.

e Integration between completely different computational
approaches (e.g., guantum vs. classic mechanics, deterministic
VS. stochastic, continuous vs. discrete) remains a challenge.

e Fundamental breakthroughs and new techniques are needed to
achieve this integration. Ultimately, Problem solving
environments comprised of smart software that will permit an
engineer to design nanoscale systems and devices without a
detailed understanding of the underlying physics need to be
developed.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Multi-Scale Modeling in NanoMaterials*

e Data management and computing. Enormous amounts of data
are being generated (experimentally and computationally) and
need to be “processed’, i.e., consolidated into existing databases
and “analyzed’, I.e., identify and extract useful information, in an
efficient manner.

e Self-assembly, self-organization, and emergent behavior are
characteristics of many nanoscale systems e.g., biological
systems. Significant advances and fundamental breakthroughs
are needed to understand these processes and utilize them in the
design of next-generation nanotechnological systems and

devices.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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Code Development / Maintenanee -

» Massively parallel codes are not easy to write ! !
» Issues: distribution of tasks and memory; load balance
» Typical development time: 5 years

» CHALLENGE: Keep up with HARDWARE development through
SOFTWARE development. New (collaborative?) paradigms are needed

» Several ‘standard’ codes out in the market (VASP, Castep, SIESTA,
Quantum Expresso, CP2K, ...)

» Issues of code consistency - VALIDATION
» Data Bases of Simulation results

» Extracting valuable information from Data Bases

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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Codes for electronic structure are
not always consistent in results.

Verification and validation is
needed

Automatic 1/0O handling
Input compatibility - XML formats.
Web-based database

First step towards code
Interoperabllity

“Open Innovation” strategy is the
final goal:

" Modules, functions, libraries...

= Warehouse for
optimized/specific software

LPBE/AUTh/CERTH

The Publication

ESTEST: a framework for the validation and verification of electronic structure codes

Project summary

ESTEST (es-test) is a framework to facilitate the verification and comparison of Electronic Structure codes like
Qbox, Quantum Espresso, Siesta, ABINIT, and The Exciting Code. The ESTEST framework consists of three
components:

Prof. Costas Kiparissides

1. Automated input/output handling
o ESTEST searches automatically for input/output file pairs of electronic structure codes in batches

through the administrator command line interface or one pair at a time through the web interface.

2. Translation to unified-representation {UR) XML format
o Pairs of inputioutput files located by ESTEST from different electronic structure codes are

translated to a unified representation that is a extensible XML format. These UR XML documents
form a database of simulations and publications that may be accessed using xquery.

o The franslation format and translation scripts are fully extensible to other electronic structure tools.

3. Rich web interface
o The UR XML database is accessible through a web interface allowing anyone to view the

documents, make comparisons between simulations, and use data post-processing and
visualization methods. In addition, registered users are able to edit the UR XML database with the
ability to contribute new simulation data that is translated to and stored as UR XML.

http://estest.ucdavis.edu/

June 15, 2011
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http://www.materialsgenome.org

Home About Apps Datasets

MATERIALS
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Support

Accelerating materials discovery
through advanced scientific
computing and innovative design

tools.

Computational phase
diagrams for closed and open
systems with 2-4 components.
Find thermodynamically stable
phases, study decomposition
pathways and more.
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Calculate the enthalpy of tens
of thousands of reactions and
compare with experimental
values.

Prof. Costas Kiparissides

Predict new compounds using
data-mined substitution
algorithms.
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http://www.materialsgenome.org

- 18 years

fo move materials
from lab to market

Materials Genome

By computing properties of all known materials,
the Materials Genome aims to remove guesswork
from materials design in a variety of applications.

Experimental research can be tfargeted to the
most promising compounds from computational
data sets. Researchers will be able to data-mine
scientific frends in materials properties.

By providing materials researchers with the
information they need to design better, the
Materials Genome aims to accelerate innovation
in materials research,

Battery
Compounds
Screened

Extractihg Valuable Info from Data Bases

10,000
U, VU

The Power of Computation

Computational materials science is now powerful enough that it can
predict many properties of materials before those materials are ever
synthesized in the lab.

