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ENERGY APPITITE! There is a  projected doubling 

of world energy consumption within the next 50 years 

 
• Desperate need  for low- or even zero-emission sources of energy 

 

• Energy based on electricity that can be generated from renewable 
sources, such as solar or wind, offers enormous potential for 
meeting future energy demands: grand challenge 
 

• The use of electricity generated from these intermittent,  

• renewable sources requires efficient electrical energy storage.  

Energy conversion, storage, transmission 



World Energy Consumption by Type 

A. Goetzberger, V.U. Hoffmann, Photovoltaic Solar Energy 

Generation, Springer 

K. Yu, J. Chen, Nanoscale Res. Lett., 4, 2009, 1-10. 
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Importance of Fundamental Interactions 

Corrosion 

Interfacial interactions are important to: 

Heterogeneous Catalysis 

Adhesion 

Sensors 



Some Research Topics 
 

• Nanoscale self-assembly and organization: 
 

 
 

– Surface confinement (gas deposition/storage) 

– Heterojunction interfaces (network assembly) 

– Tuning/controlling nanostructure (E-storage, 

    composites, electronics, catalysis) 

– Polymer nanocomposites (solid electrolytes, 

   photovoltaics) 

– Nano-bio interactions (conjugate materials) 

 



Computational nanoscience is a branch/intersection of chemistry, 

physics, biology and materials science that uses principles of computer 
science and mathematics and the results of theoretical physics and 
chemistry to assist in solving materials problems. 
 

 i.e., Fundamental equations are incorporated into efficient computer 
programs, to calculate the structures and properties of molecules and solids. 
While its results normally complement the information obtained by 
experiments, it can in some cases predict unobserved and emergent 
phenomena.  

 



The power of science to describe and explain the universe around us begins with 

observation, leading through hypothesis and experiment/simulation to physical 

laws and theoretical models. 
 

Seeing is the beginning of understanding 

 



Chemistry 

Materials Science Biosciences 

Proteins,Nucleic acids, 

DNA,Compartments, 

organelles 

Theory, Modeling, 

Simulation, and Experiment at the Nanoscale  

Future Devices 
Sensing, manipulation, Catalysis, Molecular 

(nano) electronics and optics, Molecular 

medicine, prosthetics, energy conversion and 

storage materials 

Organic, inorganic, analytical 

biochemistry 

Supramolecular 

   chemistry 

physical 

Ceramics, Nanoclusters, 

Conducting polymers, 

Composites, oxides, 

metals 

*Understanding of the physics and chemistry* 

Physics 
     Solid state 

Condensed matter 



1000x performance increase in last 5 years, projected 

1000x in next 10 

 

 

 

 

 

 

 



Exascale Supercomputers 

Adapted from John Meza 

& time scale 



Calculations based on many-body theory: CC and QMC 
 Outstanding 1.39 PetaFLOP/s sustained double-precision performance 

using the freely distributed NWChem electronic structure code (Apra et 
al., (2009)) 

 Performance result obtained on the full Cray XT5 machine at 60% peak 
FP, fully exploiting the aggregate CPU, RAM and network resources 

 Self healing diffusion quantum Monte Carlo 

Picture: The tetrakaidecahedron (H2O)24 water cluster, 

building block of the structure I (sI) hydrate lattice 

CCSD(T) / cc-pVTZ (-f) energy 

PRL104, 193001 (2010) 



Computational Methods 
• Atomic-scale methods provide information on the structure, dynamics, and 

thermodynamics of the system. 

– Molecular dynamics (MD), mechanics (MM), Monte Carlo (MC) 

– Large-scale normal-mode analysis (NMA) 

 

• Ab Initio (MB and DFT-MD) methods used to compute electronic and molecular 
structure, and to obtain interaction potentials, activation energies for transitions, 
and electronic spectra as input into MD, kinetic MC, course grain approaches. 

