





Table 4-2.

Capabilities

Limitations

Projected
Advances

Typical
Applications

Modeling, Design, and Characterization Using Semi-Empirical Methods

Projected
Applications

Subsection: General Types — >1000 Atoms

Semi-empirical methods are fast and far more computationally reasonable than ab initio calculations

Subsection: CNDO, INDO, MNDO, MINDO/3, ZINDO, AMI, PM3, MNDO/d, OM1,0M2, PM5, RM1

Computational cost
of integral
evaluation in ab
/nitio methods is
replaced by
parameter-based
evaluation, saving
considerable
computation time

The many limitations
and known failures of
semi-empirical methods
are inherent to the
approach. Their utility in
chemical design is
dependent on the
properties being
considered.

Application in solid-
state chemistry for the
property prediction of
molecular and atomic
solids (phonons and
thermochemistry,
nonlinear optical
properties)

Most every
commercial molecular
modeling package
includes semi-
empirical methods
because of their
speed and molecular
accuracy, making
them broadly applied

Stepping-stone
computational
approaches to higher-
level calculations, dry-
run methodological
studies in combined
QM/MM studies

Non-nearest-
neighbor
interactions are
neglected, yielding
significant speed-
ups in calculations
of large systems
(with many
electrons)

As a parameterized
approach based on sets
of common molecules,
molecules that deviate
significantly from these
sets (hon-common
organics, non-biological
molecules, etc.) are
subject to greater errors

Linear-scaling
implementations
(MOZYME) for initial
quantum chemical
optimizations and
property prediction of
macromolecules
(proteins and beyond)

Rapid prototyping of
molecules, transition
states, excited state
geometries, functional
groups, and some
classes of aggregate
and intermolecular
interactions

In the absence of
MM/MD methods that
have parameters for
constituent atoms,
semi-empirical
methods become the
route to energy
minimization and
structural studies

Lowest level of
quantum chemical
theory to provide
chemically relevant
information for
molecules

Molecular properties
that were not addressed
in the parameterization
process are not (or are
poorly) accounted for
(such as excited states)

Implementation of
methods that consider
transition metals for
organometallic studies,
inorganic solid studies

Prediction of
electronic spectra
(ZINDO), molecular
vibrations, heats of
formation,
conformational
energies

Application to
quantum chemical
studies of entire
proteins and DNA
structures (already
possible)

More recent semi-
empirical methods
account for
intermolecular
interaction energies
and geometries

Each semi-empirical
level of theory is limited
to regions of the
Periodic Table (with
transition metals
neglected in many
parameterization sets)

Implementation as the
quantum mechanical
component of
QM/MM studies for
rapid prototyping of
nanoscale processes

Structure prediction
and optimization
(geometry
beautification) prior to
more
computationally-
demanding ab initio
studies

Tool for solid-state
crystal predictions,
study of
polymorphism in
molecular solids,
assembly processes at
surfaces
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Table 4-3. Modeling, Design, and Characterization Using ab /nitio (Hartree-Fock) Methods

Capabilities

Limitations

Projected
Advances

Typical
Applications

Projected
Applications

Subsection: Hartree-Fock (RHF), Unrestricted HF (UHF), R-Open-Shell HF (ROHF), >100 Atoms

Chemically logical
interpretation of
electronic structure
calculations is
possible via orbital-
based methods

The lack of static
electron correlation
(beyond the Pauli
exclusion principle)
results in inaccurate
predictions of spin states
and energies

The use of HF theory
as a tool for
computational
chemistry is dependent
on algorithms and
computational
resources at large
scales

Reasonable level of
theory for survey-type
computational studies
of molecules and
strongly interacting
molecular clusters

First, most likely level
of theory for first-
principles quantum
chemical calculations
of nanoscale
structures

Isodesmic energy
calculations of
chemical systems
(direct comparisons
of conformations,
reactants, and
products with
identical basis sets)

The lack of dynamic
electron correlation
means dispersion
energies are predicted
to be too low, affecting
the calculated strengths
of intermolecular
interactions

The key improvement
to HF application in
nanoscience is
extension of the
calculations with larger
basis sets (Slater-type
orbitals, all-electron
sets for metals,
effective core
potentials for transition
metals, etc.)