By scaling materials computations over supercomputing clusters, we
have computed some properties of over 80,000 materials and screened
25,000 of these for Li-ion batteries.

The computations predicted several new battery materials which were
made and tested in the lab and are now being patented.
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* Multi-scaleModels of Particulate Systems

*

. \ - - N
Particle Structure |, | Particle Populatlorl Reactor
\ H ~ H ~ - Ty S e s U
porous Dynamigé «| Dynamicsg -0 ~ . (MIXIG/CEDY) 7
R 99 ‘ adsorption A Q-0 0.0 7S :
Transfer/Kinetic Jr dynamics “. 00 ’ I < I
. N [} ~ [}
Properties aggregation @: e ——————
o breakage >« E o ® o j
kinetics growth FE o]
Transfer properties PN ° == 0 - ‘
Molecular o rQ“\: §> °® ° fo gi
Dynamics Lo O <; e 0-""0
Monte-Carlo flux 0. 0.-- ‘ T b o
Simulations X e o ° PH-s
. 0_-- LL— 550 °
porosity mass - 0 ° o e T %0 L
surface flux -] ¢ -~ W
area -7

Uni-variate Multi-scale Multi-scale
Reactor - Uni-variate - Multi-variate
Models Reactor Models Reactor Models

Wet-phase production of nanoparticles and nano-structured microparticles
® Precipitation processes in agueous and organic phases

® Multi-scale approach is comprised of completely different models which are not
easily integrated (e.g., because of coupling between scales).

®* Inverse problem, i.e., recipe and process that generate NPs with desired
properties, is not easily solved.
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LDPE Manufacturing Technologies -

Tubular Process Characteristics

Autoclave Process Characteristics

® Lower  operating costs  than
autoclaves

® Optimization of reactor heat removal
® Conversions up to 20-35% per pass.

® Low EVA copolymers (<10%) and
polar ethylene acrylate copolymers
(EMA, EBA, EEA)

® Tubular reactor technology is used
for films, wires, cables and sack
grades.

Tubular Reactor

Higher operating costs than tubular

Adiabatic conditions limit conversion
to 20-25% per pass.

Low and high EVA specialty
copolymers and polar ethylene
acrylate copolymers (EMA, EEA,
EBA)

Autoclave reactor technology is
used in the production of extrusion
coating resins and  hot-melt
adhesives.

Autoclave Vessel

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Modeling Complexity

Monte Carlo
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The Monte Carlo Method =

In MC simulations the properties of a population (i.e., molecular species)
are inferred by tracking the corresponding properties of a finite sample.

R=k X° ;1 j=12..N,

j
P<m, < Z P where:

LPBE/AUTh/CERTH

Basic principles of the formulation (Gillespie 1977):

» Net formation rates for all the chemical reactions in the system

XC is the total number of possible combinations of
the molecules involved in a reaction step

> Time interval between two successive reaction events

I'N is a random number in the range (0, 1)

» The reaction step, ', from the set of all possible reaction events that will
take place within the infinitesimal time interval (t+At — t+At+dt)

Prof. Costas Kiparissides June 15, 2011




® The topological information regarding a polymer chain is stored in a

topology column of the total topology array.

Positio Topological Information Value
1 A Total chain length 51
2 Size of backbone chain 14
3 Total number of branches (=b) 9
4 Size of branch N° 1 4
5 Position of branch N° 1 3
6 Size of branch N° 2 5
7 Position of branch N° 2 5
8 Size of branch N° 3 9
9 Position of branch N° 3 21
20 Size of branch N° 9 (=(2b+3)-1) 3
21 Position of branch N° 9 (=(2b+3)) 12

Topology Array
18 45
- " 44
47 45 . 1
16
50
) - 42
i 9 49
A . 8 5 14
3 ? 11
12 13
19
20+ 24 2 2 . .
28 31
29 30
21 33
. 9 36
23 35 sl 40 M
38
39
LPBE/AUTh/CERTH Prof. Costas Kiparissides
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® Via the MD simulations, a series of random 3D
configurations is obtained for every polymer chain.

