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Abstract
Nanostructured materials have attracted increasing interest in recent years due to their
unusual mechanical, electrical, electronic and optical properties. First-principles
electronic structure calculations (e.g., with density functional theory or DFT) provide
unique insights into the structure-property relationships of nanostructured materials that
can enable further design and engineering. The favorable balance between efficiency and
accuracy of DFT has led to its wide application in chemistry, solid-state physics and
biology. However, DFT still has limitations and suffers from large pervasive errors in its
predicted properties. For small systems, more accurate methods are available but
challenges remain for studying nm-scale materials. In the solid-state, unique challenges
arise from both the strong sensitivity of correlated transition metal oxides on
approximations in DFT and the periodic boundary condition. Therefore, a greater
understanding of approximations inherent in DFT is needed for nanostructured materials.
In this thesis, we study nanostructured semiconducting materials, where conventional
DFT can be expected to perform well. We develop methods for sampling amorphous
materials, rationalizing periodic table dependence in material stability for materials
discovery of ordered materials, and bring a surface reactivity perspective to
understanding growth processes during materials synthesis. Within the challenging cases
of transition metal oxides, we explore how common approximations (e.g., DFT+U and
hybrids) affect key nanoscale properties, such as the nature of density localization, and as
a result, key observables such as surface stability and surface reactivity. Observation of
divergent behavior between these two methods highlights the limited interchangeability
of DFT+U and hybrids in the solid-state community. Finally, leveraging the
understanding developed in the first two parts of the thesis, we employ a multiscale
approach to systematically tailor DFT functional choice for challenging condensed phase
systems using accurate reference data from higher level methods. The combination of
large-scale electronic structure modeling with state-of-the-art methodology will provide
important, predictive insight into tailoring the nanoscale properties of useful materials,
and further development in approximate DFT.
Thesis Supervisor: Heather J. Kulik
Assistant Professor of Chemical Engineering, MIT
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Chapter 1 Introduction
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1.1 Nanostructured materials
Nanostructured materials'-" are materials with a microstructure of clusters,
molecules, or crystallites of which the characteristic length scale is on the order of
nanometers, typically 1 to 100 nanometers. The development of nanostructured materials
in both academia and industry exploded over the past decade due to their unusual and
remarkable mechanical 1,

electrical 9 '",

electronic 1-21, magnetic22-2' and optical"

2 6- 27

properties that can be achieved. Nanostructured materials have unique properties that are
significantly different and considerably improved compared with their coarser-grained
counterparts. The changes in properties come from their relatively small grain sizes,
leading to large percentage of the atoms in the grain boundary environments and the
increased interactions between the grains.
More importantly, the properties of nanostructured materials are highly sensitive
to their sizes and shapes 2 -3 0. The simple reason behind this is the surface to volume ratio
can be simply altered with particle size and shape, and a high percentage of surface atoms
may

introduce

phenomena.

many

size-

or

shape-dependent

physical-

and

chemical-related

Therefore ideally, the properties of nanostructured materials can be tuned

base on our demands. However, assembling nanoparticles to form a certain nanostructure
is a very complex process and numerous scientists are working on different synthetic
strategies

to

find

economically

affordable

ways

for

synthesizing

demanding

nanostructures.
Nanostructured materials can be classified based on the dimensions of the
confined size effect. A representative nanostructured material of zero-dimensional is
quantum dots, in which the spatial distributions of the excited electron-hole pairs are
confined within a small volume, resulting in the enhanced electronic and optical
properties.

Nanotubes

and

nanowires

are

the

most

common

one-dimensional

nanomaterials, in which the electrons can only move freely in one direction. Carbon
nanotubes are the most successful and widely applied nanotubes and have potential
applications in many areas, including composite materials, energy storage, mechanical
and optical devices. Thin films are representative two-dimensional nanomaterials and can
be used as coatings in various areas, such as decorative coatings, optical coatings
protective coatings, and electrically operating coatings, as well as thin-film photovoltaic
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cells or thin-film batteries. Three-dimensional nanostructured materials are built of
nanoparticles as building blocks and have nanometer-sized grains. Unique properties of
three-dimensional nanostructured materials can be achieved by controlling the chemical
composition, the grain size and the orientations of building block in interfaces.
Quantum dots and heterogeneous catalysis are particular focus of this thesis and
will be introduced in details below.

1.1.1 Quantum dots
Colloidal semiconducting nanocrystals (i.e., quantum dots or QDs)"-3

have

attracted significant attention in the scientific community due to its unique size- and
shape-dependent electronic and optical properties. Typical QDs consist of two different
parts: an inorganic crystalline core with diameters of several nanometers and capping
ligands that stabilize the inorganic cores on the surface. The quantum confinement effects
of QDs enable their size- and shape-dependent electronic and optical properties. In
general, larger QDs emit longer wavelengths and smaller QDs emit shorter wavelengths,
and thus the emission colors can be tuned by their size. The highly tunable properties of
QDs make them have a broad range of applications including fluorescence labeling for
biotechnology" 1

4,

light-emitting diodes15-36 , solar cells 37-38 , and lasers 39-40.

The historical focus of the QDs community is on the synthesis of II-VI quantum
dots, particularly of CdSe 4 ' due to its scalable and size-tunable synthesis approaches.
CdSe QDs haven even been commercialized as lighting and display materials. However,
cadmium containing QDs are inherent toxic and may pose risks to human health and
biological environment. Thus, many researchers have focused on the development of
,

cadmium-free QDs, such as III-V and IV-VI QDs. Some examples are InP 42, InAs 43

PbSe44, PbS 45 and ZnS4 QDs. Among them, InP QDs have emerged as an attractive
alternative to CdSe because of their ability to emit over the same range of visible
wavelengths.

1.1.2 Heterogeneous catalysis
Catalyst is designed to help accelerate chemical reactions by making the reactions
kinetically accessible, as well as avoiding undesirable side reactions to eliminate further

15

expensive product separation steps. Heterogeneous catalysis 47 is a type of catalysis in
which the catalyst occupied a phase, usually solid, different from the reactants and
products. The advantage of using heterogeneous catalyst is the relative ease of separation
from the product and better tolerance of extreme reaction conditions. Development of
heterogeneous catalysis improves chemical reactions in many different areas, from
energy applications including fuel cells, electrochemistry and biofuel production, to
pollution control including CO 2 reduction and limit emission of noxious gas from
automobiles, to medical applications and food production. It indeed benefits our
community in all aspects.
Most compelling heterogeneous catalysis contains transition metals since their
outmost d orbitals are incompletely filled with electrons and increased the opportunities
for accepting and donating electrons. For example, Pd and Pt-Rh are the best catalysts for
49

,

NO removal48, while Co, Fe, and Ru are more widely used as Fischer-Tropsch catalysts

and Pt, Pd, and Ag are more popular among oxidation reactions50 , and Ru and Fe are the
.

best ammonia synthesis catalysts 5 1

1.2 Computational work
The historical advances of nanostructured materials technology in the past

20

h

century are mostly based on experimental discovery. With the rapid development of
computer technology in the past decade, computer simulations based on a quantummechanical description of the interactions between electrons and atomic nuclei have had
an increasingly important impact on the study of nanostructured materials, not only in
fundamental understanding of the structure-property relationships
strong emphasis toward materials design 2

-54

5

-,

but also with a

for future technologies. A breakthrough in

these computational efforts is the development of Kohn-Sham DFT55-15 that solving the
Schr6dinger equation based on non-interacting electron density and exchange correlation
functionals. Since then, many efficient algorithms aimed to solve the Kohn-Sham DFT
equations have been implemented in numerous codes, boosting the applications of DFT
in studies of nanostructured materials in many different research areas across physics,
chemistry, materials science, and biology.

16

Computational

work with DFT allows an accurate prediction of different

properties in nanostructured materials. For example, DFT method can be used to predict
mechanical properties of crystals, such as elastic coefficients and moduli, theoretical
strength, mechanical stability, intrinsic hardness, intrinsic brittleness and ductility, and
thermal conductivity. For semiconducting materials, DFT allows the direct calculations
of more important electronic properties, such as band gaps, band structures, and defect
states. For magnetic materials, with the help of DFT, we can study spin crossover
systems, evaluating exchange coupling constants, calculating

magnetic anisotropy

parameters, and predicting transport through magnetic molecules. In surface science,
DFT helps with elucidating atomic-scale mechanisms for chemical reactions on surfaces
and to quantitatively describe the rates of heterogeneous catalysis reactions with a
combination of thermodynamics.
Given the success of DFT calculations in various properties of nanostructured
materials in an efficient manner, it enables high throughput materials design to rapidly
screen for new materials. It can highly reduce the investment of both time and expense in
high-cost and time-consuming procedures of experimental discovery. The idea of high
throughput materials design is based on computational quantum mechanical approaches,
such as with DFT, and techniques rooted in database construction and intelligent data
mining. The procedure is simple, creating a large database containing both existing and
hypothetical materials containing different element identity and different structural
properties, calculating the target properties of these materials, and then intelligently
interrogate the database in the search of materials with desired properties.
The efficiency of DFT also enables performing of very many energy and gradient
calculations to study its time evolution of a system. DFT-based molecular dynamics
(MD), i.e., ab initio molecular dynamics, have enjoyed a rapid development with the
increasing efficiency of DFT calculations. Though classical MD simulations based on
inexpensive empirical force fields have long been applied in biological systems, ab initio
MD have added more benefits that it allows a more realistic description of the chemical
process with breaking or forming of chemical bonds, and thus mimicking actual
experimental conditions more closely.
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For larger biological systems, a hybrid method" that describes the central part of
the large system using quantum mechanical (QM) methods, whereas the surroundings are
described by classical molecular mechanics methods (MM), i.e., QM/MM methods have
been widely used to keep the accuracy of the central important region with reasonable
efficiency.

1.3 Thesis outline
In this thesis, we study nanostructured materials by using density functional
theory, and aim to provide important insight into tailoring the nanoscale properties of
useful materials, and into the further development of approximate DFT. For the first part,
we study nanostructured semiconducting materials, where conventional DFT can be
expected to perform well. We develop methods for sampling amorphous materials,
rationalizing periodic table dependence in material stability for materials discovery of
ordered materials, and bring a surface reactivity perspective to understanding growth
processes during materials synthesis. For the second part, we focus on understanding the
inherent approximations of DFT in the challenging cases of the solid-state transition
metal oxides, where periodic boundary condition needs much higher computational cost
and the properties are more sensitive on DFT approximations. We explore how common
approximations (e.g., DFT+U and hybrids) affect key nanoscale properties, such as the
nature of density localization, and as a result, key observables such as surface stability
and surface reactivity. Finally, we use the understanding developed in the first two parts
of the thesis, and employ a multiscale approach to systematically tailor DFT functional
choice for challenging condensed phase systems using accurate reference data from
higher level methods.
Chapter 2 reviews the fundamental theory and methodology employed in this
thesis to study nanostructured materials including density functional theory, the currently
widely used approximate exchange correlation functionals, and the delocalization errors
presented in approximate DFT. Motivated by eliminating energetic delocalization errors,
two commonly used methods to address delocalization errors have been introduced, the
hybrid functionals and DFT+U method. In addition, methods to perform electronic
structure analysis on nanostructures are also discussed, including quantum theory of
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atoms in molecules, natural bond orbitals and bond order calculations. We also discuss
transition state search method to study the kinetic stability of nanostructured growth
process, as well as ab initio molecular dynamics for amorphous structure sampling.
Chapter 3 introduces high temperature ab initio molecular dynamics as a robust
method to generate amorphous nanostructures. We use semiconducting indium phosphide
nanoparticles as an example to generate amorphous nanostructures and this sampling
approach can be generalized to other materials. We discuss the sensitivities of this
sampling approach to different initial configurations, alternative methods to accelerate
the sampling approaches. We also investigate the relative stabilities, structural properties,
and electronic properties of these sampled amorphous materials.
Chapter 4 discusses a systematic study of the role of elemental identity in
determining electronic, energetic, and geometric properties of representative Ill-V and IIVI fullerene allotropes.
Chapter 5 explores the growth mechanism of indium phosphide quantum dots
with large-scale electronic structure calculations to understand the synthesis process. A
first-principles-derived model that unifies InP QD formation from isolated precursor and
early stage cluster reactions to 1.3-nm magic size clusters has been developed, and has
been used to rationalize experimentally-observed properties of full sized > 3 nm QDs. We
also discuss the surface-dependent reactivity for all elementary growth process steps
including In-ligand bond cleavage and P precursor addition.
Chapter 6 focuses on transition metal oxides in the solid state by exploring how
common approaches to address the delocalization errors in approximate DFT (e.g.,
DFT+U and hybrids) affect the density localizations. In addition to transition metal
oxides, we also study open-framework solids in which the metal is coordinated by
molecular ligands, and extracted molecular analogues from open-framework solids to
directly compare the effects on molecular system and periodic system. In addition to
electron density property, we also discuss the effects of approximations on key
observables relevant to heterogeneous

catalysis, such as surface stability through

evaluation of surface formation energy and surface reactivity through calculation of
adsorption energy in the solid state. The results have been interpreted in terms of electron
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delocalization in approximate DFT and compared with the observations on transition
metal surfaces with modifying exchange correlation functionals.
Chapter 7 introduces a multiscale approach to systematically tailor DFT
functional choice for challenging condensed phase systems using accurate reference data
from high level correlated wavefunction theory. An interesting observation related to
understanding the dynamic process of key electronic properties is also discussed in this
chapter.
Chapter 8 summarizes the work in this thesis and provides an outlook for
potential future work based on the understanding in this thesis.
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Chapter 2 Theory and Methodology
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Electronic

calculations

structure

aims

to

numerically

solve

many-body

Schrodinger equation, and they are first-principles in nature. It is different from other
methods in a way that no external parameters are used other than the most basic
description of the system, thus it enables study of the systems without reference to
experiment. However, the numerical solution of Schr6dinger equation remains a difficult
task. Exact solutions of the equation are, in general, only solvable for the smallest and
simplest systems. The treatment of electron-electron repulsion is the principal source of
the difficulty and it couples the Hamiltonian for each electron, making them intractable to
solve and necessitating major approximations. Many different approximations have been
introduced to reduce the equations to a simplified form that can be solved within
reasonable time, but at the penalty of losing accuracy of the predicted properties.

2.1 Hartree-Fock theory
Hartree-Fock (HF) theory is the fundamental to electronic structure calculations.
To introduce Hartree-Fock method, we start with time-independent Schr6dinger equation,
HI = E'P

(2.1)

As usual in many-body electronic structure calculations, the nuclei of the studied systems
are assumed be fixed that the motion of nuclei and electrons can be separated, which is
known as Born-Oppenheimer approximation. Under this assumption, the Hamiltonian

H=T+T

AV

+

2

Y

=V- +

2

(2.2)

IR ,- r1

1

1

2

-

operator, H, is simplified to,

including kinetic energy of electrons, Coulomb attraction between electrons and nuclei,
and the Coulomb repulsion between electrons.
To solve the time-independent many-body Schrodinger equation, Hartree-Fock
theory assumes that the overall electron wavefunction can be described by a modified
form of Hartree Product that satisfies the anti-symmetry principle, known as the Slater
determinant with the generalized form of N electrons as,
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q,

X,(r)

X 2(r)

X_(r2 )

X2(r 2)

X(rN )

X 2 (r)

_
.