As no parameters are
used and classes of
basis sets do exist that
account for most
every element in the
periodic table,
property prediction is
possible for nearly all
molecules

Stepping-stone
computational
approaches to higher-
level calculations, dry-
run methodological
studies in combined
QM/MM studies

Reasonable scaling
(N® possible. As
implemented in
many programs, N*
scaling; N = number
of basis functions)
compared to post-

When electronic states
are close in energy at
certain atomic
geometries, the Born-
Oppenheimer
approximation breaks
down, requiring the use

As the foundation for
post-HF methods, any
developments in non-
DFT electron
correlation methods
will involve
developments in HF

The HF solution
(wavefunction) is the
formal basis for
numerous electron
correlation methods,
variational methods

In the absence of
MM/MD methods that
have parameters for
constituent atoms, HF
methods become the
route to energy
minimization and

and theoretically
sound quantum
chemical treatment
of molecules

energies are not
predicted well due to
absence of electron
correlation, making
excited state and
transition state
calculations suspect

HF-DFT methods
(“B3LYP"), extension of
these DFT approaches
will follow from
general improvements
in HF algorithms

molecular orbital
descriptions for
interpretive, predictive
studies of chemical
systems, organic
chemistry reactions

HF methods. of “ non-adiabatic” (scaling of systems, structural studies
(nuclear/electronic) parallelization of
wavefunctions calculations)

Most fundamental Unoccupied orbital As the basis for hybrid | Rapid generation of In the absence of

semi-empirical
methods that have
parameters for
constituent atoms, HF
methods become the
fastest route to
energy minimization
and structural studies

The foundation for
all post-HF
quantum chemical
methods

Chemical bond
breaking and molecular
dissociation are not
accurately modeled

Advances in scaling
and parallelization will
enable HF application
in macromolecule
studies and, eventually,
nanoscale studies

Common quantum
chemical method for
use in QM/MM
studies of enzymatic
activity, chemical
assembly processes

Nanoscale simulations
that do not involve
changes in electron
spin as part of
structural changes
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Table 4-4.

Capabilities

Limitations

Projected
Advances

Typical
Applications

Modeling, Design, and Characterization Using Density Functional Theory

Projected
Applications

Subsection: LAD (PWC, VWN)— >100 Atoms

LDA - local density approximation, uses the density at points for evaluation of matrix elements

Subsection: GGA (such as LYP, P86, B88, BP, BLYP, BOP, HCTH) — >100 Atoms

binding)

GGA - generalized gradient approximation - uses both position and gradient of density at that position (corrects LDA over-

Subsection: Hybrid HF-DFT (such as B3LYP, B3P86) — >100 Atoms

DFT electron correlation based on HF wavefunctions

Static electron
correlation is
included in DFT
calculations,
recovering more of
the real energy of
molecules than HF
methods

Static-only electron
correlation means

dispersion forces are not

accounted for correctly,
leading to the under-
prediction of binding
energies for weak
complexes

The most important
DFT limitation is the
absence of dispersion
forces. Numerous
modeling efforts are
directed at including
these forces into
calculations

Virtually all molecular
properties are
obtainable by DFT
calculations, with
accuracy limited by
the absence of
dispersion and the
lack of classes of
excited state density
functionals

Better property
prediction than HF
methods for
nanoscale
simulations, far faster
than post-HF methods
for studies in the same
size regime

Implementations for
atom-centered
(atomic basis sets)
and planewave
(periodic boundary
condition) codes

Density functionals are
derived empirically.
Therefore, dozens of
density functionals exist
that all have strengths
and weaknesses.

Dispersion force
inclusion by way of the
addition of empirical
dispersion terms,
inclusion within
pseudopotentials,
hybrid DFT/MPn
methods

Solid-state property
prediction, including
geometries, phonon
calculations, binding
energies, general
thermodynamics
properties

Continued extension
to the study of solid-
state materials,
including molecular
crystals and
amorphous solids

The most cost-
effective (resource-
based) electron
correlation method
available for a given
level of accuracy

The molecular property
in question determines
the best choice of
density functional at a
given level of theory
and choice of basis set

Linear scaling
approaches to reduce
the computational cost
of macromolecular
system and
nanostructure studies

Implementations of
time-dependent DFT
for property
prediction (electron
transport through
molecules, excited
states,
electron/molecule
scattering)

Greater accuracy of
deposition processes
than HF methods,
meaning the
complete and
accurate modeling of
mechanosynthetic
systems is possible

As commonly
implemented, N*
scaling achievable
(N = number of
basis functions)

Density functionals are
developed for ground
state systems. Excited-
state DFT calculations
are fundamentally
suspect because of this.