– NWChem, CPMD, MPQC, SAPT, VASP, SIESTA, QMC, new Wavelet based 
methods 

– Green function transport  

 

• Mesoscale methods  

– SCFT, CDFT, Course grained models, analytical  

 

• Heuristic methods provide complementary ways to perform efficient optimization 
and modeling based on experimental or simulation data 

– Computational neural networks, evolutionary algorithms 

 

 



Adhesion 

Preamble:  

 

How can simulations help? 

 



Using computational methods to explore 

structure-function relations at the 

nanoscale 

Understand, predict, and ultimately control matter and energy at the 

electronic, atomic, and molecular levels:  foundations for new energy 

technologies 



Cr 
Fe 

Fe MgO 

Electronic transport processes on the nanoscale 

Polymers 

Biomolecules 

Functional  

Nanostructures 

Magnetic Tunnel 

 Junctions 

First Principles 

Band-structure 

Quantum Transport 

Theory 

Equivalent 

 Circuit Models 

Scanning Probe 

 Microscopy 



Example: Nanoscale structure and transport 

properties-efficient nanoelectronics? 
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• Electronic structure of a carbon nanotubes can be manipulated by 

physisorption of organic molecules: encapsulation or on the outer wall 

• Charge transfer processes induced by encapsulated organic molecules can 

lead to efficient n- and p-type doping of a single-walled carbon nanotube  

•Orientational effects        intrinsic electronic gating 

Meunier, Sumpter, et al JCP 123, 024705 (2005); PRL 98, 056401 

(2007); IJQC 106 3334 (2006) ; Nanotech 18, 424032 (2007). 





Simple question – simple answer?:  

Can Mo form 1D atomic chains in NTs? 

 

Mo element 

BCC  

(a=0.31 nm) 

 Electron configuration: 

  [Kr] 4d5 5s1 

“The interatomic 

distance measured 

between Mo atoms 

[…] ranged from 

0.32 to 0.38, slightly 

larger than in Mo 

crystal (0.315 nm)” 

Nano Letters, 8 (1), 237 (2008) 

Yes, but… 



In fact, the answer is not so simple… 

If Mo does not form a single chain, what is observed? 

 

Nano Lett. 9, 1487 (2009) 

0.303 nm  

0.28 nm  

0.25 nm  

(a) (b) 



How do interfacial interactions (surface-adsorbate) influence the 
structure/dynamics of methane? 

“Fingerprint” region 

Peaks 

appear 

here 

as 

layer 

growth 

occurs 

Fundamental 

structure and 

orientation of CH4 

Barriers to rotation as larger 

numbers of layers are adsorbed 

References: Phys. Rev. B. 73, 195313 (2006);  J. Phys. Chem. C. 111, 966 (2007) 

1st layer CH4 

2nd layer CH4 

3rd layer CH4 

10 meV, C3V rotation 

Surface-adsorbate interactions dictate 1st layer orientation; adsorbate-adsorbate 3rd 
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Yearly Solar fluxes & Human Energy Consumption 
 

Solar    3,850,000 EJ 

Wind    2,250 EJ 

Biomass    3,000 E 

Primary energy use (2005)  487 EJ 

Electricity (2005)   56.7 EJ 

wikipedia 







Single molecules of conjugated polymers isolated in 

microdroplets 
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J.Phys. Chem. B. 109, 7671 (2005) 



Photophysics 

 

• Conjugated polymer (CP) ordering is critical for efficient photonic  

processes. Can this be controlled? 

 

• Synthesis of CPs with controlled ordering and positions on a surface is 

difficult.  How can this be optimized? 

 

• CPs are easily oxidized compromising their long-term use: big problem 

for aging and reliability. 

neutral Charged ( -1)

s=-1/2 s=+1/2

Ef

Charged (+1)

 



How can we control long-range supramolecular 

ordering? 