'™ Monomer Units = 14118
'\| Number of Branches =3
| | —— Backbone Chain
| ——Branch1

—— Branch 2
——Branch 3

0 50 100 150 200 250
Y Axis
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» Branching Factor, g

» Radius of Gyration
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1.2

1.0

=
%

=
=)

=
=

0.2

0.0

S. Grade 1
S. Grade 4

e © o 8%)00 o
- © oQD Ooo @
10 10’ 10*
Chain Length

Prof. Costas Kiparissides

June 15, 2011




UNDERSTAND Tissue regeneration,
Cell interactions
Biological materials Mechanobiology,
Biomechanics,
Fracture prediction,
Evaluation treatment
strategies,

Implant integration, . ..

gene — protein — fibre/membrane — cell/tissue — organ
nm pm mim

Hierarchies in structure and dynamics

Biomimetic materials Biohybrid materials

Hierarchical materials, Biosensoring,
Selt-healing materials, DEVELOP Tissue engineering,
Adaptive materials, Regenerative therapies,
Intelligent nanocomposites, Target drug delivery,
Multifunctional nanomaterials, Artificial organs,
Bio-based composites, Implantable devices,
MNanofibre-based devices, ... Living materials, ...
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Safe Design of Nanomaterials -

—

INTERACTION
BIO/NANO INTERFACE

4 )

FUNCTION -
ACTIVITY

SIMULATION
MODELING

STRUCTURE PROPERTIES

SYNTHESIS \_ ANALYSIS
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Irtual Physiological Human

Integration across ....

Across sub-systems

© 2007 STEP Consortivm
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Integration across ....

Across

dimensional scales
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;" 'Biomedical Particle Transfer & Drug-Delivery

» Nasal and Pulmonary Drug Delivery

e Deposition and Drug Release in Nasal Cavity

e Targeted Drug Delivery to the Pulmonary Systej

e Deposition and transfer of toxic nanoparticles and nanofibers

» Cardiovascular Disease and Atherosclerosis
e Flow Dynamics

e Lipoprotein Particle Dynamics and Plaque Formation

» Modeling of Angiogenesis
e Tumor Growth and Metastasis

e Capillary Network Formation

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




It is an extremely complex problem !
* Many length/time scales - from microscopic to macroscopic
« Many external (uncontrolled) variables: bio-environment

™

— Complex cell systems assays

Molecules Pathways Cells Tissues Humans
Meters 107 1078 107 107° 107 10~ 107 107 107" 1
Seconds 10-6 102 104 105 108
Scale Fig. taken from Butcher et al., Natutre Biotech, 2009
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2 Virtual Physiological Model of Re sp| a

* 4 K

¢ Includes: nasal cavity, pharyngotrachea, i .
and pulmonary tract (bronchi, bronchioli, =
and alveoli). eyt S

e CFD simulations of each compartment
are performed and connected together
through the inlet and outlet boundary
conditions.

CFD Simulation of Nasal Cavity

|

e Eulerian/Lagrangian  simulations  of

. . - Nasal Drug
particle motion and deposition are Delivery Model
performed.

e Delivery models provide the amount of Alveoli Drug
drug/toxin released from deposited Delivery Model

e et e 15 gt Alveoli Model
CFD Simulation of Pulmonary Block Multi-block Pulmonary Model

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




L

» Simulations were performed for different inlet velocity magnitudes, profiles,
and directions, different outlet conditions, different inlet turbulent intensities as
well as different viscous models (e.g., laminar, k-g, RNG k-¢, k-o)

g

1.3Be+01
1.3Z2e+01

1
-
Le}
=
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sgnitude Im/s) Mow 28, 2008
Jnitude [m/s) Nov 28, 200B FLUENT B.3 |3d, dp, pbns, ragke)
FLUENT 6.3 |3d, dp, pbns, rngke)

Imjs] Howv 28, 2008
ke

Centours of Yelocoity Magnitude |mis) Feb 24, 2009 de FLUENT B.3 |3d, dp, pbns, rngke) i
u ¥ Magnitu S S s p."Fons, 1 Nasal velocity contours

> The flow varies from laminar to turbulent. For inflow velocities vin=1-2m/s
(typical of regular breathing) and Re = 900-1800, respectively.