Development of new
density functionals for
excited electronic state
studies of molecules
and nanostructures

Car-Parrinello
molecular dynamics
implmentations
already allow for DFT-
MD studies of solids,
aggregates,
conformational space
sampling

With fully
implemented time-
dependent DFT,
photophysical studies,
dynamical studies,
molecular electronics
design and simulation
becomes possible
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Table 4-5. Modeling, Design, and Characterization Using Post Hartree-Fock Methods

Capabilities and Limitations, Method Summary Scaling

Subsection: Moeller-Plesset Perturbation Theory (MPr3)

gl

Inclusion of dynamic electron correlation means dispersion forces are accounted for in the optimization of n=2,M
weak intermolecular complexes and some intramolecular interactions n=3 M°
80% to 95% of the electron correlation of a system is recoverable depending on the order of the calculation n=4,M’
(80% atn=2;95% atn = 4)
Non-variational method, leading to greater basis set superposition error (BSSE) and reduced accuracy of
intermolecular interaction energies, over-binding of some systems, over-stabilization of free radicals

Subsection: Configuration Interaction (Cl)
Static and dynamic electron correlation method based on the expansion of a reference wavefunction into
excited-state electronic configurations
Complete Cl calculations can achieve the exact solution to the non-relativistic Born-Oppenheimer
approximation Schrodinger equation at considerable computational cost.
Various levels of Cl can be implemented in a calculation, including:
Cl with single electron configurations (CIS, excellent basis for electronic spectra prediction) Mm>
Cl with single and double electron configurations (CISD) Mm®
Quadratic Cl, all single and double configurations and perturbative inclusion of triple excitations (QCISD(T)) m’
Multi-Reference CI (MRCI) 8
Cl with single, double, triplet, quartet configurations (CISDQT) Vi

Subsection: CBS/Extrapolation Methods

Complete basis set/extrapolation methods are excellent for the accurate calculation of reaction barriers, M’
depositions

Subsection: G2, G3

Used to calculate thermodynamic quantities such as enthalpies of formation, atomization energies, ionization M’
energies, and electron affinities

Subsection: Multi-Configuration Self-Consistent Field (MCSCF)
Full Cl and orbital optimizations, used for bond breaking, forming, ground-excited state calculations, M’
Recovers much of the static correlation energy (dynamic correlation energy obtained from CI)
The choice of the active space to include in the calculation is not always obvious (not a black box approach,
you still have to know some quantum theory)

Subsection: Complete Active Space Self-Consistent Field (CASSCF)

Excellent reference calculations for recovering dynamical correlation energy M’

The “active space” of the calculation is defined by the user, requiring testing or considerable understanding of
the system and method

Subsection: Coupled Cluster (CC)
Possible to achieve the exact solution to the Schrodinger equation for a given basis set at high enough levels

CC including double excitations only (CCD) M°
CC including single and double excitations (CCSD) Mme
CC including single and double excitations with triple excitations treated approximately (CCSD(T)) M’
CC including single, double, and triple excitations (CCSDT) Mm®

Subsection: Generalized Valence Bond (GVB)

A limited form of MCSCF, multi-reference method
GVB-Perfect Pairs (GVB-PP)
GVB-Restricted Configuration Interaction (GVB-RCI)

Subsection: Quantum Monte Carlo (QMC)

Evaluation of integrals with correlated basis functions numerically using Monte Carlo methods | Indet.
Scaling values are approximate, highly method-dependent, and provided as the information is available. Provided values are
only for estimation purposes; M = number of electrons
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4.6 Instrumentation and Characterization

Instrumentation and characterization techniques are being driven
forward by scientific research requirements, and their applications in
developing AP nanosystems chiefly add to this existing demand. This
section offers a few remarks regarding the relationship between this
area and the requirements for AP nanosystem development. The take-
away message is that existing techniques are broadly adequate, but that
improvements in some areas could be of great value.

Characterization of structure and functional properties is critical to
developing components and systems on any scale, including the
nanoscale. Individual high-spatial-resolution methods typically provide
a subset of the total structural information desired, and artifacts and
ambiguities are a pervasive vulnerability, commonly addressed by
applying multiple methods to a single problem. Improvements in
breadth, robustness, and precision of characterization tools are
important because they can speed acquisition and improve the quality
of information about products. This, in turn, can improve models and
enable faster cycles of design and testing in the development process.
For example, characterization is often the bottleneck in design cycles
for both DNA and protein engineering. Some of these challenges could
be addressed by improvements in the capabilities and the availability of
cryoelectron tomography instruments.

4.6.1 Atomic-Scale Characterization

Methods that provide lower-resolution information about the nature
and distribution of properties in a collection of nanoscale objects
sometimes provide the necessary answers for a design process. For
example, in structural DNA nanotechnology, overall geometry at or
near the helix level often suffices to indicate success or failure in making
a structure, and most of the atomic-scale detail is then implied by
general knowledge of DNA structures.

