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Abstract
This report documents research carried out by the author throughout his 3-years
Truman fellowship. The overarching goal consisted of developing multiscale schemes
which permit not only the predictive description but also the computational design of
improved materials. Identifying new materials through changes in atomic
composition and configuration requires the use of versatile first principles methods,
such as density functional theory (DFT). Using DFT, its predictive reliability has
been investigated with respect to pseudopotential construction, band-gap, van-derWaals forces, and nuclear quantum effects. Continuous variation of chemical
composition and derivation of accurate energy gradients in compound space has been
developed within a DFT framework for free energies of solvation, reaction energetics,
and frontier orbital eigenvalues. Similar variations have been leveraged within
classical molecular dynamics in order to address thermal properties of molten salt
candidates for heat transfer fluids used in solar thermal power facilities. Finally, a
combination of DFT and statistical methods has been used to devise quantitative
structure property relationships for the rapid prediction of charge mobilities in
polyaromatic hydrocarbons.
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NOMENCLATURE
AIMD
CCS
DFT
KS
QSPR

ab initio molecular dynamics
Chemical Compound Space
Density Functional Theory
Kohn-Sham
Quantitative Structure Property Relationships
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1. INTRODUCTION
Enhancing the predictive power of computational materials simulation is instrumental to fulfill
the national mission. The virtual tuning of material's properties through the engineering of the
atomistic composition and structure represents a potential impact which can hardly be
overestimated. Entire technologies, e.g. involving bio-hazards, water purification, explosives,
molecular electronics, or harvesting light for renewable energy, would benefit from a successful
outcome of such a capability.
Various ingredients are required to achieve said goal.
1. A material's model that is system independent. For this work Density Functional Theory
(DFT) was chosen.
2. Sufficiently accurate models yielding material's property predictions which permit the
purposeful identification of novel materials with improved properties.
3. A model that allows for variable composition and, if possible, the calculation of gradients
in compositional space, dubbed Chemical Compound Space (CCS).
4. Multiscale approaches that allow to address the computational improvement of materials
at one time&length scale to optimize properties at other scales.
In the following, progress is documented regarding above points 2 and 3.
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2. ACCURACY

2.1. Band-gap accuracy of DFT
Design of gallium pseudopotentials has been investigated for use in density functional
calculations of zinc-blende-type cubic phases of GaAs, GaP, and GaN. A converged construction
with respect to all-electron results has been described. Computed lattice constants, bulk moduli,
and band gaps vary significantly depending on pseudopotential construction or exchangecorrelation functional. The Kohn-Sham band gap of the Ga-(V) semiconductors exhibits a
distinctive and strong sensitivity to lattice constant, with near-linear dependence of gap on lattice
constant for larger lattice constants and a Γ-X crossover that changes the slope of the
dependence. This crossover occurs at ≈98, 101, and 95% deviation from the equilibrium lattice
constant for GaAs, GaP, and GaN, respectively. See Ref. [1] for details.