» The flow is strongly non-homogeneous. Largest velocity magnitudes occur in
the region near the nasal valve. Flow is directed towards the regions where
the nasal cavity meatuses intersect.

» Only limited flow reaches the outer tips of the meatuses and the olfactory
region.
LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Bivariate deposition
distribution, N;:

Number of particles in the
_sizerange [D, D;,,] which
> deposited between
” Zi and Zi+1.

0.004-

Nij

0002,

v k-o model
v" Zero turbulent dispersion and zero roughness
v V,,=10m/s inlet velocity
v Rosin Rammler distribution:
Dispersion parameter =3.5
Mean Size = 1 and 10um
v Mean Axial Deposition
10pum : 1.44cm: 1pm : 3.23cm

» Small particles (i.e., 1um) deposit less than large particles (i.e., 10um) but
their deposition is much more uniform.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




Geometry and Physiology of the Lungs
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Pharynx Mouth

(Throat)

Laryni Epiglattis
o= \-\- Trachea
Right upper e \
lobe . ) - Fulmanary wein

Right _ ! : Left branchus

bronchus ™ r i Left upper lobe
< : Pulmanary arteries
Right middle B iy \ B} Bronchioles

lobe
Pleura

Alvenli
H— Left lower lobe

RIGHT LLUNG LEFT LUNG

.o}{ygen—rich blood
.o}{ygen-poor hlood

Right lower I_
lohe

Masal cavity r
—_——

Mouth

Conduclive

_JII'_ —— Pulmaonary afericle

1

X - - rominatvronctiote | | csieny
| &S~ e [ Rempraton bronaile | 1
LA

L Alveclar sacs
[
‘. "
_——"/

LPBE/AUTh/CERTH

The lungs consist of the Tracheo-bronchial region
(TB) and the Alveolar region (A). The first region
starts at the larynx, and extends via the trachea,
bronchi and brochioli and ends at the terminal
bronchioles. The second region consist of the
respiratory bronchioles, alveolar ducts and alveoli.

= The tracheobronchial airways consist of a series
of symmetrical and asymmetrical branches.

= Each pulmonary branch corresponds to a
“generation”.

= The lung consists of 23-24 generations. The first
(i.e., “generation 0") corresponds to the trachea
and the last generations (i.e., 17 to 23) represent
the bronchioles and alveoli regions.

= The pulmonary system is represented by a
sequence of seven computational blocks each
consisting of three generations and seven
branches.

Prof. Costas Kiparissides June 15, 2011




Simulations were performed for three drfferent geometries (P1,P2,P3)
and different inlet velocities.

Grid P1 Geometry P1 Geometry P2 Geometry P3

= Different respiratory system geometries were constructed by assembly of seven
computational blocks.

= Each computational block consists of 3 generations of branches — 7 total branches.
= Computational grids were comprised of 200-500,000 tetrahedral elements (per block).

= CFD simulations for the first block were performed by taking as inlet boundary
conditions the outlet flow of the nasopharynx (i.e., airflow and particles).

= For the remaining computational blocks the inlet boundary conditions are taken from
the outlet flow of the preceding computational blocks.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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. Research Priorities in-Modelling and Simulation

» Develop Fundamental Models to Accurately Predict Nanostructure Formation.

Models of fundamental material properties at the nanoscale are needed, as well
as models to screen formation and synthetic pathways.

= Develop methods to include chemistry (reaction and degradation) in force-
field modeling to understand nanostructure formation

= Modeling of the chemistry of deformable interfaces

= |ntegrate the chemical functionality of nanomaterials into models

= Link molecular simulation to constitutive models

= Develop methods for comparing equilibrium, non-equilibrium, and
kinetically trapped systems

» Bridging Models Between Scales, from Atoms to Self-Assembly to Devices.

Accurate predictive models and simulations linking nanoscale properties
across time and length scales to specific macroscopic properties are needed.
These models will help enable the design and engineering of nanomaterials.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




* Research Priorities in-M

* 4 K

» Bridging Models Between Scales, from Atoms to Self-Assembly to Devices.

= Simultaneously incorporate atomistic and mesoscale technigues in ab initio
methods to predict properties or extract atomistic contributions from observed
properties.