Nontheless, atomic-scale characterization is of obvious importance to
atomic-scale technologies, and a wide range of methods exist. Table 4-6
provides an overview of techniques and instruments.

Complete characterization
of atomic scale properties
is not on the critical path
to development of, or
utilization of; productive
nanosystems. Rather,
targeted characterization
of desired aggregate
properties on the device-
and component-levels are
needed.
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Table 4-6. Characterization Methods, Sample Requirements, and Information Obtained

Method Sample Requirements Information Gained Comments and Caveats

Scanning Electron
Microscopy
(SEM)

Placement/deposition
on substrate; high
vacuum compatible
method

Particle size, morphology,
component segregation

Must be conductive or coated (e.g., with Gold);
Sample must be stable in the electron beam

Environmental SEM

Placement/deposition
on substrate; high
vacuum compatible
method

Particle size, composition,
hygroscopicity

Lower resolution in wet mode; Same general
issues as SEM

Focused lon Beam
SEM

Typically up to 1” thick,
up to 8” diameter

Topography, 3-D
composition,
crystallography

Excellent for TEM sample preparation as well

Transmission
Electron
Microscopy/High
Resolution TEM

Placement/deposition
on substrate; high
vacuum compatible
method

<~150 nm thick

Phase and structure,
composition, chemical
state in some cases

Excellent spatial resolution; Sample must be
stable in the electron beam

Cryo-Electron
Tomography

< ~100 nm thick

3-D structure
(tomography)

Can be chemically specific (for example, a gold
nanoparticle label)

X-ray Diffraction,
Powder X-Ray
Diffraction

On substrate (film
~20nm), as a powder
(~0.19), or as single
crystals

Crystalline phase, average
crystallite size, amorphous
content, crystal lattice
constants (space group),
molecular geometry

-193 to +1000 °C temperature range; Inert
atmosphere or rough vacuum sample
environment

3-D Atom Probe

Conductive, needle
shaped
UHV compatible

3-D reconstruction of
sample including minor
elements to 0.1 atom %

Very high resolution;
Sample preparation is often challenging

Scanning Helium
lon Microscopy

Vacuum compatible
method

Topography, chemical
contrast

Early stage commercialization

Secondary lon Mass
Spectrometer
(NanoSIMS)

Flat, <9mm thick
UHV compatible

Atomic/isotopic
distribution

Usually coat sample with gold; ~50 nm
resolution

Scanning Probe
Microscopy”

Placement/deposition
on substrate; Requires a
fairly flat sample

Topography, nanoparticle
size, shape, electrostatic,
magnetic and mechanical
properties

Excellent spatial resolution; low sample
numbers; slow scan speeds; air, liquid or
vacuum environment

Auger Electron

Placement/deposition

Size, shape, surface

Conductive sample

method

Spectroscopy/Scann | on substrate; high composition, 3-D ~20 nm resolution
ing Auger vacuum compatible composition
Microscopy method
X-ray Photoelectron | Placement/deposition Average surface Modeling of complex systems improves
Spectroscopy on substrate; high composition, chemical understanding
vacuum compatible state
method
Time of Flight Placement/deposition Average surface Molecular information; good at measuring
Secondary lon Mass | on substrate; high composition, molecular trace contaminants
Spectrometry vacuum compatible state ~100 nm resolution

Small Angle X-ray
and Neutron
Scattering

Particles in liquid

Local chemical
environment, geometry
and size of nanoparticles,
clustering of nanoparticles

Requires synchrotron sources

X-ray Absorption
Fine Structure

Particles in liquid

Oxidation state, solvation
structure

Requires synchrotron sources

Proton Induced X-

Placement/deposition

Elemental composition

Sample must be stable in the particle beam

ray Emission on substrate; high
vacuum compatible
method
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Table 4-6. Characterization Methods, Sample Requirements, and Information Obtained (Continued)

Method Sample Requirements Information Gained Comments and Caveats

Terahertz (THz)

Solid-state, in liquid,

Low-frequency vibrational

Many solvents are good THz absorbers (limits

deposited/mounted on
substrate

conformation, inter- and
intramolecular interactions

Spectroscopy ambient conditions modes, inter- and utility); resolution currently limits use
intramolecular interactions

Raman Airborne, in solution, as | Energies of vibrational Low signal/noise; optical selection rules make

Spectroscopy solid-state samples, or modes, molecular for partial determination of molecular

vibrations

Fluorescence
Resonant Energy
Transfer

Ambient, in liquid

Intermolecular distance

Fluorescent tag required

Fluorescence Return
After
Photobleaching

Ambient, in liquid

Diffusion, clustering using
fluorescent probes or
auto-fluorescent species

Used in biological systems

Fourier Transform
Infrared
Spectroscopy

Airborne, in solution, as
solid-state samples, or
deposited/mounted on
substrate

Energies of vibrational
modes, molecular
conformation, inter- and
intramolecular interactions