XN (r)
XN(r2 )

(2.3)

XN(rN)

Each component in the above Slater determinant represents an individual electron
wavefunction and the assumption that the electrons are described by an anti-symmetric
product is equivalent to the assumption that each electron moves independently of all the
others. It can also be shown that the use of Slater determinant to describe the
wavefunction is equivalent to assuming that each electron moves in an electric field that
is averaged from the Coulomb repulsion of all other electrons.
Due to the nature of the anti-symmetry of the determinant, Hartree-Fock theory
provides exact treatment of Coulomb repulsion and exchange for a wavefunction.
However, the exact treatment of exchange in Hartree-Fock theory is unfortunately paired
with an absence of direct treatment of short-range, dynamics correlation. To address this
problem, there are some post-HF methods, such as coupled cluster and Moller-Plesset
perturbation theory, which have been used to study systems with limited number of
electrons due to the high computational cost.

2.2 Density functional theory
Density functional theory (DFT) is the most popular and successful electronic
structure method to study a wide range of nanostructured materials in physics, chemistry
and materials science. It balances well between computational efficiency and accuracy.
Similarly as in HF theory, it is also assumed fixed nuclei and the motion of nuclei and
electrons can be separated. In practice, the many-body wavefunction, which needs to be
minimized, is of 3N-dimensions, where N is the number of particles. In order to make the
problem tractable, Hohenberg and Kohn5 5 demonstrated that the external potential is a
unique functional of the electron density only. Thus the Hamiltonian, and hence all
ground state properties, are determined solely by the electron density. Instead of solving
many-body wavefunction of N electrons, density functional theory treats the electron
density that depends on only three spatial coordinates as the central variable, and thus
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leads to a remarkable reduction in difficulty. The many-body Hamiltonian H fixes the
ground state of the studied system, i.e., it determines the ground state many-body
wavefunction, T, and thus the Hohenberg and Kohn theorem ensures that it is also a
unique functional of the ground state density. Consequently, the electron kinetic energy
and the electron-electron interaction energies will be functional of electron density n(r).
Therefore we define the functional F[n(r)] as,

F[n(r)]=(T IT,+ VIT)

(2.4)

This functional F[n(r)] is a universal functional in the sense that it has the same
dependence on the electron density for any system, independent of the external potential
concerned. The exact density dependence of this functional is, however, unknown. Using
this functional, we can then define, for a given external potential v(r), the total energy is

Jv(r)n(r)dr+ F[n(r)]

E[n(r)] =

(2.5)

In order to define useful approximations to F[n(r)] which yield accuracy of predicted
properties, Kohn and Sham56 made further simplification by mapping the original system
of interacting electrons onto a fictitious system of non-interacting electrons that has the
same density. For a system of non-interacting electrons, the ground-state charge density
is representable as a sum over one-electron orbitals (the KS orbitals),Vi(r),

n(r)

=

,(r)

(2.6)

The energy functional then becomes,

E[n(r)]=T[n(r)]+ E,[n(r)]+E[n(r)]+fv(r)n(r)dr

(2.7)

The first term is the kinetic energy of non-interacting electrons,

T [n(r)]=

-

Vf(r)V2W,(r)dr

(2.8)

The second term, Hartree energy, contains the electrostatic interactions between clouds of
charge. The third term is the exchange-correlation energy includes all of the many-body
effects not present in the rest of the functional due to the approximations. Qualitatively
speaking, exchange-correlation energy contains four parts: the kinetic energy correction,
which is difference between the true kinetic energy of real interacting electrons and the
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kinetic energy of the non-interacting electrons; the exchange energy, which is a result of
the requirement that the many-body wavefunction must be antisymmetric to the exchange
of any two electrons; the correlation energy, which is the energy recovered by allowing
the movements of the electrons in the system to be fully correlated; and the correction of
self-interaction error, which correct for the fact an electron is allowed to interact with
itself. However, the exact exchange-correlation term remains unknown and a great effort
in the density functional theory community is focused on developing more accurate
exchange-correlation functional.

2.3 Exchange correlation functionals
2.3.1 LDA and GGA
In contrast with Hartree-Fock thoery, DFT provides explicit inclusion of shortrange

correlation.

However, this

treatment

of

electron

correlation

in practice

unfortunately results in a trade-off effect that the Coulomb repulsion energy is estimated
as an integral of each single particle orbital with the density of the rest of the system,
resulting in what is known as self-interaction error (SIE). Exchange term in DFT must
simultaneously reduce repulsion of same-spin electrons as in Hartree-Fock theory and
reduce the self-interaction error.
The simplest approximation to the exchange correlation functional is the local
density approximation (LDA). It assumes the electron density behave locally and derived
from a homogeneous electron gas with constant density. In general, for a spinunpolarized system, a local-density approximation for the exchange-correlation energy is
written as,
n(r)c(n(r))dr

(2.9)

ELDA [n(r)]
where n(r) is the electron density and ex
approximated homogeneous electron

x

is the exchange-correlation

energy of

gas of density n(r). The local spin-density

approximation (LSDA) is to generalize of LDA to include electron spin,
ELDA [n(r)]

fn(r),cxc (n(r),n(r),)dr
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(2.10)

LDA performs well for systems with slowly varying electron densities, and chemical
trends are well reproduced. Because the LDA assumes that the density is the same
everywhere, the LDA has a tendency to underestimate the exchange energy and overestimate the correlation energy. The errors due to the exchange and correlation parts tend
to compensate each other.
On the basis of LDA, the exchange-correlation functional is significantly
improved by taking the inhomogeneity of the electron density into account and
incorporating

the electron density

gradient. This improvement

is referred to as

generalized gradient approximations (GGA) and have the following form,

[

E GGA n(r),,n,

fn

1

r) ,(nr, ~ ~ j VnrT nrd

(2.11)

There are many different GGA exchange-correlation functionals. The exchange
term in DFT must simultaneously reduce repulsion of same-spin electrons as in HartreeFock theory and reduce the self-interaction error. The most popular exchange functional
includes Perdew-Burke-Ernzerhof functional (PBE)51, Beck88 exchange5 9 , and PW91
funcitional'. Correlation functional includes the correlation effect of interaction between
electrons in the electronic structure and it is a measure of how much the movement of one
electron is influenced by the presence of all other electrons. Electron correlation energy is
sometimes divided into short-range dynamic correlation and long-range static correlation.
Dynamic correlation is the correlation of the movement of electrons. Some popular
correlation functional

(LYP)

61

,

correlation functional includes the Lee-Yang-Parr

.

Perdew-Burke-Ernzerhof functional (PBE)5 8 , and PW91 funcitional60

Meta-GGA functionals further incorporate the second derivative of the electron
density or equivalently the kinetic energy density. This more flexible form holds broad
promise for reducing errors in approximate DFT by including higher order terms of the
.

density2-63

2.3.2 Delocalization error
All of these approximated exchange correlation functionals are well known to
suffer from self-interaction error, that each electron lives in the field of all electrons
including itself and thus can be potentially interacted with itself. Self-interaction error is
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also referred to as delocalization error (DE). DE-

66

has a quantitative energetic definition

as the deviation from linearity with respect to exact piecewise linear behavior 67, which
also requires a derivative discontinuity 6 -71, with fractional addition or removal of an
electron. Pure exchange correlation functionals in approximate DFT (e.g., LDA or GGA)

E(q)

.

exhibits a convex deviations72-73 from piecewise-linearity (Figure 2-1).

'.HF

pure xc
U

N

..

N+1

Figure 2-1. Comparison of the dependence of the energy in a practical exchangecorrelation functional (e.g., LDA or GGA), or Hartree-Fock calculation (green lines) as
the charge is varied between integer points (blue lines) along with representative correct
piecewise linear behavior (gray dashed line). An example +U correction is shown in the
atomic limit (red line).

Delocalization error in approximate DFT gives rise to many well-known problems
in predicting dissociation energies 74-78, barrier heights 79 , band gaps'"', and electron
affinities 28- 4 . Open shell transition metal complexes and solids are particularly sensitive
to imbalances in DE, which leads to strongly xc-dependent predictions of spin-state63,85-89

or magnetic ordering 90 -92 and thus electronic properties.

2.3.3 Hybrid functionals
Hartree-Fock (HF) theory conversely overlocalizes electrons and exhibits concave
deviations7 2 7-3 from piecewise linearity (Figure 2-1). The observations motivate
incorporation of a portion of HF exchange from HF theory with the rest of the pure
exchange correlation functional to address the delocalization errors in approximate DFT,
which is the so-called hybrid functionals. The major shortcoming of the hybrid
functionals is the percentage of mixing HF exchange is unknown and is empirically
determined by comparing with available experimental data. One of the most widely used
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B3LYP5 9'

61, 79

hybrid functional includes GGA exchange functional, LDA exchange

functional, HF exchange, GGA correlation functional and LDA correlation functional,

EB3

= E

-E+GA
(FE

(2.12)

where a0 = 0.20, ax = 0.72, and ac = 0.81. The other widely used PBEO hybrid functional
mixes GGA exchange functional and HF exchange, along with the full GGA correlation
functional,

E PBEO = a0EHF +(a

0 )EBE +

E PBE

(2.13)

where ao = 0.25.
Since the HF exchange interaction exhibits the correct asymptotic decay, an
alternative approach to improve approximate DFT functional is preserving GGA
exchange at short range while activating HF exchange asymptotically to achieve correct
asymptotic behavior, via a range-separated hybrid functional. A distance-dependent
Coulomb repulsion operator is introduced,

1 =-[a+ ferf(or)] a+
52

erf(or2 )

(2.14)

r2

r2

where the first term is the short-range term that decays on a 1/W length-scale, and the
second term is a long-range term with correct 1/r asymptotic behavior for CE+f=l. If HF
exchange is only introduced in the long-range portion (i.e., a=0, P=1), the Coulomb
operator of short-range (SR) and long-range (LR) components becomes,

1

1-ef(or 2 )

52

r2

erf(

2

)

(2.15)

r2

where the first term is the short-range component and the second term is the long-range
component, and w is an adjustable parameter. A commonly used long-range corrected

hybrid functional is LRC-wPBEh 93 with the form,
ELRCwPBEh = aEFSR((o)+(1- a)E BESR (o)) + EHF,LR (o)+EPBE

(2.16)

where range separation parameter w=0.2 bohr-', and short-range HF exchange a = 0.2.
In solids, short-range hybrids that only incorporate HF exchange in the short
range are more often applied since effects in the solid are more sensitive to descriptions
of dynamic correlation and exchange dominate over the accuracy recovered through
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correct description of the computationally costly long-range, static correlation. A popular

EHSE06 = aEiHFISR (o)+(1- a)EPBESR ()+

EPBE,LR (a)+ EBE

(

short-range hybrid in the solid community is HSE069 with the form,

where range separation parameter w=0.1 1 bohr-, and short-range HF exchange a = 0.25.

2.4 DFT+U method
The general form of DFT+U energy functional includes three contributions: 1)
energy from a standard exchange correlation approximation (EDF), 2) Hubbard model
Hamiltonian correction

(EHub),

and 3) a double counting term approximately removes the

effect of corrections present in the other two terms

(EDC)I

EDFT+U[n(r)]=EDFT [n(r)]+EHb[{n'"}]

EDnI}

(2.18)

There will be an EHub and EDc contribution for each Hubbard atom and subshell identified.
Most commonly, the double counting term is obtained within the fully localized limit,

EDC,[{n'}]=-

2

Un(n - 1)- I J[nT(nT -1) + n' (nl - 1)]
2

(2.19)

where the total number of electrons is denoted n, and spin up or spin down electrons are
denoted as n or n , respectively.
Typically, a frequent simplifying assumption is to treat same-spin and oppositespin electrons equivalently with,
Uff =U-J

(2.20)

and we thus obtain an expression for the DFT+U energy as,

EDFT+U = EDF T +1

1

1
ni

2 I,a

U'[Tr(nI'(1

-

n))]

(2.21)

There is a "+U" correction for each n1 subshell of atom I to which a U, is
applied. The elements of the n" occupation matrix are obtained as a projection of the
molecular state at k-point k onto localized atomic orbitals on an atom I,
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,

01

(2.22)
,

n' ,
MM

The "+U" correction is incorporated self-consistently with a modification to the
potential as

2

M

nl,m

I

,

,n

(2.23)

'

2n'

VU

where the shifts are a maximum U/2 or minimum -U/2 for molecular orbitals that project
fully onto the atomic orbitals that are empty of filled, respectively.
The Hubbard U corresponds to the difference between the ionization potential
(IP) and electron affinity (EA) of electrons on atom I in subshell n1 with respect to the
rest of the system,
U', = IP, - EA' = E(n', +1) + E(n', - 1)- 2E(n',)

(2.24)

which may be recognized as a finite difference approximation to the second derivative of
the energy,

(na
=2
la(n ) 2

U'
"1

(2.25)

The DFT+U method has been recently demonstrated"

that it can recover

piecewise linearity in transition metal chemistry. It has been showed95 that this piecewise
linearity is not recovered at a calculated self-consistent', linear-response9-7 U but at one
.

determined by the semi-local DFT deviation from linearity98

2.5 Electronic structure analysis
2.5.1 Quantum theory of atoms in molecules (QTAIM)
The quantum theory of atoms in molecules"9 proposed by Bader is a topology
analysis technique to describe atoms and bonds in studied system. In topology analysis,
the points at where gradient norm of function value is zero (except at infinity) are called
as critical points (CPs). Similarly, in QTAIM, molecular structure is revealed by the
stationary points of the electron density together with the gradient paths of the electron
density that originate and terminate at these points. Critical points can be classified into
four types based on the number of negative eigenvalues of Hessian matrix of real space
function, such as identifying the nuclear positions, bond critical point, center of ring
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system, and center of cage system. In this thesis, we apply properties related to bond
critical point to reveal bond strength, and bond critical point is associated with two
negative eigenvalues of Hessian matrix.
Another important concept in QTAIM is basin, which can be defined for any real
space function, such as electron density, molecular orbital, and electrostatic potential. A
real space function generally has one of more maxima, which are referred to as attractors.
Each basin is a subspace of the whole space, and uniquely contains an attractor. The
basins are separated by interbasin surfaces, which are defined as the zero-flux surface of
the real space functions,
Vf(r) -n(r) = 0

(2.26)

where n(r) is the unit normal vector of the surface at position r.
For electron population analysis, electron density can be used to define the basins.
Electron population numbers can thus be obtained by integrating electron density in the
basin.