= Develop advanced molecular dynamics (MD) simulation methods.

= Develop models of properties that apply to industry and consider unigue
scaling laws from nano to meso to macroscale (e.g., mechanical, electrical,
magnetic, optical, convective transport (heat, momentum, mass), diffusion,
thermodynamic equilibria, including adsorption, surface-surface interaction,
and chemical reaction).

= Extend models to recognize and predict new and unexpected emergent
properties of self-assembled systems

= Expand models to understand and predict toxicology and environmental
impact of nanomaterials.

= Combine simultaneous effects (e.g., flow dynamics and thermodynamic driving
forces) to provide powerful tools for evaluating potential new technologies.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




. Research Directions Iin Atomically Precise Fabrication
Methods

d  Atomically Imprecise Fabrication Methods
Atomically Precise Self-Assembly
Scanning-Probe Based Nanofabrication
Atomically Precise Manufacturing

U O 0O O

Hybrid Nanofabrication




Atomically Imprecise Fabrication Methods

» Nano fabrication techniques may be loosely divided into two camps: a top-down
approach based on lithography, and a bottom-up approach where structures are
built one molecule at a time.

» The first camp favors methods that can extend the existing planar, deposit-pattern-
etch paradigm.

» Lithography is used to pattern features of complex geometries as small as 50 nm.
Non-optical methods of lithography are being pursued to overcome this size
limitation. But as the shrinking length scales continue, new imaging materials may
be required to meet manufacturing constraints.

= Electron Beam Lithography

_H““N

D))

- e
e D e

= Block Copolymer Lithography
= Nano-imprint Lithography

= Dip-Pen Nanolithography

= Dielectrophoretic Assembly
= Plasmon Assisted Chemical Vapor
Deposition (CVD)

= Partially Ordered Chemical Self-Assembly
LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




> Critical Cha||enges: Ultra Molding Imprint Lithography

i : Sub-10 nm mold fabricated using Superlattice of
Semiconductor Manufacturing at a Crossroads ternating SiGe and Si multilayers
= 50 nm resolution limit Deposition Etching Imprinting

= Lacking 3D capability

1Y

» Goal: 3D Nano-manufacturing with si

1-20 nm resolution

» Approaches
= Plasmonic Imaging Lithography (PIL)
= Ultra Mold Imprinting Lithography (UMIL)

Mask fabricated by FIB 90nm features

4nm imprinted features

[Chen, Hahn, Tsao, UCLA; Wang, HP; Hocken, UNCC]

Source: Cheng Sun, Xiang Zhang, SINAM Univ. of California
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Atomically Precise Fabrication Methods

>

>

>

» Atomically precise structures consist of a definite arrangement of

atoms . Current examples include:

= Self-assembled DNA frameworks
" Engineered proteins
= Crystal interiors and surfaces

= Scanning Tunneling Microscopy (STM)-built patterns on crystal
surfaces

The only large structures are simple and regular—crystals; the only
complex, 3D structures are polymers—proteins and DNA.

Atomically precise, STM-built patterns are at a very early stage of
development.

What is lacking is a systematic way to combine components to
build complex systems.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




» Scanning probe microscopes can

image individual atoms and
molecules, manipulate them, and
effect chemical reactions between
them to form atomically precise
structures. They offer a basis for
atomically precise  manufacturing
(APM) of several kinds.

These operations use mechanical
positioning to direct the making and
breaking of strong bonds, and thus
provide examples of mechano-
synthesis.

Scanning Tunneling
Microscope

(IBM - Zurich, 1981)

Quantum-Stadium
Fe on Cu(l11) ""'“”‘Mu%

i
-J.
|

i

Courtesyv: IBM Almaden Lab

In order to construct three-dimensional atomically precise structures, a top-down
nanopositioning system would have to direct bond making and bond breaking
processes with atomic precision. The range of approaches that has been
considered includes placement of reactive molecules of various kinds in various

environments.

LPBE/AUTh/CERTH
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» Scanning probe fabrication is one of many viable pathways to productive
nanosystems. For progress to be made in these approaches to APM,
Improvements in the automated systems that provide accuracy and
stability of positioning, and improvements in atomically precise control of
probe tip structures, will be of central importance.