Low signal/noise; optical selection rules make
for partial determination of molecular
vibrations

Ultraviolet-Visible
Spectroscopy

Airborne, in solution, as
solid-state samples, or
deposited/mounted on
substrate

Electron transition states,
survey of potential
photochemistry, optical
properties

Important characterization tool for molecular
electronics applications

Coherent and
incoherent inelastic
neutron scattering
spectroscopy (CINS,
IINS)

Solid-state and powder
samples

Normal modes of
vibration, phonon
(intermolecular) modes,
molecular geometry via
selective deuteration (IINS)

Absence of optical selection rules means all
vibrations are observed,; resolution limits at
higher energies (>1000 cm™)

Nuclear Magnetic
Resonance (NMR)

Molecules,
macromolecules in
solution; selective for
mang isotopes (such as
1H, 1 B, 1lB, BC, 14N, 15N,
17Oy 19F, 23Na, ZQSi, 31P,
35C|, lQSPt)

Inter- and intra-molecular
structure, atomic
connectivity, geometry of
secondary structure,
monitoring progress of
chemical reactions

Experiments can take hours to days for high
quality spectra; Two-dimensional methods
available (COSY, EXSY, HSQC, HMQC, HMBC,
NOESY, TOCSY, J-spectroscopy)

Solid State NMR

Solid-state samples;
selective for many
isotopes

Molecular structure,
local chemical and
magnetic environment

Disordered solids, interfaces can be analyzed,;
operando monitoring is a possibility

Dynamic Laser Light
Scattering®

Particles in liquid

Size distribution down to 5
nm

Light must not be absorbed by liquid; Typically
very low ionic strength liquid

Phase Analysis Light
Scattering

Particles in liquid

Charge state of particle

Large ionic strength dynamic range

Disc Centrifuge
Photosedimentation

Particles in liquid

Size distribution down to 3
nm

Broad range of particle size determination in
complex mixtures

* Atomic Force Microscopy, Non-Contact AFM, Scanning Tunneling Microscopy, many

derivatives.

2 Also Photon Correlation Spectroscopy

4.6.2 Operando Characterization

Many nanoscale characterization methods cannot probe samples in

native-like or desired operating-like (operando) environments.

Expanding the capability to analyze nanoscale materials under such
realistic conditions in real-time is a critical need. Further, many studies
have demonstrated that the physical and chemical characteristics of

Nanotechnology Roadmap

Topics in Detail

175




Access to existing tools is
on the critical path.
Current characterization
tools provide a broad
spectrum of capabilities
(ranging in resolution from
the unnecessarily high to

the somewhat low.

nanoscale materials may change over time and under varying
environments. Providing the capability to image or measure these
changes in real time under realistic environments would speed the rate
at which new information regarding, for example, the chemical and
physical structure of catalytic active sites could be determined.
Observation of interactions between nanosystems and living cells
presents challenge of a similar kind.

Operando nanomaterial characterization needs include monitoring the
following: in situ particle size and shape, in situ composition or function
(including charge; surface energy; functionalization, magnetic,
electrical, or optical properties, etc.); surface chemistry at the nanoscale
including fractional coverage and thickness of coatings on
nanoparticles, and quality of particle dispersion in a solid phase.

4.6.3 Quality Control

There is a need to develop deployable process-monitoring tools that can
be used to ensure nanomaterials and nanoproduct consistency on a
manufacturing scale. Such instruments would include real time, on-line
characterization tools and rapid quality control (QC) tests for samples.
Real-time, in-line measurement techniques are needed to provide
reproducible control of properties such as particle size and distribution.
Improved analytical tools and process control will go a long way to
achieving zero defects in final materials, reducing waste, and turning
nanomaterials manufacturing into a commodity.

4.6.4 Access to Tools and Multidisciplinary Effort

The need to apply multiple analysis methods stretches the ability of
many researchers and students and should encourage collaboration and
the use of centralized user facilities. Examples in the US include the
DOE Nanotechnology User Facilities and the DOE Environmental
Molecular Sciences Laboratory.

The R&D effort as a whole must closely interweave developments in
fundamental understanding of nanoscale properties, new materials
synthesis methodologies, new manufacturing techniques, new
characterization and control techniques, and new modeling tools.
Progress in nanosystems development requires iterative cycles of
design, modeling, fabrication, and characterization. All these steps are
necessary, and each step and field of application presents a rich and
diverse set of multi-disciplinary challenges.
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