2.2. Van der Waals forces in DFT
2.2.1. Interatomic many-body contributions in DFT
We have found spuriously large repulsive many-body contributions to binding energies of rare
gas systems for the first three rungs of “Jacob’s Ladder” within Kohn-Sham density functional
theory. While the description of van der Waals dimers is consistently improved by the pairwise
London C6/R6 correction, inclusion of a corresponding three-body Axilrod-Teller C9/R9 term
only increases the repulsive error. Our conclusions, based on extensive solid state and molecular
electronic structure calculations, are particularly relevant for condensed phase van der Waals
systems. See Ref. [2] for details.
2.2.1. Interatomic 2 and 3-body contributions from DFT
We have presented numerical estimates of the leading two- and three-body dispersion energy
terms in van der Waals interactions for a broad variety of molecules and solids. The calculations
were based on London and Axilrod–Teller–Muto expressions where the required interatomic
dispersion energy coefficients, C6 and C9, are computed “on the fly” from the electron density.
Inter- and intramolecular energy contributions have been obtained using the Tang–Toennies (TT)
damping function for short interatomic distances. The TT range parameters have equally been
extracted on the fly from the electron density using their linear relationship to van der Waals
radii. This relationship has empirically been determined for all the combinations of He–Xe rare
gas dimers, as well as for the He and Ar trimers. The investigated systems included the S22
database of noncovalent interactions, Ar, benzene and ice crystals, bilayer graphene, C 60 dimer, a
peptide (Ala10), an intercalated drug-DNA model [ellipticine-d(CG)2], 42 DNA base pairs, a
protein (DHFR, 2616 atoms), double stranded DNA (1905 atoms), and 12 molecular crystal
polymorphs from crystal structure prediction blind test studies. The two- and three-body
interatomic dispersion energies contribute significantly to binding and cohesive energies, for
bilayer graphene the latter reaches 50% of experimentally derived binding energy. These results
suggest that interatomic three-body dispersion potentials should be accounted for in atomistic
simulations when modeling bulky molecules or condensed phase systems. See Ref. [3] for
details.
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2.3. Nuclear Quantum Effects
Intermolecular enol tautomers of Watson−Crick base pairs could emerge spontaneously via
interbase double proton transfer. It has been hypothesized that their formation could be
facilitated by thermal fluctuations and proton tunneling, and possibly be relevant to DNA
damage. Theoretical and computational studies, assuming classical nuclei, have confirmed the
dynamic stability of these rare tautomers. However, by accounting for nuclear quantum effects
explicitly through Car−Parrinello path integral molecular dynamics calculations, we have found
the tautomeric enol form to be dynamically metastable, with lifetimes too insignificant to be
implicated in DNA damage. See Ref. [4] for details.
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3. ALCHEMICAL CHANGES AND DERIVATIVES
3.1. Free Energies of Solvation from Alchemical Growth
We have applied AIMD methods in conjunction with the thermodynamic integration or “λ-path”
technique to compute the intrinsic hydration free energies of Li+, Cl−, and Ag+ ions. Using the
Perdew–Burke–Ernzerhof functional, adapting methods developed for classical force field
applications, and with consistent assumptions about surface potential (ϕ) contributions, we have
obtained absolute AIMD hydration free energies (ΔGhyd) within a few kcal/mol, or better than
4%, of Tissandier et al.’s [J. Phys. Chem. A 102, 7787 (1998)] experimental values augmented
with the SPC/E water model ϕ predictions. The sums of Li+/Cl- and Ag+/Cl- AIMD ΔGhyd, which
are not affected by surface potentials, are within 2.6% and 1.2% of experimental values,
respectively. We have also reported the free energy changes associated with the transition metal
ion redox reaction Ag2+Ni+→Ag+Ni2+ in water. The predictions for this reaction suggest that
existing estimates of ΔGhyd for unstable radiolysis intermediates such as Ni+ may need to be
extensively revised. See Ref. [5] for details.

3.2. Alchemical derivatives of reaction energetics
Based on molecular grand canonical ensemble density functional theory, we have presented a
theoretical description of how reaction barriers and enthalpies change as atoms in the system are
subjected to alchemical transformations, from one element into another. Changes in the energy
barrier for the umbrella inversion of ammonia has been calculated along an alchemical path in
which the molecule is transformed into water, and the change in the enthalpy of protonation for
methane has been calculated as the molecule is transformed into a neon atom via ammonia,
water, and hydrogen fluoride. Alchemical derivatives have been calculated analytically from the
electrostatic potential in the unperturbed system, and compared to numerical derivatives
calculated with finite difference interpolation of the pseudopotentials for the atoms being
transformed. Good agreement has been found between the analytical and numerical derivatives.
Alchemical derivatives have thereafter also been shown to be predictive for integer changes in
atomic numbers for oxygen binding to a 79 atom palladium nanoparticle, illustrating their
potential use in gradient-based optimization algorithms for the rational design of catalysts. See
Ref. [6] for details.