2.5.2 Natural bond orbital (NBO)
Natural orbitals

0

k

are the reduced form of a wavefunction 4 and defined as the

eigenorbitals of the first-order reduced density operator F,

FOek
where the eigenvalue

Pk

(2.27)

= Pkk

represents the population of the eigenfunction

0

k for the

molecular electron density operator F of V, and can be evaluated as,
Pk =( kI'Ek)

(2.28)

The density operator is the 1-electron projection of the full N-electron probability
distribution of the total wavefunction

4,. Thus, natural orbitals are based on wavefunction

V only and form a complete orthonormal set.
The natural bond orbitals (NBO) are one of a sequence of natural localized
orbitals that includes natural atomic orbitals (NAO), natural hybrid orbitals (NHO),
natural bond orbitals (NBO), and natural semi-localized molecular orbitals (NLMO).
These natural localized orbitals are intermediate between atomic orbitals (AO) and
molecular orbitals (MO):
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AO -> NAO -> NHO -+ NBO -+ NLMO -> MO

(2.29)

The initial AO to NAO transformation is based on two criterions, the "maximum
resemblance" criterion that defines L6wdin's original symmetric orthogonalization
algorithm with the "maximum occupancy" criterion that defines intrinsic natural
character.
NHOs

hA

are optimized linear combination of NAOs on the given center,

(2.30)

hA=Iake)A
k

The NHOs also form a complete orthonormal set that spans the full basis space.
NBOs are localized 1-center or 2-center, but occasionally more-center orbitals
that describe the Lewis-like molecular bonding pattern of electron pairs (or of individual
electron in open-shell calculations) in optimally compact form. More precisely, NBOs are
an orthonormal set of localized "maximum occupancy" orbitals whose leading N/2 (or N
terms in open-shell calculations) terms give the most accurate possible Lewis-like
description of the total N-electron density. The NBO analysis searches over all possible
ways of defining the bonds and lone pairs for the variationally optimal bonding
environment to place maximum occupancy in the leading N/2 Lewis-type NBOs. The
Lewis-type NBOs determine the localized Natural Lewis Structure (NLS) representation
of the wavefunction, while the remaining non-Lewis-type NBOs complete the span of the
basis and describe the residual effects. In this construction, the general idea of NBO is a
valence bond-type description of the wavefunction and the only input to the NBO
analysis is the molecular wavefunction IF. The 1-center orbitals are lone pairs, and is
each composed of a single NHO,
(2.31)

n, = hA

The 2-center orbitals are bonds and are normalized linear combinations of two bonding
NHOs, hA,

hB,
Aa+aB

QAB

B

(2.32)

The coefficients aA, aB satisfying,
a2 + a = 1
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(2.33)

An NBO bond is covalent when aA and aB has identical values, while the bond exhibits
more ionic property when one value is close to 1 and the other is close to 0.

2.5.3 Mayer bond order
The Mayer bond order between two atoms A and B can be defined in terms of
their density matrix and the overlap density matrix,
AB

[(P"S)ba(PaS) b +(PS)ba(PSlbI

= I" + AB = 2

(2.34)

arA bcB

where P" and P are alpha and beta density matrix and S is the overlap density matrix. If
total density matrix P = Pa + PO and spin density matrix Ps = P" + PO are used, the above
equation can be rewritten as,
IAB

+

=X[(PS)ba(PSab

(PSS)ba(PSS)ab]

(2.35)

aeA bEB

In closed-shell calculations, the spin density matrix term is zero and the equation
becomes,
(PS)ab(PS)ba

'AB

(2.36)

aEA beB

Total valence of an atom, which measures atomic bonding capacity, is defined as
the sum of its related bond orders,
VA =

-AB

(2.37)

B#A

2.6 Nudged elastic band for transition state search
An important problem in theoretical chemistry is to identify the minimum energy
path (MEP) for a chemical reaction. Any point along MEP is at an energy minimum in all
directions perpendicular to this path. The energy maximum along the MEP is the saddle
point and gives the activation energy barrier, and the corresponding structure is referred
to as a transition state (TS). Nudged elastic band (NEB) is a method to find the TS
between the initial (reactant) and the final (product) configurations, both of which are
local energy minima on the potential energy surface. NEB is based on chain-of-states
method, in which the reaction pathway is described by a string of images. These
configurations are connected by spring forces to ensure equal spacing along the reaction
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pathway. NEB method usually starts from linear interpolation between the initial and
final configurations. The images along the NEB path are relaxed to the MEP through a
force projection scheme in which potential forces act perpendicular to the band, and
spring forces act along the band. The combined NEB forces on image i contains two
independent components,

FNEB = F1 +F 11

(2.38)

where the first term is the force due to the potential perpendicular to the band and the
second term is the spring force. The potential force has the form,

F' = -V(R 1 )+ V(R,) -f,,

(2.39)

where Ri is the position of the image i and t, is the unit vector to the higher energy
neighboring image of image i. The spring force is,

(2.40)

F"= k(I R,+ - R, l-R, - R,_I)f

Overall, the combined potential forces and string forces will drag the band
towards the MEP.

2.7 Ab initio molecular dynamics
Molecular dynamics (MD) is used to model physical movements of atoms and
molecules. The atoms and molecules interact with each other, and the resulting forces
allow the dynamic evolution of the whole system. In order to update positions and
velocities within each fixed time period, Verlet algorithm is often used. The new position
of a particle after a fixed time period At,

1
2

x(t + At) = x(t) + v(t)At + -a(t)At

2

(2.41)

where x(t) is the current position, v(t) is the current velocity and a(t) is the current
acceleration computed from all forces on it. New force on the particle at new position
x(t+At) can then be re-evaluated. Based on the force at t and force at t+At, new velocity
can be obtained as,

v(t+At)=v)+
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a(t) + a(t + At) At

(2.42)
42

The error in both position and velocity is O(At2 ), and thus the time step needs to be
carefully selected based on balance between accuracy and efficiency.
There are different constraint conditions in MD simulations, such as the
microcanonical ensemble (NVE) in which number of particles, volume and energy of
system are kept constant, canonical ensemble (NVT) in which number of particles,
volume and temperature are kept constant, and isothermal-isobaric ensemble (NPT) in
which number of particles, temperature and pressure are kept constant. To keep constant
temperature in the MD sampling, thermostat needs to be added. Some popular methods to
control

temperature

include

velocity

rescaling, the Nosd-Hoover

thermostat, the

Andersen thermostat and Langevin dynamics. The idea of velocity rescaling is to rescale
the velocities at each step so that the kinetic energy gives the desired temperature.
However, velocity rescaling schemes do not strictly follow the canonical ensemble and
do not allow temperature fluctuations which are present in real systems. Anderson
thermostat introduces a stochastic element to the temperature

by having random

collisions of molecules with an imaginary heat bath at the desired temperature. Nos6Hoover thermostat introduces heat bath as part of the system consisting of only one
imaginary particle. Langevin dynamics introduces a small damping force to control the
system temperature.
One of the most challenging aspects of MD simulations is to capture accurate
interatomic forces. In classical MD simulations, the interactions are computed from
empirical potential functions, which have been parametrized to reproduce experimental
or accurate ab initio data of small model systems. The limitations of classical MD
simulations include the non-transferability of force field to different systems, incapable of
predicting chemical bonding processes, and failures to model changes in electronic
structure. Therefore, ab initio molecular dynamics based on first principles methods
become popular to remove the limitations of classical MD simulations and the
interatomic forces are calculated with electronic structure calculations, such as DFT. Two
commonly used ab initio MD approaches are Car-Parrinello MD and Born-Oppenheimer
MD. In Born-Oppenheimer MD, the time-independent Schrodinger equation is directly
solved at each MD step with the Born-Oppenheimer assumption. The nuclear degree of
freedom is then propagated using ionic forces.
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Chapter 3 Discovering Amorphous Nanostructures
This chapter has been published in

Q. Zhao, L. Xie, H. J. Kulik, J. Phys. Chem. C, 119 (40), 23238-23249 (2015).'00
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3.1 Introduction
Nanostructured materials exhibit unique properties with respect to their bulk
counterparts, and first-principles simulation can provide valuable insight into their
unusual

structure-property

relationships. Semiconducting quantum

dots (QDs) in

particular have drawn the attention of a broad scientific community because they exhibit
unique size- and shape- dependent electronic and optical properties'o'. QDs have
demonstrated their technological relevance in a broad number of applications including in
fluorescence labeling for biotechnology 3 '"", light-emitting diodes 5 3- , solar cells37 -38 , and
lasers3 9 4 0 . Although CdSe QDs were the first to be developed with controllable sizelo2 in
large quantity with emission across the visible range" 3 , alternative QDs have been sought
due to the high toxicity'0' of cadmium. InP QDs have since been identified as one of the
most promising alternatives to CdSe both because of their broader emission color range
and lack of intrinsic toxicity 4 2

Nevertheless, preparation of high-quality InP QDs

10-106.

has remained challenging, despite ongoing efforts to understand and direct the nucleation
and growth mechanisms during synthesis 42 '6-149.
Several groups have carried out semi-empirical, tight-binding" 0 and DFT"'-"5
studies of InP nanowires

".i.

and the related core-shell InAs/InP nanowires"4-"1 as well

as studies of bulk InP surfaces'

6

-"

both pristine and in the presence of water. InP QDs

are comparatively less well studied with only a few semi-empirical, tight-binding'19-20 or

neutral'" or partially charged"'

1hydrogen

atoms, oxygen atoms ", or methyl groups 2

while in other cases an unpassivated surface""'"1

,

hybrid DFT 2 1 studies. In some of these cases, the surface has been passivated with

is studied. Regardless of passivation

approach, typically the experimental bulk crystal structure geometry is used" 3 and at
most a local geometry optimization' 2 '

is carried out on the experimental starting

structure. Studies of bulk crystal models and geometry optimized models have also been

carried out on QDs comprised of CdSe12-4 , PbSe 12-124, and PbS125 both with 22 ,'

and

without1 23 -125 ligand passivation. A key challenge for studying InP nanostructures is that
InP QDs have been characterized with a crystalline core but relatively disordered,
partially oxidized amorphous shell that appears to limit further growth of InP QDs4 2 . Part
of the amorphous shell is attributed to the breakdown and reaction of the carboxylate
ligands used in precursors to synthesize InP QDs, and the full extent of the structure of
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the surface of these QDs is not known. No attempts have been made to model or sample
potential amorphous structures of InP QD surfaces.
the lack of study of amorphous InP surfaces, a great deal of

Despite

computational effort has been dedicated to obtaining low energy configurations of other
types of nanostructures. One of the most popular approaches is the coalescence kick
method, in which atoms are randomly placed far apart and then pushed towards the center
of mass until they coalesce into a cluster that is roughly the size of the pairwise sums of
known covalent radii. This search is repeated many times, and the most stable structure
after optimization with DFT is hypothesized to be the global minimum' 2 6 . This approach
has been fruitfully applied to small clusters such as Pt8t 2 7, Mg 17 128 , A1B 3H2 n (n=0-6)1 2 9, and
Geo". High computational demands and large numbers of possible random structures
have limited the kick method to small, mostly single element clusters of less than 20
atoms. Low energy structures of similarly sized metallic (e.g. Au 2 13 ) and bimetallic 3 2
clusters have been obtained using genetic algorithms combined with DFT to evaluate
energies and carry out geometry optimizations"-.
Minimum hopping methods, in which minima are sought and then propagated
away from dynamically with a history list used to avoid revisiting the same minima, that
are carried out primarily with tight-binding, have been carried out on small clusters (e.g.
19 atoms of silicon). Similarly sized clusters, e.g. Sil6, have been accessible with
metadynamics

3

5.

In a related approach

known as Basin-hopping

Monte Carlo,

configurations are geometry optimized after the Monte Carlo move, have permitted study
of larger 55 atom clusters of Ag and Ag/Pd mixtures when combined with a simplified
Lennard-Jones force field136 or around 33 atom Pt-alloy clusters when a mixture of tightbinding, semi-empirical approaches and DFT are used'. Simulated annealing molecular
dynamics, in which systems are heated and then slowly-cooled, combined with semiempirical or classical molecular dynamics has permitted study of larger 50 atom gold
clusters" or up to 160 atoms of stoichiometric ZnS 39

.

1389

In light of the uncertainty regarding the shell structure around InP QDs, we were
interested in identifying whether we could discover possible low-energy structures of
indium phosphide clusters that have order distinct from the bulk crystal structure. Our
goal is to identify candidate surface and cluster structures that are likely to be accessible
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depending on synthesis conditions, not necessarily identify the global energy minimum
for our structures. By not mandating a global minimum search, we may study larger
clusters and identify whether alternative structures can be competitive with crystalline
order. Our initial inspiration for this approach comes from a recent study"4 in which
graphene spontaneously reorganized to form fullerenes during molecular dynamics
simulations. Here, we instead employ high-temperature ab initio molecular dynamics on
models of crystalline InP, e.g. of the InP(1 11) surface that contains hexagonal bonding
structure similar to graphene, and we will demonstrate that this approach encourages
reorganization to low energy structures.

3.2 Computational details
All

ab

optimizations141

initio molecular
were carried

dynamics

(AIMD)

simulations

out with TeraChem1 41 4 3 . AIMD

and

geometry

simulations

performed with the Hartree-Fock (HF) method and the 3-21G basis set 1".

were

Geometry

optimizations were carried out using density functional theory (DFT) with the hybrid
B3LYP5 9,61'14' exchange-correlation functional and the composite LACVP* basis set. The
LACVP* basis set corresponds to an LANL2DZ effective core potential basis for the
indium atom and 6-3 1G* basis for the phosphorus atom. The default B3LYP definition in
TeraChem uses the VWN1-RPA form" for the local density approximation component
of the correlation. In the AIMD simulations, we employ a 0.5 fs timestep and keep a
constant temperature of 1000 K with a Langevin thermostat. Resulting trajectories range
from 20,000 to 50,000 time steps (10 to 25 ps) in length.
Initial configurations for the AIMD simulations were obtained from models of the
experimental zinc blende InP crystal structure.
1

structure
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Experimental parameters for the InP

were obtained from the Crystallography Open Database (COD)", which

provides a Crystallographic Information File (CIF) that contains the InP unit cell
geometry, space group, and lattice parameter. The super cell builder function in
Avogadro1
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was then used to build models of crystallographic planes (InP(1 1),

InP(011), InP(001)) and spherical cuts of the bulk (InP7, In P12, In,3P13, n22P22) by
removing unneeded atoms from super cells (see Figure 3-1). These initial structures
ranged in size from 6 atoms to 32 atoms.
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InP(011)

InP(111)

In 12P12

In14

spherical

InP(001)

In13P1 3

ln16P.

Figure 3-1. Representative ball and stick models of zinc blende InP clusters, which are
starting configurations for high temperature ab initio molecular dynamics: single layer
models of the InP(1 11) (In1 2P1 2 , top left), InP(0 11) (In,4 P14 , top right), InP(OO1) (In, 6 1P1,
bottom right) surfaces as well as a spherical cut of bulk (InP 3, bottom left). Indium
atoms are brown and phosphorus atoms are indicated in orange.
Coordination numbers of individual atoms are assigned based on rescaled
covalent radii of indium and phosphorus, which are 1.42

A and

1.07

A'5O, respectively.