Atomically precise tooltips
Multiple degree of freedom nanopositioning
Improved repeatability and reproducibility of positioning devices

Increased total area over which higher precision repeatability and
reproducibility limits can be met

Manipulator tip designs for improved positioning of individual
molecules and nanostructures (including gripping ability or selective
stickiness, more degrees of freedom and wider ranges of motion)

Multi-tip manipulators.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




* X %

» Critical Challenges
Self-assembly cannot:

» Goal
Massive and parallel
Integration of hetero-
geneous nano-LEGOs
into devices

» Approaches
= Hybrid Top-down
and Bottom-up
technologies

LPBE/AUTh/CERTH

= Heterogeneously assemble pattern for devices
= Avoid “defects” due to thermodynamic nature

1. Hybrid Top-down & Bottem-up Nanorﬁéhijféiéftﬂring

100 nm

100 pm 100 mm >

Addressing &
Data acquisition
Assembly Motherboard

Bio-Chip

Integrated assembler system will bridge the
multifunctional nano-LEGOs onto bio-MEMS
devices and lead to scalable and cost
effective manufacturing at macro-world.

Source: Cheng Sun, Xiang Zhang, SINAM Univ. of California
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4. Nanotechnology Research Directions in Life Sciences and
Health Care




The term Nanomedicine refers to the application of
nanotechnologies to diagnosis and treatment of diseases.

v

It deals with the interactions of nanomaterials (surfaces, particles,
etc.) or analytical nanodevices with “living” human material (cells,

tissue, body fluids).

It Is an extremely large field ranging from in vivo and in vitro
diagnostics to therapy including targeted delivery and regenerative

medicine.

LPBE/AUTh/CERTH
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= In the long term the capacity of central lab diagnostics will probably be
saturated, which will likely result in an increased need for point-of-care

(POC) diagnostics.

= |n addition, a multiplex analysis system will require some integrated data
processing capability able to perform sophisticated algorithms.

= Semiconductor companies could contribute their expertise in automation
and miniaturisation gained in the traditional semiconductor manufacturing.
However, their access to biological expertise is currently a bottleneck,
which considerably limits them in producing relevant POC devices.

LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011




» In vivo Imaging

= Magnetic particle imaging (MPI)

= MRI, MPI contrast agents

= Hyperthermia applications

= Computed Tomography with small equipment footprint and
(mobile equipment)

= Luminescence based optical contrast agents

* |Image guided therapy and remote triggering of genetic therapy or local
drug release

= Microfluidics for PET (personalized doses in PET imaging)

= Molecular optical imaging (e.g., molecular fluorescence imaging)
> In vitro Diagnostics

= |n vitro diagnostic decentralized testing applications (POC)

= Multi-parameter testing (multiplex detection)

» Therapeutic monitoring (continuous monitoring of drug delivery and its
therapeutic effect)

= (glyco) Proteom / RNA/ Epigenom Map (development of molecular X ray)
= (Quantitative) Biopsies (potentially on the cellular level)
= Genomic based diagnostics (cancer, infectious diseases)

= Proteomic based diagnostics
LPBE/AUTh/CERTH Prof. Costas Kiparissides June 15, 2011
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» Nanopharmaceuticals

= Therapeutic nanoparticles and polymers
= Nanocarriers and transporter molecules / particles
= Computational tools (self-assembly prediction)

= Activatable therapeutic nanoparticlesLuminescence
based optical contrast agents

= Activatable nanoparticle devices

= Targeting drugs to facilitate cell
differentiation

= Understanding of nanoparticle
trafficking and disposal

LPBE/AUTh/CERTH Prof. Coste




> Nanodevices

= Devices for drug delivery (miniaturized systems for long
term delivery of accurate drug doses)

= Minimally invasive, microneedle based transdermal drug
delivery systems

» Localised therapy (MRI-guided non-invasive localized
delivery).

» Drug Delivery

= Development of reliable metering systems to verify the delivery of the correct
amount of drugs/agents.

= Integrated monitoring of therapy either by external or internal devices
(development of micro/nano electronic systems for disease control).
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