3.3. Variable Composition and Accurate Derivatives in CCS
Analytical potential energy derivatives, based on the Hellmann–Feynman theorem, have been
presented for any pair of isoelectronic compounds. Since energies are not necessarily monotonic
functions between compounds, these derivatives can fail to predict the right trends of the effect
of alchemical mutation. However, quantitative estimates without additional self-consistency
calculations can be made when the Hellmann–Feynman derivative is multiplied with a
linearization coefficient that is obtained from a reference pair of compounds. These results
suggest that accurate predictions can be made regarding any molecule’s energetic properties as
long as energies and gradients of three other molecules have been provided. The linearization
coefficent can be interpreted as a quantitative measure of chemical similarity. Presented
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numerical evidence included predictions of electronic eigenvalues of saturated and aromatic
molecular hydrocarbons. See Ref. [7] for details.

3.4. Thermal and Transport Properties of Three Alkali Nitrate Salts
Thermodynamic and transport properties for nitrate salts containing lithium, sodium, and
potassium cations were computed from molecular simulations. Densities for the liquid and
crystal phases calculated from simulations were within 4% of the experimental values. A
nonequilibrium molecular dynamics method was used to compute viscosities and thermal
conductivities. The results for the three salts were comparable to the experimental values for
both viscosity and thermal conductivity. Computed heat capacities were also in reasonable
agreement with experimental values. The computed melting point for NaNO 3 was within 15 K of
its experimental value, while for LiNO3 and KNO3, computed melting points were within 100 K
of the experimental values. The results show that very small free-energy differences between the
crystal and liquid phases can result in large differences in computed melting point. To estimate
melting points with an accuracy of around 10 K, simulation methods and force fields must yield
free energies with an accuracy of around 0.25 kcal/mol. Tests conducted on a well-studied
sodium chloride model indicated negligible dependence of the computed melting point on system
size or choice of integration temperature. See Ref. [8] for details.

3.5. Molten Salt Eutectics from First Principles Simulation
Excess free energies of liquid mixtures have been computed using molecular dynamics
simulations that involve alchemical transmutations. These free energies, together with free
energy differences between liquid and solid pure components as obtained from Ref. [8], have
thereafter been combined to determine eutectic compositions and temperatures of the ternary Li,
Na, and K nitrate system. See Appendix A for details.
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4. CHARGE MOBILITIES OF POLYAROMATIC HYDROCARBONS
QSPRs have been developed and assessed for predicting the reorganization energy λ (ranging
from 0.1 to 0.3 eV) of polycyclic aromatic hydrocarbons (PAH). Preliminary QSPR models,
based on a combination of molecular signature and electronic eigenvalue difference descriptors,
have been trained using nearly 200 PAH. Monte Carlo cross-validation systematically improves
the performance of the models through progressive reduction of the training set and selection of
best performing training subsets. The final biased QSPR model yields correlation coefficients q2
and r2 of 0.7 and 0.8, respectively, and an estimated error in predicting λ of +/-0.014 eV. See
Appendix B for details.
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5. CONCLUSIONS
Progress has been documented regarding the quantification of errors made when using
pseudopotentials and DFT functionals for band gaps of important semiconductors [1], when
using DFT for cohesive energies of weakly bonded systems [2, 3], and when neglecting the
nuclear quantum nature in proton transfer reactions [4]. Regarding CCS, studies were carried out
dealing with the continuous growth of ions for the computation of free energies of solvation [5],
or with the variable composition and derivatives of reaction energetics [6], or with the derivation
of general paths and accurate gradients that can connect any two compounds [7]. Using pseudocritical paths thermal and transport properties of three alkali nitrate salts were studied [8], their
ternary eutectics were elucidated through combination of those results with alchemical changes
to extract excess free energies of mixing [Appendix A]. Finally, QSPR models were developed
for the rapid estimation of reorganization energies of polyaromatic hydrocarbons [Appendix B].
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