The cutoff for an In-P bond was assigned as:
de,(A-B)=1.25*r.(A)+r

which is 3.1

A when

,

(3.1)

A=In and B=P for the In-P bond. For comparison, the nearest-

neighbor In-P distance in the experimental zinc blende InP structure is 2.54 A139'147. Since

our cutoff distance for coordination is somewhat arbitrary, we also analyzed the
sensitivity of coordination number trends to variations in the distance cutoff of about
10% (that is, 0.3

A).

When coordination numbers of In by P or vice versa are reported in

the results, these analyses are based on demu(In-P) = 3.1
P) = 2.8

A and =

3.4

A in

A,

with results obtained at deu(In-

parentheses. Similarly, coordination of phosphorus by another

phosphorus atom is identified by P-P distances within d.,u(P-P) = 2.7

A.

Partial charges of atoms were obtained from the TeraChem interface with the
Natural Bond Orbital (NBO) v6.0 package'51 . NBO calculates the natural atomic orbitals
41

(NAOs) for each atom by computing the orthogonal eigenorbitals of the atomic blocks in
the density matrix, and the NBO partial charge on an atom is obtained as the difference
between the atomic number and the total population for the NAO on the atom.

3.3 AIMD sampling for cluster generation
We have performed high-temperature (1000 K) ab initio molecular dynamics
(AIMD) on a 24 atom model of a single layer of the InP(l 11) surface. The model
InP(1 11) structure has a slightly non-planar, hexagonal shape due to tetrahedral bond
angles around In and P (Figure 3-1). We note that our simulation temperature is lower
than the experimental melting point (1343 K) for crystalline InP1 2 , but it is above the
typical temperature for InP quantum dot synthesis (450 K) 4 2,'107-109.

Since our simulation

only includes indium and phosphorus atoms, rearrangements of the InP(l 11) model in the
AIMD trajectory are completely defined by average instantaneous In-P, In-In, and P-P
distances (Figure 3-2). During the very initial stages of the high temperature MD run
(Figure 3-2), all average distances briefly increase before they plateau and then decrease
substantially. While InP( 111) surface atoms are tetrahedral with three-fold coordination
in-plane of In and P, the isolated sheet first becomes planar, increasing average distances.
Following this initial increase, the layer then buckles, with edge atoms folding inward to
form a second layer of InP where the fold has occurred. More local folding events occur
until the structure becomes globular.
8

cn

7

1n12P 12
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-- In-in

(
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P-P

15

10

5
Time (ps)

Figure 3-2. Average distances of In-P (red line), In-In (blue line), and P-P (green line)
for the In12P 12 cluster over time from ab initio molecular dynamics. The average distances
for all bond types have a region of monotonic decline (gray shaded region) followed by a
leveling off with small oscillations (orange region). A representative initial and final
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structure of In 2P 2 is indicated in inset (indium atoms are brown van der Waals spheres
and phosphorus atoms are orange van der Waals spheres).

The formation of the three-dimensional cluster leads to rapid, approximately
linearly, decreasing average distances over the first 7.5 ps of the AIMD trajectory. A
linear best fit to obtain the rate of change of average distances between In and P atoms is
obtained as:
d,,(In-P)=-0.25t+6.90
where dav.(In-P) is the average distance in

(3.2)

,

A and the simulation time, t, is in ps. Similarly,

the time evolution of the average In-In distances may be obtained with the same -0.25
A/ps slope but with a larger intercept of 6.97

A.

These two relationships may be

compared to the time evolution of the average distance of all phosphorus atoms:
dys(P-P)=-0.29t+7.83
where d,,,(P-P) is in

A

(3.3)

,

and t is in ps. The larger P-P intercept is due to larger initial

increases in P-P distances, which is then compensated by a slightly steeper slope (-0.29
A/ps). Once the coalescence period has completed, all average distances stabilized for the
remainder of the simulation (an additional 7.5 ps), with constant averages dav(In-In)=5.3
A, da,,(In-P)=5.3

A, and d,(P-P)=6.0 A. Instantaneous fluctuations (- 0.1 A) in average

distances between time steps are nearly the same in the coalescence and in the stabilized
regimes. Phosphorus atoms on the surface show the single largest variations in position
during the simulation, while In atoms both in the core and on the surface exhibit smaller
variations.
We then verified that unchanging average distances corresponded to fluctuations
about a single energy minimum with geometry optimizations of five isolated snapshots
1.5 ps apart from the 7.5 ps stabilized regime. Geometry optimizations are carried out
with B3LYP/LACVP*, and they lead to a reduction in total energy of 77-105 kcal/mol
for each snapshot, partially due to corrections in differences between HF/3-21G (used for
AIMD) and B3LYP/LACVP* preferred geometries. The final energies of the five
geometry optimizations vary by no more than 0.2 kcal/mol, confirming the stabilized
regime corresponds to fluctuations around a single minimum energy basin.
The initial layer of InP(1 11) was roughly a circle with a 12.7

43

A

diameter, while

A, 7.9 A, and 5.9 A. The
193 A2 , as determined by van

the new globular cluster is ellipsoidal with dimensions of 11.9
change in size corresponds to a reduction in surface area of

der Waals radii, and a ~250 kcal/mol reduction in energy after geometry optimization.
We repeated the high-temperature AIMD at 700 K and 500 K in order to identify whether
simulation temperature had a significant effect on energetics. Final energies of the 700 K
and 500 K clusters were within 1-2 kcal/mol of the 1000 K structure, but coalescence
time increased from 7.5 ps at 1000 K to 15 ps at 700 K and 20 ps at 500 K, motivating
continued use of 1000 K for AIMD.
The average coordination number (CN) in the optimized cluster is 2.8 (dcut= 2.8
A: 2.7; dut= 3.4 A: 2.8) for In and 3.0 (2.8; 3.0) for P, which is an increase from CN=2.5
for the initial single-layer InP(1 11) structure. The maximum CN is 3 (3; 3) for In and 4
(3; 4) for P, and 10-11 of the 12 In and P atoms have CN 3 or higher. The minimum CN
is 2 (0; 2) for In and 2 (2; 2) for P atoms, and only 1-2 In or P atoms have this low
coordination. While the presence of undercoordinated atoms is surprising when
associated with a large reduction in surface area, overall higher average CN outweighs
the energy penalty of the few undercoordinated species observed.
Comparison of NBO charges for the optimized clusters reveals average In and P
charges (q) of +1.14 and -1.14, which are larger than +1.01 and -1.01 for the initial
InP( 111) model. Under-coordinated atoms are more neutral with charges of +0.71 and
+1.06 (CN=2) for In atoms and -0.99 (CN=2), -0.76/-0.71 (CN=3) for P atoms. Since InP bonds are fairly ionic, the degree of In-P charge separation appears to correlate roughly
to the strength of bonding. For the initial InP(1 11) structure, CN=2 boundary indium
atoms had a charge of 0.93, while boundary phosphorus atom charges were -0.87. These
results suggest that in some cases the CN=2 coordinated atoms in the cluster are in a
higher effective coordination environment than the edge atoms in the initial InP(1 11)
cluster. The two outlying CN=3 phosphorus atoms (q= -0.76, -0.71) are in a unique
configuration in which one of the three coordinating atoms for each atom is the other
phosphorus atom. Phosphorus-phosphorus bonds are covalent, explaining the lower net
charge on these P atoms. The two phosphorus atoms form a dimer with a P-P distance of
2.3

A,

which is elongated with respect to the 1.9

' bond in a gas phase phosphorus

dimer due to bonding of the P atoms with other cluster atoms.
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3.4 Generalizing the sampling approach
3.4.1 Different sized clusters
It is interesting to identify whether these AIMD-driven rearrangements are
strongly size-dependent by repeating the procedure for 6-28 atom single-layer models of
InP( 111). The initial configurations range from highly symmetric to more elongated (see
Figure 3-3), where elongated structures (e.g., In5 P5 , In7 P 7, In1 1Pjj, and In1 3 P 13 ) are 4.9 A

wide (7.6 A for In13P13) and 1.7x, 2.5x, or 4.2x longer (2.5x for In1 3 P 13 ). The smallest
models have nearly 4 times as many two-coordinated atoms as three-coordinated
(CNavg= 2 in In 3P 3 and In 4P4 ), but this ratio decreases to 1.2 in the largest asymmetric
model (Inl2 P1 2, In 13 P13 , In 14 P14 all have CNav= 2 .5 ). The In3 P 3 , InP8 , In 9P9 , and InIOPIO,

models are relatively symmetric with comparable widths and lengths, and the In 14 P14
model is of intermediate symmetry between In 2 P12 and In 3P1 3. While all other structures

are generated from repeating hexagonal patterns, to satisfy the stoichiometry of In 4P4 and
InP6 , single atoms were added to In4 P4 and a bridge was introduced between two
.

hexagons in In6P6
In 3P3

In 4P 4

In5 P5

In6 P6

In.P 7

In 8P,

InPg

tn10Po

InP11

In12P12

In, 3P1 3

In1 4PW

Figure 3-3. Initial configurations in the size range of In 3P 3 to In14 P1 4 for ab initio
molecular dynamics simulations from one layer of InP( 111).

For nearly all InP( 111) structures considered, the high-temperature AIMD
simulations exhibit the same rapid, monotonic decrease in average distances
corresponding to formation of a globular cluster followed by a leveling off and
stabilization of average distances as in In 2P 12 (see Figure 3-2). The In3P 3 , In5 P5 , InP8 , and
In9P9 clusters required the shortest times (2.5 ps) to reach the stable regime, though the
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two smaller clusters (In3 P3 and InP5) did not strictly rearrange to form a globular

structure. For the smallest cluster (In3P3 ), large fluctuations in average distances were
observed without any rapid decline. Instead, the evenly distributed In-P-In and P-In-P
angles in the cyclic structure rearranged to acute In-P-In angles and very obtuse P-In-P
angles. The rearrangement for In5 P5 was similar with an additional breaking of the central
link in the originally bicyclic compound and formation of acute In-P-In and obtuse P-In-P
angles. The most asymmetric In P,, layer required the longest time (15 ps) to reach the
stable region. Counter to expectations, low-CN atoms on the In 4 P4 model did not
accelerate the dynamics, but the singly coordinated atoms in In4P4 initiated a second layer
.

in the structure, more closely mimicking nanoparticle-like clusters than In3 P 3 and InP5
Fluctuations of average distances in the stable regime (~0.05-0.1

A)

dependence on the cluster size except for larger fluctuations (up to 0.16

did not show

A)

in the three

smallest clusters.
The commonality of behavior in AIMD simulations over a wide range of system
sizes motivates future work in automating this approach for generating cluster structures
from other elements, stoichiometry, and size ranges. The signatures of coalescence and
stabilization during the AIMD trajectory provide a path for an automatic method.
Coalescence will be identified as follows: after the first 3,000 steps, a running average is
computed over 1,000 steps, and a finite difference slope is compared every 500 steps.
When the finite difference slope is reduced, zero, or positive twice, the simulation is
identified as being in the stabilized regime. The simulation is then continued until the
slope remains near zero for 1 ps. We have implemented this automatic method and are
currently employing it in ongoing study of other materials.
The energetic properties of the resulting 6-28 atom clusters we generate exhibit a
strong size-dependence (Figure 3-4). In order to examine how the energy depends on
cluster size, we define a relative energy per pair of In, P atoms referenced against the
energy of the smallest cluster size studied (In 3P3 ):
Eper pair(n) =

E(InnP,,)
n

E(In 3P3 )
3

(3.4)

where E(InnP,) is the energy of cluster InPn and n is the number of In, P pairs. In each

case, relative energies are obtained from five optimized snapshots obtained 0.5-2.5 ps

46

apart, as for In 12 P 12 . The relative energy decreases rapidly from In3 P3 to In8 P8 and levels

off for the larger sized clusters (In9 P9 to In 4 P14 ). This energetic dependence is fit with an

Eper pair (n)=

210(2n)-' 05 - 30.5

,

exponential trend line of the form:
(3.5)

with a residual of 20.3 kcal/mol. The asymptotic relative energy per pair is -30.5
kcal/mol, and clusters In,,P 1 in size or larger are predicted to be within 1 kcal/mol of the
asymptote.
0
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Figure 3-4. Relative energy per pair of InP atoms (blue dots) as a function of system size
referenced against the In 3P3 cluster. Energies are obtained from averages of geometry
optimizations from several snapshots obtained from high temperature ab initio molecular
dynamics on single layers of the InP( 11) surface. The resulting structure of one
representative cluster (In14P 14 ) is shown in inset along with its corresponding size (indium

atoms shown as brown van der Waals spheres and phosphorus atoms are orange van der
Waals spheres). An exponential best fit line (light blue) is also shown.

Overall, the diameters of the structures are reduced by 24-37% from the initial
InP( 111) structures with the diameter reduction increasing with increasing cluster size,
corresponding to an increase in CN as well. Average In CN for the clusters range from
2.0 (2.0; 2.0) for In3P3 and In5P 5 to 3.5 (3.0; 3.5) for InIOP10 and 3.3 (3.2; 3.5) for In1 3 P 13

with CN increasing as cluster size increases especially from In 3 P3 to InIOP10 . As CN
averages level off, so do the energies of the clusters. The average P coordination numbers
range from 2.0 (2.0; 2.0) for the small clusters (In 3P 3 and In5 P5 ) to 3.5 (3.4; 3.6) for larger
structures (InIOP 10 , In1 1Pjj, and In1 3 P 13 )-

Of the subset of high-CN atoms, we identify buried atoms as CN=4 or higher that

47

are at least one covalent radius (r,.v) closer to the center of mass than the average radius
of the cluster (riusteravg):
rbued <zrusteravg - r

(3.6)

,

Three larger clusters, In1 OP10, In13P 13 and In 14P14 have buried atoms with one buried P in

InIOP10, and both In and P buried in In13P13 and In14 P14 . Surface atoms in the larger-sized
clusters have average CNs ranging from 2.7 to 3.5 for In atoms and 3.0 to 3.3 for P atoms
and average In-P nearest neighbor distances of 2.5-2.6
P bond distance of 2.6-2.8

A,

slightly shorter than average In-

A for buried atoms. Overall, while relatively

few clusters have

a large core of buried atoms, most clusters with more than 18 atoms have a majority of
)

CN=3 or higher atoms, and the few cases with anomalously low energy (e.g. In9P9
correspond to a high number such atoms.