• Epitaxially confined arrays of conjugated polymeric materials 

• Processing using controlled annealing, compatibilizers, substrate 

• Alternative organic systems such as crystalline organic nanowires 

• Nano-bio systems, hybrid composites  

 

 



 

 

An ordered array of epitaxially confined poly-EDOT 

has been grown on the 110 facet of copper, using the 

surface simultaneously as a template and catalyst for 

polymerization. 

Epitaxially confined PEDOT: assembling aromatic building 

blocks into ordered structures that are mechanically robust and 

electronically interlinked 



Controlled Self-assembly and emergent properties 

Reference: Proc. Nat. Acad. Sci. 107, 11200-11204 (2010) 

Using in situ STM imaging combined with first principles density functional theory calculations the surface-
confined growth of ordered arrays of poly(3,4-ethylenedioxythiophene) (PEDOT) chains is demonstrated. 





Nanoscale Self-Assembly of Donar--Acceptor Molecules 

 

 

 Shape and functionality confers unique molecular-level 

tunability in structure and function 

Suitably functionalized molecules will self-assemble 
into well-defined solid-state architectures via non-
covalent interactions. 

Peripheral substituents can interact directly with the 
core and tune the electronic structure 

References: J. Phys. Chem. C 111, 18912 (2007); Int. J. Quan. Chem. 
107, 2233 (2007); New J. Chem. 32, 1924 (2008); Org. Lett. 11, 4314 
(2009) 





Simulations of Block Copolymer and Polymer Nanocomposite 

Phase Structure, Stability, and Function for Energy Applications 

• Energy challenges  
– Develop high-performance polymer materials for critically 

important energy applications.   
• Efficient and inexpensive (i.e., third-generation) solar PV cells 

• High capacity, high power, and inexpensive electricity storage 

• Materials science challenges 
– Understand and control the synthesis, morphology, stability, 

and properties of linear and nonlinear block copolymers. 

• How does molecular architecture influence polymer morphology 
and properties? 

• How can material’s architecture and  properties be manipulated 
by applied fields (shear, electric fields, confinement, etc.)? 

– Guidance is needed from theory, modeling, and simulation 
to design novel linear and nonlinear multiblock copolymer 
materials. 

• Computer science and mathematics challenges 
– Coarse-graining and multiscale methods for simulation over multiple length and 

time scales 

– Efficient algorithms for sampling the density of states of continuous systems. 

– Scaling polymer codes to 105 to 106 processors 

– Effective use of multicore and accelerator co-processors 

 

Triblock copolymers occupy a 
large, varied, and intricate 
phase space.  At least 30 
different morphologies are 
possible. 



Structure and Dynamics of Multicomponent polymeric materials 

Reference: J. Chem. Phys. 130, 134910 (2009) 

• How does molecular architecture 
influence polymer morphology 
and properties, and how can it 
be manipulated by orientational 
fields (shear, electric fields, 
confinement, substrate 
interactions, etc.)? 

• What are the conformations of 
individual chain segments in the 
block copolymers and how are 
they affected by confinement 
and surface interactions?   



Summary and Conclusions 

• “Controlled” self-assembly can be useful for improving efficiency 

(properties, scaling, cost) of functional energy materials 

 - crystalline organic nanowires 

 - epitaxially confined arrays 

  - bulk morphology and domain size 

 - template structures 
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Theory and modeling of Supercapacitors for Energy Storage 

References: Angew. Chem. 120, 3440 (2008) , Chem. Eur. J. 14, 6614 (2008) 
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Supercapacitors are electrical energy storage devices that have large energy 
power and density. The density is tremendously improved by reducing pore 
sizes in the nanometer regimes. Computational studies allowed to show 
that partial desolvation is important, which allows to replace conventional 
model by a “wire-in-a-cylinder” model, which accounts for all the observed 
phenomena. 
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Pseudo-capacitance in carbon-based systems: 

realistic quantum mechanical treatment 

Oxidized P substituted CNT interacting 

with hydronium ion 

Oxidized P substituted CNT during 

reduction by  hydronium ion 

Pyridine N defect with H3O Quinone defect reduction  
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