3.4.2 Alternative starting configurations
In order to identify how sensitive the final energy and geometric structures of
clusters are to the initial configurations, we compare results obtained with three
additional initial configurations (see Figure 3-1). Two of the structures are generated
from single layer surface models of InP, including: i) a 28 atom layer of InP(0 11) and ii)
a 32 atom layer of InP(0O 1), while the third model is a 26 atom spherical cut of bulk InP.
The coordination numbers of the initial structures are highest in the bulk model case
(In 3P13) at two to four for both In and P, intermediate and comparable to InP( 111) in the
In14P 4 model (two to three for In and P), and lowest in the In16P16 model at one to two for

both In and P. The bulk model is the most compact (10.5 A diameter) while both In14P14
and In16P 6 are flat, rectangular structures. Comparing AIMD simulations, we observe a
shorter time to coalescence (3 ps) for the bulk model than for the InP(1 11) model, likely
owing to shorter initial distances, while for In 4 P14 initial average distances are more
comparable to InP( 111) and the time to coalescence (5 ps) is similar.
Interestingly, energetic and structural properties for the clusters generated from
these differing starting structures are quite similar. Final optimized relative energies are
within 2 kcal/mol per pair, with the spherical bulk structure slightly lower by 1 kcal/mol
per pair with respect to InP( 111) and the InP(O 11) structure slightly higher by 1 kcal/mol
per pair. These differences are well within the uncertainty of the choice of other
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simulation parameters. As expected from energetic comparisons, average distances are
similar, as are average coordination numbers (In13P 13: 3.3 for both In and P in spherical
bulk, 3.3 for In and 3.5 for P in InP(l11); In14 P14 : 3.1 for both In and P in InP(O11) and
InP( 111)). Differences in CN arise from formation of a P-P dimer in the InP( 111)-derived
In 3P 13 cluster. We emphasize here that despite a short coalescence time for the spherical

bulk model, the final structure is in fact amorphous in nature and comparable to those
obtained from other starting configurations. Overall, differing initial configurations have
a limited effect on the final energy and geometry of clusters, emphasizing the robustness
of this scheme for sampling low-energy geometries.

3.5 Accelerating cluster structure generation
Thus far, our approach has required 2.5 to 15 ps of AIMD sampling for each
cluster size. As an alternative, it may be possible to generate new clusters starting from
optimized clusters of a different size. Using the adding approach (Figure 3-5), we
generate larger starting clusters for AIMD by identifying In and P atoms with the lowest
coordination number at the surface of the cluster. Surface atoms are identified as those
with a distance to the center of mass larger than the average radius of the cluster. In some
cases (e.g. In7 P7), there is only one pair of P and In with the minimum coordination

number (here, CN=2), while for others (e.g. In9 P9 ), several (here, 3) surface sites have the
same coordination (here, CN=3), of which one is randomly selected. The additional In (P)
atom is placed along the vector between the P (In) site and the center of mass at a
distance of 3

A

from the surface. New initial In4 P4 to In1 3 P 13 configurations from

InP( 111)-derived clusters and In 4 P 4 to In,7P 17 from the alternative starting configurations
are used as starting points for AIMD runs and subsequent optimizations. The resulting
energy of the structures obtained from the adding (also referred to as "single adding",
SA) method is within 3.7 kcal/mol per pair of the results obtained directly from crystal
model structures, except for the smallest structure, In4 P4 . Typically, the energies of
structures obtained with the adding method are lower than those obtained directly from
rearrangement of crystal-derived models.
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Identify low
coordination sites
InnPn
repeat

Randomly choose

repeat

site on surface

Add InP pair 3 A

away along
center

Remove InP pair

In p ,, direction

Infl Pl,_

Shigh T M

Figure 3-5. Flowchart schematic for adding and removing pairs of In and P to generate
new initial structures for ab initio molecular dynamics from clusters at a given size. A
,

representative starting structure (InnPn) is shown at top with the atoms removed (In 1 P,,
bottom right) shown with translucent spheres and the added atoms to the larger cluster
(Inn,,P,+1, bottom left) also indicated with translucent spheres. Indium is depicted as an
opaque or translucent brown van der Waals sphere, and phosphorus is shown as an
opaque or translucent orange van der Waals sphere.

For the generation of larger clusters, we added two atom pairs ("double adding"
or DA) to generate In5 P5 to In16 P16 and In1 8 P 8 from smaller clusters and added three to six

atom pairs (multiple adding, "MA") to generate In, 9P,9 to In2 2 P2 2 clusters. On average,
energies per InP pair of the DA structures are slightly higher than those obtained with SA
for In5P5 to InI 5P15 with an average deviation of 1.1 kcal/mol and maximum difference of
4.3 kcal/mol. Energetic differences are a result of differing coordination environment: the
SA cluster CN is more uniform with CN=3 for all but one In CN=2 (1;2) and P CN=4
(4;5), while the DA cluster has only two CN=3 In and P atoms and more low-coordinated
(CN=2) In (four atoms) or P (three atoms) and high-coordinated (one CN=4 for In, two
CN=5 for P) atoms. Interestingly, in both clusters, P-P dimers are observed (1 for SA, 2
for DA). A benefit of the MA approach is the size of clusters we are able to generate lowenergy structures for as our 44 atom cluster is 1.5 nm in diameter, on the smaller side of
experimental 4 2 nanoparticles. For the largest clusters, the average In CN is 2.8-3.3 and P
CN is 3.1-3.8, within reasonable agreement to experimental coordination number
.

averages of 3.56 for bulk amorphous InP" 4

In addition to having comparable energetics, the SA, DA, and MA AIMD runs
exhibit dramatically shorter coalescence times on the order of 0.5 to 1 ps. For these
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approaches, the predominant rearrangement during AIMD is around the site of the newly
added atoms. We quantify movements of each atom as the change in distance to the
center of mass of the original cluster during the AIMD trajectory. For instance, in the SA
trajectory for

In 2 P 12 ,

the change in distance for the four adjacent atoms to the newly

added atoms is larger than 0.9

A,

while the movements of other atoms are < 0.5

A. This

limited rearrangement is the source of reduced computational effort for all clusters
generated in this manner. Shorter coalescence times with the adding method provide a
path toward generating large clusters on the order of the 2-4 nm range generated
experimentally 4 2 by adding several pairs of atoms at a time and running brief 1 ps
dynamics intervals and geometry optimizations for relaxation after each set of atoms has
been added. While computational cost of the underlying electronic structure calculations
will increase with increasing system size, brief dynamics runs remain feasible for these
larger system sizes.

Unlike the adding methods, coalescence times from AIMD of

InP(1 11) models increase significantly with increasing system size. By fitting to
symmetric InP(1 11) model coalescence times, we extrapolate that a 2 nm In5 2 P5 2 cluster
will require 88 ps of coalescence time.

While GPU-accelerated electronic structure

calculations generally only scale O(N 2 ) with the number of basis functions4, the
quadratic scaling of coalescence time with the number of atoms will limit AIMD starting
from crystalline models to smaller cluster sizes. Therefore, in order to reach a 2-3 nm
cluster size comparable to experimentally synthesized clusters, a sequential adding
approach with brief periods of dynamics between each adding step starting from a midsized cluster (e.g. ~40 atoms) will greatly reduce the computational cost.
Coordination numbers in clusters generated from all adding methods exhibit a
wider range for In (both lower and higher CN) but overall comparable average CN to
those obtained from longer MD runs. The SA, DA, and MA clusters have higher average
CNs for P due to the increased presence of P-P dimers, with almost all clusters having at
least one but as many as nine (in In 22 P22 ). For the larger clusters (In 5 P,,-In 22 P22 ), the
average CN is between 2.8 to 3.3 (2.1 to 3.0; 3.0 to 3.4) for In atoms and 3.1 to 3.8 (3.0 to
3.2; 3.1 to 4.0) for P atoms compared to a larger range of 2.0 to 3.5 for the average CN
and smaller lower limit on the CN (1.9 to 3.2 for In, 2.0 to 3.5 for P; 2.0 to 3.5 for In, 2.0
to 4.5 for P) for the smaller clusters. The overall number of buried atoms also increases,

51

with the largest model having 5 (4; 5) buried In atoms and 5 (2; 5) buried P atoms.
We also generated new structures by removing pairs of atoms on the optimized
clusters (see Figure 3-5) to test whether this approach accelerates generation of
comparable, low-energy clusters. As before, we identify pairs of In and P atoms with the
lowest CN and now remove them from the cluster. We used an In13 P13 cluster to generate
In3 P3 to In12 P12 and an In16 P16 cluster to generate In5 P5 to In15 P 15 starting structures by
repeatedly removing atoms. As with the adding method, coalescence times were
significantly reduced, with the longest 2.5 ps time, which was for In5 P5 generated from
In16P16, likely due to an unfavorable starting configuration from large numbers of
removed atoms. The energies of removing method structures were on average within 1.6
kcal/mol per pair of the other methods and comparable to those obtained from crystal
models but slightly higher than those obtained from the adding method. The removing
approach may be suitable for generating clusters for which no symmetric initial
configuration is available. The most elongated InP(1 11) model required 15 ps for
coalescence, while the two structures generated by the removing method coalesced within
0.5-1.5 ps, and final energies agreed within 1.7 kcal/mol for all three structures.
Consistent with energetic observations, the overall CNs for the structures generated with
the removing method were comparable to those obtained directly and from the adding
approach. Phosphorus dimers, which were present in the starting structures, were
preserved in many of the new clusters.

3.6 Comparing properties of clusters
Having employed up to five different approaches for a single system size, there
are 66 clusters 6-44 atoms in size for which the relative energetics may be directly
compared (Figure 3-6). While it was previously noted that the adding approach yields
lower-energy structures, there is no single approach that consistently yields the lowest
energy structure. The largest energy variation (8 kcal/mol) is observed for In4 P4 , for
which a high-energy structure is characterized by all CN=3 atoms, while the lowest
energy structure corresponds to CN=2 for all In and an even mix of CN=3 and CN=4 for
P atoms, with the higher CN for P resulting from P-P dimers. The variation in energy per
pair from In5 P5 to In 6 P 16 between up to five methods is around 1.3-4.3 kcal/mol. As
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cluster size increases, the variation in energy of the clusters obtained with the different
approaches decreases, and variations narrow considerably for cluster sizes 20 atoms or
above. One exception is In9 P9 with an energy range of 5.0 kcal/mol across methods,
which is larger than the 1.3-2.0 kcal/mol variation for comparably sized clusters (e.g.
In8P8 , In 2P 12 , In 1 3P13). For the 18 atom cluster, higher energy structures have CN=1 and

CN=2 In atoms absent from the lowest energy structure.
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Figure 3-6. Relative energy per pair of InP atoms (referenced against the In3P3 cluster)
for geometry optimized clusters obtained from ab initio molecular dynamics sampling for
clusters from 6 atoms to 44 atoms in size. Results are categorized based on the approach
for generating the initial structure: from a layer of InP( 111) (blue circles); In13P 3 from a
spherical cut of bulk (red diamonds), In14P from a layer of InP(O 11) (red diamonds), or
In16P 6 from a layer of InP(0O1) (red diamonds); using the removing method starting from
the In13P13 cluster (brown triangles); using the removing method starting from the In16 P 6
cluster (yellow triangles), using the adding method to generate a structure with n+l pairs
from a structure with n pairs (green crosses), and using multiple adding methods with
various initial structures (pink stars). A best-fit exponential curve is shown in gray. The
resulting structure of one representative cluster (In 22 P22 , In atoms in brown and P atoms
are shown in orange) and its size is provided in the inset.

The size-dependence of relative energies from data on all clusters has a best fit
exponentially decaying trend line of the form:
Er pair(n) = 218(2n)-'

2

-29

,

(3.7)

where the asymptotic relative energy per pair is -29 kcal/mol and clusters In6 1P61 or larger
are predicted to be within 1 kcal/mol of the asymptote. This trend line is comparable to
the one obtained from 6-28 atom InP( 111) models, suggesting that cluster properties are
converging by around 28 atoms, although this enlarged fit has slightly steeper
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dependence on size and a shallower asymptote. The computed energy per pair is
relatively flat for all clusters larger than 8 pairs of InP atoms, consistent with the trend
line equation that shows the relative energy changes by less than 1 kcal/mol per pair for
clusters 18 atoms or larger. Such observations are consistent with previous tight binding
1 that also showed similar energetic decreases with
calculations by Roy and Springborgl"

increasing system size, though we note in that case geometry optimizations were carried
out rather than full AIMD-based rearrangements.
The In-P, In-In, and P-P radial distribution functions (RDF) for all generated
clusters (Figure 3-7; In-P bin size 0.13

A,

In-In and P-P bin size 0.24

structural characteristics. The In-P RDF is peaked at 2.5

A,

A)

reveal overall

in agreement with

experimental 3 9 2.5

A nearest neighbor distances in the bulk structure, and the RDF first
minimum is around 3.1 A, supporting the distance cutoff choice for coordination number.
A broad second shell feature from 4.5 A to 7 A is centered around 5.7 A, which is a
larger distance than the experimental 3 9 second-sphere distance peak at 4.8 A. The P-P
RDF exhibits a small peak at around 2.1 A, due to the 116 P-P dimers observed in the
clusters. The same behavior is not present in the In-In RDF, where no indium dimers are
observed. The same-species RDFs have first non-bonded peaks at 3.6
(P-P), and second peaks centered at 5.8

A (In-In)

A (In-In) and 7.1 A (P-P). Overall,

and 4.5 A

the P-P RDF

peaks are at larger distances than In-In, consistent with earlier observations of differences
in average distances in the MD simulations (see Figure 3-2) and in agreement with
observations of previous tight-binding geometry optimizations "9.

These larger P-P

distances do not necessarily mean that phosphorus atoms aggregate on the surface. In and
P atoms have comparable probabilities in the distance to the cluster center of mass for
short and very long distances. While intermediate layers may be segregated with more of
one element or the other, core and surface atom numbers are comparable for In and P.
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Figure 3-7. The radial distribution functions for (top) In-P distances (red solid line), and
(bottom) In-In (blue solid line) or P-P (green dashed line) distances compared over all
geometry optimized InP clusters (size range = 6-44 atoms) from all ab initio molecular
dynamics sampling runs. The nearest neighbor cutoff we define for In-P distances is
indicated at top by a black dashed line alongside upper and lower bounds for nearest
neighbor cutoffs (gray dashed lines).

Evaluation of overall cluster structural properties reveals high coordination
number (CN) around select In and P atoms. Indium CNs range from 1 to 5, with three
cases of CN=5 atoms observed in the clusters. The phosphorus atom CNs have a larger
range from 2 to 7, with 3 CN=7 P atoms and 6 CN=6 P atoms. We designate short In-P
bond distances as d s 2.75

A

and long In-P bonds as those with d > 2.75

A.

A

representative CN=7 P (Figure 3-8) is characterized by two short In-P bonds with davg =
2.69

A and five

long In-P bonds with davg=2.92 A, while CN=6 P (Figure 3-8) has three

short In-P bonds (davg = 2.67

A)

and three longer In-P bonds (davg = 2.90

In-P bonds are even shorter with four short davg= 2.59

A bonds

A).

For CN=5 P,

and one longer 2.77

A

bond, consistent with the presence of long bonds appearing primarily in high CN cases.
For a representative CN=5 In, bond distances are similar to the CN=5 P case but with
three shorter In-P bonds (dav=2.63 A) and two longer In-P bonds (dav=2.82

A).

In the

crystal structure, In and P are each four-coordinated in a tetrahedral configuration. Our
clusters contain a large number of four-coordinated species in two distinct geometries,
neither of which perfectly replicate the tetrahedral crystal environment coordination. In
the first case, In and P atoms have a quasi-tetrahedral shape (see Figure 3-8) with three
short bonds (dav=2.60 A for In and dav=2.64 A for P) and one long bond (d=3.00
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A for In

and d=2.85

A for P).

In the other CN=4 case, the coordinating atoms are all to one side

of the likely surface atom, described either by all short bonds (da,=2.64
short (dav=2.61 A for In) and one long bond (d=3.02

or three

A for In).

CN(P)=4

CN(In)=4

CN(In)=4

CN(P)=4

92.60,3.009

2.61,3.02

2.64,2.85

(P)=5

CN(P)=6

CN(P)=7

2.67,2.90

2.69,2.92

CN(In)=CN

A for P)

2.64

00

2.63,2.82

2.59,2.77

Figure 3-8. Representative configurations of In and P atoms with coordination number
(CN) equal to or larger than 4: two In atoms with CN=4 (top left), two P atoms with
CN=4 (top right), one In atom with CN=5 (bottom left), one P atom with CN=5 (bottom
left), one P atom with CN=6 (bottom right), one P atom with CN=7 (bottom right).
Indium atoms are brown and phosphorus atoms are indicated in orange. Short In-P bond
distances (r<2.75 A) are indicated by gray dots and long In-P bond distances (r>2.75 A)
are indicated by blue dots. Separate averages of the short and long bond distances are
shown underneath for each configuration.
Partial charges from NBO analysis demonstrate how coordination environment
influences electronic structure (Figure 3-9). As In coordination number increases, the net
charge increases from as low as around +0.75 e- to around + 1.25 e-. While there is a
variation in charge for different atoms, with the exception of CN=2 In, the distributions
are narrow and peaked around one value. At around CN=2, there is a transition between
the low-net charge In and high net-charge In, with some CN=2 In charges between these
two limits, but for CN>2, the charges are primarily independent of coordination number.
Phosphorus charge distributions are complicated by the presence of P-P dimers. For
instance, CN=4 P has three peaks: i) at -1.4 e-, corresponding to coordination only by In,
ii) at -1.0 e- for 3 In: 1 P coordination, and iii) at -0.5 e- for 2 In : 2 P coordinating the
central P atom. The reduced net charge in the presence of additional coordinating
phosphorus is also apparent for CN=5 and CN=7 (-1.7-1.8 e- vs. -1.1-1.2 e- with P
present).

Overall, as CN increases, there is also an increase in average net negative

charge for both the pure In-coordinated peak and the partially P-coordinated middle
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peaks.
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Figure 3-9. The distribution of partial charges for In atoms (blue, top), and P atoms
(green, bottom) grouped by coordination number (In: CN from 1 to 5; P: CN from 2 to 7)
and averages of each charge distribution (red lines) compared over all atoms from all
optimized InP clusters considered. The charge distributions are adjusted so that peaks are
at the same height for all distributions, and counts of each coordination number are
shown (beneath distributions for In, above distributions for P).

Until now, we have compared energetic trends only amongst the generated
amorphous clusters, but a critical question is whether these structures are lower or higher
in energy than ordered, crystalline models of the same size. Symmetric models of bulk
InP in the studied size range are 14, 24, 26, and 44 atoms, which range from 7.6

A in

A to

13.3

diameter before geometry optimization, and the largest two have been previously

studied'. For consistency, we do not passivate the surfaces of the ordered clusters, but
we do geometry optimize the structures and compare to the amorphous structures (Figure
3-10). Relative energies are evaluated following eqn. 3.4, and, as a result, the smallest 14
atom unoptimized bulk model has a positive relative energy per pair. The unoptimized
structures decrease in energy monotonically to a negative value for the largest 44 atom
cluster, though these unoptimized structures have relative energies far above the
amorphous clusters. After geometry optimization, energies of the ordered models are
lowered on average by -15 kcal/mol per pair, with the energy reduction decreasing as the
number of bulk atoms increase in the larger clusters. This energy reduction is associated
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with rearrangement of atoms that are CN=2 in the initial model to higher-coordinated
geometries. Interestingly, the range of relative energies for the amorphous clusters
generated previously is consistently below the optimized bulk structures by around 2 to 5
kcal/mol per pair. These energetic observations confirm that we have generated low
energy nanostructures of In and P that exhibit coordination environments different from
crystalline InP. Such structures may be favored in high-temperature synthesis or with
weak ligands that do not direct and slow InP cluster growth. Colloidal quantum dot
synthesis is typically directed by strong ligand interactions absent in our simulations,
giving rise to an amorphous surface structure and crystalline core. However, structural
motifs we have identified are likely candidates for defects and surface structures even in
crystalline QDs due to the favorable energetics we have observed. Alternative
experimental techniques such as gas phase condensation from laser evaporated
materials15 ' and more recently microfluidic nebulator technology1 56 have both enabled the
direct synthesis of amorphous nanoparticle structures. Overall, these observations suggest
that this approach for generating amorphous nanostructures might also be applied to
study transition-metal phosphide materials that are experimentally already known to have
amorphous character
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Figure 3-10. Comparisons of relative energy per pair of InP atoms for clusters from ab
initio molecular dynamics simulations followed by geometry optimizations (green shaded
box indicates an energy range from different approaches) with single point energy (red
lines) and geometry optimized (blue lines) clusters obtained from spherical cuts of InP
bulk (In7P7, In 12P 12 , In1 3P13, and In2 2P 22).

The zero relative energy per pair reference is

taken as the energy of the In 3P 3 optimized cluster, as discussed in the text.
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3.7 Conclusions
We have introduced a high-temperature ab initio molecular dynamics approach
for the sampling and discovery of low-energy indium phosphide nanostructures. Starting
from open, flat single layer models of crystalline

InP, we observed consistent

rearrangement to globular, amorphous clusters over a wide size range (8-44 atoms), with
exceptions in this trend occurring only for the smallest models considered (6 or 10
atoms). We tracked this rearrangement through observation of a linear decline in average
distances in the rearranging cluster that we referred to as coalescence followed by a
stabilized regime in which distances fluctuated around constant averages. The time for
coalescence depended primarily on the shape of the initial structure and secondarily on
system size. When comparing outcomes from differing initial structures, we observed a
narrow range in relative energies between clusters. We further identified computational
cost reductions in our approach by adding or removing atoms from converged clusters
and re-initiating the AIMD step, dramatically reducing the time to coalescence without
strongly affecting the final geometric or electronic structure. Accelerated, sequential
adding of pairs to grow clusters is likely necessary to study larger clusters in the 2-4 nm
range that is more comparable with experimentally synthesized clusters. We note that
while coalescence time of direct AIMD simulations from crystalline models grows
substantially with system size, sequential adding dynamics relaxation times remain
around 1 ps regardless of system size. By harnessing efficiently scaling electronic
structure approaches, this efficient rearrangement will enable study of large clusters up to
a few hundred atoms as well as efficient screening of properties of a wider array of
compounds.
Relative energetics of these structures were strongly size-dependent up to around
20 atoms as average coordination numbers increased dramatically from CN=2 to around
CN=3-4. Unusual coordination environments that lowered energy in the clusters included
the formation of phosphorus-phosphorus dimers and high-coordination numbers: up to
five-coordinated indium and six- or seven-coordinated phosphorus, with alternating short
and long bond distances to describe the coordination environment. Although a fair
number of four-coordinated In and P were present in the amorphous clusters, few, if any
resembled the tetrahedral coordination present in the InP crystal. Despite the unusual
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coordination

present in these

structures, a comparison to bulk models both at

experimental geometries and after optimization indicated that the sampled, amorphous
structures are consistently lower in energy. Moving forward, our approach is promising
for the sampling of low-energy models of amorphous nanostructures, such as those
observed in transition-metal phosphides and borides".
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Chapter 4 Stability of Fullerene Allotropes
This chapter has been published in

Q. Zhao, S. Ng, H. J. Kulik, J. Phys. Chem. C, 120 (30), 17035-17045 (2016)."'
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4.1 Introduction
Thirty

years

after the

of Buckminsterfullerene

discovery

5

vaporization of graphite by laser irradiation ",

(C60)

through

the excellent properties and potential

applications of this unusual carbon allotrope continue to drive considerable scientific
inquiry'. Since their initial discovery, C60 fullerenes have found broad technological
relevance

in polymer-fullerene solar cells-16 1

'64,

drug delivery' 65-'66, and proposed

hydrogen storage devices 67 . The unusual shape and properties of C6 0 have motivated
study of its formation mechanism both theoretically 40 and experimentally" . Soon after
the discovery of the carbon-based fullerene, isoelectronic boron nitride fullerenes were
synthesized by electron beam irradiation6

9

and later with more success through the arc-

melting method in a wide size range (BnNn, n=12170 , 2411-172, 28172, 36172-174, and 48172).
These structures differ from C60 in that they are proposed to only have even-membered
rings with polar B-N bonds, although transition metal dopants 173-"4 have also been
observed to be present due to synthesis conditions. We note that elemental boron, in
particular, is well known to produce unusual chemical bonding and allotropes175-176
Recently, hollow nanocage structures have been made from other elements, including an
all boron fullerene' 7 7 and multilayered inorganic MoS 2178-18' and MoSe 2178 fullerene-like
structures.
First-principles simulation can provide valuable insight into the relationship
between the unusual geometric structure and associated electronic properties for both
fullerenes that have been experimentally isolated and those that may yet still be
synthesized. Of all of the binary fullerenes, boron nitride structures have been the
primary focus of numerous computational semiempiricali1

2

and density functional theory

(DFT)1 83-190 studies, primarily at sizes commensurate with experimentally characterized

BN fullerenes 182-184,
structures18 5 '11.

186-189,

especially B 36 N 36 113-18 4 ,

186-188

allotropes, or slightly larger

Simulations have estimated the 72-atom fullerene to be most stable when

6 four-membered and 32 six-membered rings are present1 8 3 , although there has been some
exploration1 8 5 -18 6 of line defects, octagons, decagons and dodecagons or with transition
metal dopants18

7

and hydrogenated structures'9'. Beyond boron nitride, there have been

fewer studies of binary compounds comprised of other elements, and typically the focus
0 3
has been on III-V and 1I-VI binary AnBn fullerenes with light elements1 91 -2
(A=boron,
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aluminum, zinc; B=nitrogen, phosphorus, oxygen, sulfur) and small size191-192,
(n=12). There are a few exceptions in the literature with heavier elements

0

2 2

195-204
,

204-206

(A=gallium, cadmium; B=arsenic) and larger sizes 93-'94, 20-206, and binary IV-IV Si 12 C1 2 192
and homogeneous boron fullerenes

2 21 1

have also been considered.

One notable

exception is a study by Beheshtian and coworkers' 9 who focused on a broader view of
the role that element substitution plays in A 12 B 1 2 (A=boron, aluminum; B=nitrogen,
phosphorus) fullerene properties. In addition to fundamental property studies, some
2 09 2 10
or II-V1 2 11-213
investigations have focused on the potential of binary or ternary III-V -

fullerenes in nanotechnology as gas sensors, for drug delivery

4

, or as hydrogen storage

materials 2 -219.
Despite numerous theoretical studies of structural, energetic, and electronic
properties of III-V and I-VI binary fullerenes, a thorough analysis of fullerenes
throughout the periodic table has not thus far been carried out in order to identify
underlying

chemical

trends

in

stable

fullerene

allotrope

candidates.

A

better

understanding of the element-specific rules that govern fullerene allotrope stability will
help accelerate identification of potentially synthetically accessible candidates with novel
materials properties. Here, we provide a comprehensive study of the relative stability and
properties of ABn (n=28, 30, 36) fullerenes for 12 III-V materials (A=BAl,Ga, or In and
B=N, P, or As), 4 II-VI materials (A=Zn or Cd and B=S or Se) with some comparison to
unary IV C, Si, and Ge structures. In this study, we unearth simple, global descriptors and
structural models capable of predicting fullerene stabilities.

4.2 Computational details
First-principlessimulations. Calculations were carried out with the graphicalprocessing

unit

(GPU)-accelerated

quantum

chemistry

package,

TeraChem

42-143

Geometry optimizations 41 and band gap calculations were performed using DFT with the
long-range corrected, hybrid oPBEh' exchange-correlation functional (o=0.2) and the
composite LACVP* basis set. The LACVP* basis set corresponds to an LANL2DZ
effective core potential basis for the Zn, Cd, Ga, In, As, and Se atoms and 6-31G* basis
for the B, Al, N, P, and S atoms.
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Structures. We used the B 3 6N 36 (B 28N 2 8) fullerene geometry obtained with the
CRYSTAL1422 0 package as a starting point to generate all other A 3 6B36 (A 2 ,B 2 .)
fullerenes. We converted the B36 N36 (B 28N 28) Cartesian coordinates to internal coordinates
in the Gaussian z-matrix format, replaced boron or nitrogen atoms by A or B atoms,
respectively, and initially rescaled interatomic distances in the z-matrix based on
experimental A-B bond distances in AB crystal structures". The optimal bond distances
for the starting point of geometry optimizations of A 36 B 3 6 fullerenes were obtained by

A increments within

scanning distances in 0.05

0.5

A

of the experimental bond

distances. Initial A 30 B30 fullerene configurations were built following the A36 B 36 /A 2 ,B 28
procedure but instead starting from a C60 fullerene geometry obtained from the Fullerene
Library 22 1. In order to investigate the stability of A36 B 36 fullerenes, we also built
unpassivated A36 B 36 spherical nanoparticles (NPs). We obtained experimental parameters
of AB crystals from the Crystallography Open Database", built supercells of the AB
bulk in Avogadro' 49 , and removed unneeded atoms from the super cells to form spherical
NPs. In order to understand stability difference between A 30 B 30 and A 36 B 36 fullerenes,
initial passivated four-, five-, six-membered rings were built using experimental bond
49

.

distances" with Avogadro

Analysis. Coordination numbers (CNs) of individual atoms in fullerenes and NPs
are assigned based on rescaled covalent radii of A and B atoms. The cutoff for an A-B
bond, dc, (A - B), was assigned as:
=

1.25(r

where rA is covalent radius of A atom and I

+rO)

4.

)

d, (A-B)

is covalent radius of B atom. Partial

charges of atoms and bonding analysis were obtained from the TeraChem interface with
the Natural Bond Orbital (NBO), version 6.0 package 222 . NBO calculates the natural
atomic orbitals (NAOs) for each atom by computing the orthogonal eigenorbitals of the
atomic blocks in the density matrix, and the NBO partial charge on an atom is obtained as
the difference between the atomic number and the total population for the NAO on the
atom. The Pauling electronegativity difference2 2 3 , which is defined as the dissociation
energy difference between A-B bonds and the average of A-A and B-B bonds, was used
to analyze the fullerene stability and bonding properties. The projected density of states
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(PDOS) was computed for fullerenes by extracting the square of coefficients of atomcentered basis functions of each angular momentum type and applying Gaussian
broadening (a=0.01 Ha) using an in-house Python script.

4.3 Energetics and electronic properties of A 36B 36 fullerenes
We investigated the energetic properties of A 3 6B 3 6 fullerenes from stoichiometric
combinations of i) III-V group elements: A = boron, aluminum, gallium, or indium with
B = nitrogen, phosphorus, or arsenic and ii) II-VI group elements: A = zinc or cadmium
with B = sulfur or selenium. The A36B 3 6 structure consists of four- and six-membered
rings that contain only A-B bonds and no A-A or B-B bonds, unlike a five-memberedring-containing binary A 30B 30 model of Buckminsterfullerene (Figure 4-1). The 6 fourmembered rings reside on the vertices of the A36B 36 octahedral structure that also contains
32 six-membered rings.
III

V

11

VI

FBIIFN
[aA s
A301330

A 281

28

FI

[Zn

:E

A36133

Figure 4-1. Representative ball-and-stick models of A 3 0B 3 0 (top left), A 2 8 B 28 (bottom
left), and A 36 B 3 6 (bottom right) fullerenes with A atoms shown in red and B atoms in

blue. The A and B element choices are shown at top right: A atoms from group III (in red
boxes) with B atoms from group V (in blue boxes) or A atoms from group II (in red
boxes) with B atoms from group VI (in blue boxes).
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Geometry

optimization

of

initial

A 3 6 B 3 6 fullerene

structures

coordination and qualitative structure with no bond rearrangement.

preserves

However, the

alternating short and long bond lengths in the initial structures become more comparable

after geometry optimization. This unchanged coordination indicates that the fullerenes
are stable local minima, but comparison to other allotropes is needed to infer global

stability. We used nanoparticles (NPs) cut from bulk crystal structures, as is common
practice in semiconductor NP studies

32 4

- , with the same number of atoms as a fullerene

in order to provide a candidate low energy reference. For consistency, we geometry

optimized these unpassivated NP structures. The average initial CN for the spherical NPs
is 3, the same as in a fullerene.

NP geometry

optimizations result in surface

rearrangement, increasing the average CN of each compound to between 3.1 and 3.7.
Although we expect the NPs to be more stable than the fullerene structures due to higher

average CNs in the optimized NPs, there is a trade-off with some surface atoms (CN < 3)
in the reconstructed NPs.
In order to determine the relative stability of A 3 6B 36 fullerenes, we define a
relative energy per pair of A, B atoms in optimized fullerenes (E(FL)) with respect to
those in the optimized NP (E(NP):
E(FL)

Epcrp, =36

(4.2)

E(NP)

36

We have previously used a similar metric in the analysis of amorphous InP cluster
stability'". Interestingly, the fullerenes are more stable than NPs (i.e., the energy per pair
is negative) for almost all materials studied (Figure 4-2). These observations suggest, for
instance, that the four-membered rings present in the fullerenes do not induce significant
strain, which we will consider in more detail shortly when we compare to other fullerene
allotropes that lack four-membered rings. The most stable fullerene (-28 kcal/mol per
pair) is B 36 N 3 6, which has already been successfully synthesized experimentally 7 2

4

1" .

In

addition to this well-studied compound, A1 36 N 36 , Ga36 N36 , In 3 6N 36, and B 3 6P 36 fullerenes
are all more stable than the optimized NPs by at least 5 kcal/mol per pair. Comparing all
element choices, fullerene relative stability decreases when an anion or cation is held
fixed and the other species (cation or anion) is substituted with a heavier element. For all

16 compounds considered, we identify only the II-VI Cd36Se36 fullerene
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(Eper pai,

= 4

kcal/mol) as an exception where the NP is more stable. We note, however, that II-VI
fullerenes are generally less stable than HI-V fullerenes. This trend may be in part due to
larger charge separation in the 1I-VI materials than that of III-V materials. Overall, our
observations suggest the following candidates for experimentally stable fullerenes:
36, and B36P36in addition to the previously-characterized B 36 N 36

B

.

A1 3 6N 3 6, Ga 3 6N 36 , In
N

P

As
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Figure 4-2. Relative energy per pair of AB atoms in kcal/mol of geometry-optimized
A36B 36 fullerenes and nanoparticles for different Ill-V group (left) and II-VI group (right)
compounds. The materials for which the fullerenes are most stable are indicated in blue,
and those for which the nanoparticles are most stable are indicated in red. The color scale
is centered at 0 kcal/mol and saturated values correspond to +/- 15 kcal/mol, as indicated
by the inset color bar.

We investigated several candidate descriptors to unearth explanations for these
observed trends in A36B 3 6 fullerene stability. These descriptors included: i) the sum of A
and B atoms' atomic numbers, ii) the sum of covalent radii, iii) A-B bond lengths of
geometry optimized A 36 B 36 fullerenes, and iv) electronegativity differences between A
and B atoms. We found that no single descriptor correlated sufficiently strongly to
stability trends. Instead, we identified a linear combination of properties that describes
relative stability trends (Figure 4-3). Our search for a best-fit relationship between
relative stability and descriptors reveals a simple functional form (R2=0.80):
E,,,,, = 30.04 [0.3 1AXB-A-0.75+0.69(

A +

Bv)]

-53.59,

(4.3)

where E,,,, is the relative energy per pair of A and B atoms in kcal/mol, AXB-A is the
unitless Pauling electronegativity difference between B and A atoms, r,^, and r
covalent radii of A and B atoms in

A.

are

This expression suggests that stability is
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determined roughly 30% by the electronegativity difference and 70% by the effective size
of the substituent elements, which generally increases as we move down the periodic
table. The centering of electronegativity differences around -0.75 was based on an
analysis of trends in stability versus electronegativity alone.
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Figure 4-3. Relationship of the relative energy per pair of AB atoms in kcal/mol of
A36B 36 fullerenes referenced against spherical nanoparticles from III-V (green circles), IIVI (orange circles), and IV (magenta triangles) materials with a linear combination of
electronegativity difference of B and A atoms (AXB-A) and sum of covalent radius of A
r v) and B (r,,) atoms. A best-fit line (gray dashed), which was fit only to III-V and IIVI data, is shown. Selected compounds are labeled and highlighted with bolder symbols.

In order to test the transferability of the observed trend, we investigated whether
group IV single-element A72 fullerenes (A=C, Si, Ge) stability would follow the same

(

trend as the binary fullerenes. We note here the electronegativity difference is zero
B

AXA-A

=0 ) and the covalent radii are identical (rBv

=

A
r.,). Our combined descriptor of

electronegativity and covalent radius predicts not only the relative stability of A36 B 3 6
fullerenes but also that of the homogenous A72 fullerenes (Figure 4-3).
We then studied the role that elemental composition plays in determining
electronic properties of the A 36B 36 fullerenes. Band gaps may be obtained from total
energy differences of cationic, anionic, and neutral species, which is commonly called the
D-SCF method69 ' 1 , or approximated as the Kohn-Sham gap obtained from the difference
in highest-occupied molecular orbital (HOMO) and lowest-unoccupied molecular orbital
(LUMO) energies. Generally, the HOMO-LUMO Kohn-Sham gap is known to be quite
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close to the fundamental gap for generalized Kohn-Sham methods such as rangecorrected hybrids

2

. We verified the validity of this observation for Cao fullerenes by

comparing wPBEh93 HOMO-LUMO (6.0 eV) and D-SCF (5.9 eV) gaps with each other
and to the experimental value (4.9 eV). Range-separation parameter (w) tuning to match
the negative of the HOMO eigenvalue

(-eHOMO)

to the ionization potential (IP) has been

demonstrated 22 5 as a strategy to obtaining improved optical properties of materials.
Notably, our use of the default w parameter (0.2) yields a difference of only 0.06 eV
between the IP and -eHOMO, indicating this value is suitable for the materials studied.
Comparison of geometry-optimized III-V and II-VI A 36B 3 6 fullerenes reveals a
significant variation from HOMO-LUMO gaps as small as 5.3 eV for heavy elements to
as large as 10.8 eV for the lightest element pairings (Figure 4-4). Some A 36B 36
(B=nitrogen) fullerenes have been previously studied with the PBE functional 226 , yielding
predicted band gaps of 5.1 eV (A=boron), 2.7 eV (A=aluminum), 2.2 eV (A=gallium)
and 0.7 eV (A=indium). The PBE functional is known to underestimate band gaps 2 2 6, but
focusing on band gap trends indicates a comparable 5 eV difference from the lightest to
heaviest fullerenes. This band gap shift is also consistent with the shift observed
experimentally for AB crystal structures (from 6.2 eV to 0.42 eV 2 27-229) with increasingly
heavy cation or anion substitutions. Confinement effects in the OD fullerene structure as
well as the slight overestimate of band gaps previously noted for wPBEh explain this
difference with respect to the bulk crystal structure. In contrast with overall trends, we
note several exceptions to the band gap reduction with increasing mass. Interestingly,
these exceptions in our DFT7 calculations (AlP, GaP > BP and AlAs > BAs) follow trends
observed in experimental bulk crystal band gaps.
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Figure 4-4. HOMO-LUMO gaps (in eV) of geometry-optimized A 3 6B36 fullerenes from
III-V (left) and II-VI (right) materials obtained with wPBEh/LACVP*. HOMO-LUMO
gaps are color-coded by magnitude from largest (red) to smallest (blue).

In order to compare substitution of A and B elements, we calculated the average
change in band gap by keeping the cation (anion) element the same and moving to a
heavier anion (cation) element as 1.0 eV and 1.1 eV, respectively, indicating comparable
effects in band gaps of substitution of A and B elements. A direct comparison of the
dependence of individual HOMO and LUMO eigenvalues with element substitution
reveals separate effects of the cation and anion, however. When the cation element is kept
the same for III-V or II-VI materials, LUMO eigenvalues show a relatively wider
dependence on substitution of different anion elements compared with HOMO
eigenvalues, indicating anion elements tend to change the LUMO more. Comparable
ranges of HOMO and LUMO shifts are observed by keeping anion the same for III-V
materials or I-VI materials, indicating cation elements change HOMO and LUMO
equally.

4.4 Comparison of A2 sB 2 8 , A3 0B 3 0, and A 36B 36 fullerenes
Thus far, we have studied the energetic and electronic properties of A36B 36
fullerenes and identified materials that are good candidates to form experimentally stable
A 36B 36 fullerenes. A key question that remains is the extent to which A36 B 36 fullerenes

may be more stable than the equivalent A 30B 30 Buckminsterfullerene-like allotropes. For
A 36B 36

fullerenes,

the

presence

of four-membered

rings

absent

from

the

Buckminsterfullerenes may introduce strain. On the other hand, the covalent, nonpolar
bonds present in the five-membered rings of A 30B 30 fullerenes but absent in A 3 6B 36

structures may be energetically unfavorable. Therefore, we surveyed energetic properties
of the previously studied combinations of III-V and II-VI elements for A30B 30 models,
which have 20 six-membered rings and 12 five-membered rings with 6 nonpolar, A-A
bonds and 6 nonpolar, B-B bonds (Figure 4-1). In addition, we investigated a smaller
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7 2 and theoretically 8 2 ,
fullerene model, A 28 B 28 , which has been experimentally

186

characterized for boron nitride, that contains 6 four-membered rings and 24 sixmembered rings (Figure 4-1).
Geometry optimizations of both A 28 B 28 and A30 B 30 fullerene structures preserve

the coordination with no bond rearrangement. However, the alternating short and long
bond lengths in the initial A 28 B 28 structures become more comparable. In the A 30B 30

structures, the bond lengths become more disparate, corresponding to the distinct A-B, AA, and B-B bonds. The lack of change in coordination indicates both A 28 B 28 and A 3 0B30

fullerenes are stable local minima. In order to compare the stability of these new fullerene
structures with that of the A 36B36 structures, we define a relative energy per pair of A, B
atoms in the optimized A 28B 28 fullerene (E(A 28 B 28 )) and A30B30 fullerene (E(A 0 B 30)) with
respect to those in the optimized A36B 36 fullerene (E(A 3 6B 36)):
Eprpi(A28B28)

E,,a(A30B30

E(A 28B 28 )
28

(44)

E(A36 B36 )

36

,and

= E(A 30 B 30 ) E(A 36 B 3 6 )
30

36

(4.5)

Notably, the A 3 0B 30 fullerenes are less stable than the A36 B 36 fullerenes for almost all

element pairs studied (Figure 4-5). This observation is in stark contrast to carbon-based
fullerenes where C. is an exceptionally stable carbon allotrope 2 30-23 1. Lighter elements, as
exemplified by the three nitrogen-containing A30 B 3 0 fullerenes (A=boron, aluminum,
gallium), favor the larger fullerene structure. For instance, these C60 analogues are
destabilized by more than 11 kcal/mol per A/B atom pairs with respect to A 3 6B 36
fullerenes. Similarly, the other two aluminum-containing A 3 0B 3 0 fullerenes
(B=phosphorus, arsenic) are destabilized by more than 5 kcal/mol per A/B atom pair with
respect to A 36B 3 6 fullerenes. For all 16 compounds considered, boron arsenide fullerenes
are the only III-V material for which the B 30As 30 structure is more stable than B 36As 36 . For

1I-VI materials, the A 30B 3 0 fullerenes are destabilized even further by about 10-14
kcal/mol per A/B pair with respect to the A 36B 36 compounds. This energetic trend is not
primarily a size effect, as the stabilities of A 28 B 28 fullerenes are comparable to A 3 6B 36

fullerenes, likely due to the presence only of even-membered A-B-alternating rings. One
exception to this size-insensitivity is the nitrogen-containing A 28B 28 fullerenes, which
71

have a relative energy of 2 kcal/mol per A/B pair higher compared to the larger A 3 6B 3 6
fullerenes.
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Figure 4-5. Relative energy per pair of A/B atoms in kcal/mol of geometry optimized
A 28 B 28 (blue) and A 30 B 30 (red) fullerenes with respect to A36 B36 fullerenes from Ill-V

(circles) and II-VI (squares) materials.
We now examine the source of differences in relative stability of A 30 B 30 and
A 36B 36 fullerenes with quantitative measures derived from the structural and electronic

properties of the materials. In order to determine structural effects, we built III-V and IIVI four-, five-, and six-membered rings, passivated the structures with hydrogen atoms,
and computed the relative energies of geometry-optimized four- and five-membered rings
(

with respect to optimized six-membered rings (Figure 4-6). These energy penalties
E4

for four-membered rings and E5

for five-membered rings) are computed as

follows:

E'pe
where E(A2B 2H 4),

E(A3 B 3 H6 )

=2 E(A 2B 2H 4 )

= 52 E(A3 5B 2H5)

and

(4.6)

E(A 2B3 H5 ) E(A 3B 3H 6

)

E4

5

3

E(A 3B 2H5 ), E(A 2B 3H5), E(A 3B 3H6 ) are the energies of optimized

A2 B 2 H4 four-membered ring molecules, A 3B 2 H5 or A 2 B 3H5

five-membered

ring

molecules, and A 3B 3H6 six-membered ring molecules. The energy penalties of both fourand five-membered rings decrease with increasingly heavy anion atoms, but the relative
stability of four- and five-membered rings varies across the studied materials (Table 4-1).
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If bond strain is the largest factor, then four-membered ring energies will always be
higher, whereas five-membered rings are expected to be unstable due to the lower
favorability of nonpolar bonds with respect to their polar counterparts. The BN, AlN,
AlP, AlAs and GaN materials penalize the five-membered ring structures more than fourmembered rings, whereas all the other III-V materials show the reverse trend. In previous
work' , we identified P-P bonds to be favorable in amorphous InP clusters, consistent
with a lower five-membered ring penalty than four-membered ring penalty in this
material (see Table 4-1). The more ionic nature and larger size of the substituents in IIVI materials results in a much larger penalty for the nonpolar bond-containing fivemembered ring structures and relatively small penalties for the four-membered rings.

p

A 2 B2 H 4

A 3B 3H 6

A 3 B2 H 5

A 2 B 3H 5

Figure 4-6. Representative ball-and-stick models of hydrogen-passivated four-, five-, sixmembered rings: A2 B 2H4 (top left), A 3B 2H5 (bottom left), A 2B3 H5 (bottom right), and

A 3B 3 H6 (top right) with A atoms shown in red, B atoms in blue and H atoms in gray.
E4

(

Table 4-1. Relative energy penalties of four-membered ( Een'y), and five-membered

E 5PEn"'C) rings with respect to six-membered rings in kcal/mol for III-V and II-VI
materials.
E5
E
Epenalty EE4
penty
penty
penlty
6.0
GaAs 11.9
58.2
51.1
BN
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BP

33.9

18.2

InN

27.1

25.1

BAs

28.4

17.2

InP

19.2

10.6

AIN

29.4

49.8

InAs

17.8

13.9

AlP

19.8

21.8

ZnS

9.2

45.8

AlAs

18.9

20.0

ZnSe

5.4

37.4

GaN

31.0

44.5

CdS

6.8

39.0

GaP

20.7

15.7

CdSe

5.6

35.7

In addition to the relative energy penalty between differing ring structures, the
quantity of each ring structure type also matters. In each A 3 0 B 30 fullerene, there are 12
five-membered rings but each A36 B 3 6 fullerene only contains 6 four-membered rings.
Therefore the relative penalties for A 3 0B 3 0 and A 36 B 3 6 fullerenes should be calculated as a

weighted difference in the number of unfavorable rings on a per-pair of atom basis to
maintain consistency as follows:

6E 4
(4.8)

penlty

36

(

12E5
AErpenalty
"
30

The relative A30 B30 to A 3 6B 36 fullerene energies correlate very well (R2 =0 .92) with the
ring-derived

energy penalty differences between the two structures

(Figure 4-7).

Therefore, our simplified ring model captures all of the underlying differences in
chemical bonding that stabilize the A36 B36 fullerene structures. Although for some heavier
III-V materials, five-membered rings are more stable than four-membered rings, the
larger (12 vs. 6) number of five-membered rings in A 3 0B 3 0 fullerenes with respect to fourmembered rings in A 3 6B36 means that the 72-atom fullerene is almost always favored. In
order to test the transferability of our derived trend, we investigated whether the relative
overall stability of group IV elemental A60 and A 72 fullerenes (A=C, Si, or Ge) would
correlate to the energy penalty differences based on their four-, five-, and six-membered
rings. Here, any penalty in the four- and five-membered rings should be derived solely
from strain because all bonds are now nonpolar. Heavier A60 (A=Si, Ge) fullerenes follow
the same trend as the heteronuclear materials, but our ring energy penalty metric slightly
underestimates

the stability of the lighter C60 . The difference
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comes from the

MER

NNIMENNOM

underestimated energy penalty of the hydrogen-passivated four-membered ring because
this isolated ring structure assumes an alternating single and double bond structure, but
the four-membered rings in fullerenes all have equivalent bond order. For the heavier
group IV A60 (A=Si, Ge), the four-membered rings in the fullerene structures are twisted
instead of flat, leading to a more representative energetic contribution from the isolated
four-membered ring structure.
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Figure 4-7. Relationship of the relative energy per pair of AB atoms in kcal/mol of
A30 B30 fullerenes referenced against A 3 6 B 3 6 fullerenes from III-V (green circles), 1I-VI
(orange squares), and IV (magenta triangles) materials with energy penalty differences
per pair of AB atoms in kcal/mol between A30 B 3 0 and A 36 B 3 6 fullerenes. A best-fit line

(gray dashed) fit only to III-V and II-VI data is shown. Select labeled compounds are
highlighted with bolder symbols.
We also used a reference A36 B36 spherical nanoparticle to directly compare

stabilities of the three different fullerene geometries with respect to substituent cation or
anion element changes. We calculate the relative energy per AB pair in three optimized
fullerenes E(AnBn) (n=28, 30, or 36) with respect to those in the optimized A 3 6B 3 6 NP
(E(NP)) as:

Eprpair()

E(AnBn)
n

E(NP)
36

(4.9)

We then examined possible correlations between the relative energies of each fullerene
structure with all previously studied materials property descriptors of underlying atoms
(e.g., electronegativity or covalent radius) and structure-specific properties (e.g., four- or
five-membered rings). From several combinations, we obtained a descriptor,
correlated to the relative stability for all three fullerene structures:

75

P, which is

$=l8.l7(r
where rand

BV

I
E4
)+-'O194E

+r

+0.81nQ
+ .8 n5 E 5 . )-O-. .6n6s,
6

(.
(4.10)

are covalent radii of A and B atoms in A, n 4 , n5 , n6 are number of four-

five-, six-membered rings in the fullerenes, and E 4

EQ

are energy penalties of

four-, five-membered rings in kcal/mol. The relative stability of each fullerene (EP,
pair(FL)) is correlated to the descriptor

1 (Figure 4-8):
E,, ar(FL) = $ - 43.4 ,(.1

where the constant -43.4 kcal/mol depends on the chosen reference structure (an A 3 6B36
NP). The quantities present in our

P descriptor

are an intuitive mixture of size- and

structure-dependent properties. The relative energy of a fullerene increases with covalent
radii of A, B atoms or total energy penalties of four-, five-membered rings, but it

decreases with increasing structure size, as indicated by the number of six-membered
rings. The instability caused by the energy penalty of five-membered rings is four times

larger than that of four-membered rings, as indicated by weights in the final expression
and thus this more general correlation indicates that nonpolar bonding is even more

destabilizing in the general data set than in our original penalty vs. stability correlation.
The size effect corresponding to the number of six-membered rings has a small influence
on the fullerene stability, suggesting topology of the fullerene, as described by constituent
ring structure energetics, is much more relevant than the size.
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Figure 4-8. Relationship of relative energy per pair of AB atoms in kcal/mol of A28B28
(blue), A30B30 (red), and A36B36 (green) fullerenes referenced against the A36B36
spherical nanoparticles from III-V (circles) and II-V (squares) materials with a descriptor
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P which is a linear combination

of sum of covalent radius of A and B atoms; total energy
penalties of four-, five-membered rings, and number of six-membered rings (the form of
[ is shown in text). A best-fit line (gray dashed) is also shown.

4.5 Conclusions
We have carried out a systematic study of the role of elemental identity in
,

determining electronic, energetic, and geometric properties of prototypical (i.e., A 2 8B 28
A 30B30, and

A36133)

III-V and II-VI fullerene allotropes. Our use of a nanoparticle

reference enabled identification of potentially stable A1 36 N36 , Ga36N36, InN36 and B3 6P 36
fullerenes in addition to the previously-characterized

B3 6 N3 6 . We found a suitable

composite descriptor of electronegativity differences and sum of covalent radii that
captured relative fullerene stability in these materials, and, importantly, this descriptor is
transferable to group IV A 72 fullerenes. We observed a shift in band gap with increasingly
heavy cation or anion substitutions in the A36B36 fullerenes.
We next investigated differences between the 72-atom fullerenes and their A3 0 B 30
Buckminsterfullerene counterparts, where the latter contain covalent, nonpolar bonds due
to the presence of five-membered rings absent in the former, which consists only of polar,
alternating A-B bonds in four- and six-membered rings. We expected the four-membered
rings of A3 6 B3 6 fullerenes to reduce overall stability due to their large strain energy, but
we also anticipated that the nonpolar bonds in A 30 B 30 fullerenes might be energetically
unfavorable. We found the strain effect to be smaller than the penalty for nonpolar
bonding, as A3 0 B 3 0 fullerenes were less stable than the A3 6 B3 6 fullerenes for almost all
element pairs studied. We also considered size effects by comparison to a smaller A2 8 B 28
fullerene model, which contains solely four- and six-membered rings and found the
energetic trend to not be strongly size-dependent, as the stabilities of A 28B 28 fullerenes are
comparable to A3 6 B 3 6 fullerenes. In order to understand the energetic difference, we
constructed hydrogen-passivated four-, five-, and six-membered rings and computed
energy penalties of the strain effect and nonpolar bonds induced by four- and fivemembered rings, respectively. We observed a strong correlation between the total relative
energy penalties of these substituent ring models to relative fullerene energies. A simple
descriptor that consisted only of these penalties and a measure of element size via
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covalent radii correlated well to the stabilities of all three fullerene allotropes. Overall,
our study has demonstrated a path forward for predicting the relative stability of
additional fullerene allotropes of arbitrary shape and size. The strategy presented here
should be useful in identifying new stable element combinations and doping strategies in
fullerenes.
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Chapter 5 Growth Mechanism of III-V Quantum Dots
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5.1 Introduction
2

The unique size-dependent electronic and optical properties

4

of colloidal

3 7 38

quantum dots (QDs) make them ideal for applications in photovoltaics, - , 235 light-

emitting diodes, 35-36 and biological imaging." 34 Although 1I-VI CdSe QDs exhibit
controllable sizes 0 2, 23 6 and light emission throughout the visible range0 3, III-V InP QDs
have emerged as a less toxic'04 alternative 237-21 with even broader emission range.'45-'06
Adoption of InP QDs has been limited by difficulties 23 7 in obtaining optimally narrow
QD size distributions and high photoluminescent quantum yields, despite ongoing
experimental efforts to understand the QD formation mechanism10 7 , 239-243 and tune the
growth process. 2 4

24

s The typical InP synthesis recipe requires high temperatures,

employs indium carboxylates 42' 246-247 that necessitate reactive phosphorus precursors, and
long reaction times, making control of size distributions challenging.2 46
Classical nucleation theory (CNT) 249 has been an effective guide for tuning size
distributions in more ionic I-VI and IV-VI 0 2,250 -2s1 QDs but nonclassical (i.e., multi-step)
nucleation and growth models are needed2 52 to understand III-V materials. 240,253-256 For
example, reducing the reactivity of P precursors in accordance with CNT 24 4,2 7-259 did not
improve InP QD size distributions.1 2 InP magic size clusters (MSCs)

09

,240 around 1.1260

to 1.3260-261 nm in size have been observed to be essential intermediates during InP growth,
and stability240 controlled by In precursor chemistry. InP MSCs have

with their size

been used as seeds for controlled QD growth 24 0 by decoupling the nucleation and growth
stages

242

. Although MSCs appear an essential key to understanding III-V InP240,23,2 6 ' and

InAs 2 62 growth mechanisms, controlled growth of MSCs has also been observed to be

beneficial in II-VI materials (e.g., CdS 2 63 , CdTe2 64, and ternary II-VI alloys

26

5).

Indeed,

there is increasing consensus that small clusters and MSCs coexist with QDs during
growth for a number of materials. 2 ,253,

261-266

The mechanism by which InP QDs form

from MSCs remains an open question, with agglomeration unlikely but either dissolution
or continued growth at a slower rate both possible.
24 0 26 7 68
In light of a complex and challenging growth process, precursor variation , -2

during synthesis

2 69 2 72

-

or post-synthetic ligand exchange 2 7 -2 76 on MSCs and QDs have

been vigorously pursued experimentally. These efforts have led to discovery of alternate
chemistries

that

can

produce

unique

QD

80

shapes

269

'

273,

size237,

267,

stability240,

stoichiometry 274-275, and quantum yield2 70-2 71, especially through apparent improvements in
non-In-passivated surface properties.

2.276-277However,

a nanoscale understanding of the

QD structure during stages of growth has only been possible in a few cases
spectroscopic

methods for determining QD structures remain

development 27 . First-principles simulations
understanding the growth mechanism
of amorphous'0", bulk'

6

-1",

2 79

2

61 2 66

,

, and

an active area of

have been a valuable complement

-2o of II-VI and

in

IV-VI QDs. Although properties

and quantum-confined InP'00,120

,13 3 ,18 ,28

had been studied in

1

detail, our recent combined ab initio molecular dynamics (AIMD) and reaction pathway
analysis approach represented the first attempt to discover the growth kinetics and
character of early stage intermediates in InP QD synthesis.2
observed 2

2

2

Through AIMD, we

the formation of the earliest stage clusters (ESCs) from isolated precursors in

InP QD synthesis. This ESC2 82 has an indium rich surface surrounding an In 4 P
tetrahedron with bond lengths and surface carboxylate coordination properties in
fortuitously good agreement with simultaneously obtained X-ray crystal structures of InP
magic sized clusters2 4'

253, 261

We also confirmed the paramount importance of In

precursors in controlling growth 28 2 , and we identified ligand modifications that could
283

.

provide pathways for low-temperature synthesis

In order to continue to move beyond the limits of CNT, first-principles simulation
will provide needed insight to reveal commonalities and variations in the surface
chemistry of first-principles ESCs and the experimental MSC structure in order to
understand how reactivity changes during QD growth. In this work, we develop a unified
'

electronic structure interpretation of surface reactivity on early-stage 28 2 and magic sized 26

clusters. We identify high variability of surface site kinetic and thermodynamic properties
that depend strongly on nearest neighbor In-In distances in an unexpected manner but can
be rationalized through the highly covalent electronic structure at the InP QD surface.
This strong relationship between structure and energetics also permits us to interpret and
rationalize

relative

quantities

of excess

characterized266 3 nm QDs.
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In

on

the

surface

of experimentally-

5.2 Model curation and computational details
5.2.1 InP clusters
We now review the models we have selected to build up a first-principles
understanding of growth from precursors and early-stage intermediates to nm-scale QDs.
An early stage cluster (ESC) model was obtained from previous 2 82 high-temperature ab
initio molecular dynamics (AIMD) of In and P precursor mixtures. This cluster contains
one P atom coordinated tetrahedrally by 4 In precursors along with two complexed In
precursors that only coordinate to the neighboring In atoms (Figure 5-Ia). The
structure2 82 of this In 4 P tetrahedron is similar to the tetrahedral geometry of the zinc
blende InP bulk crystal structure 2 84 . We perform simulations on the X-ray crystal
structure of a magic sized cluster (MSC) that was obtained by growing InP QDs with
phenylacetate ligands 261 (Figure 5-1d). This MSC structure has a surface comprising 16
excess In surrounding a near-1:1 InP core (21 In and 20 P) with geometric properties261
similar to the ESC282 , albeit with reduced symmetry 26 1, 2 73 in comparison to zinc blende
InP284 (Figure 5-Ib).
Carboxylate ligands are known42,

285

to form multiple binding modes to

neighboring indium atoms on surfaces: bidentate carboxylate coordination to a single In
center, as is common in isolated In(RCOO-) 3 precursors 282, or bridging ligands that
coordinate multiple In centers in either a symmetric fashion with comparable distance to
both In centers or asymmetrically in a manner that supports a partial second bond with
one of the two In centers (Figure 5-le). Monodentate coordination is not observed in
equilibrium ESC or MSC structures but is expected to occur transiently during growth
steps on the surface. It is useful to classify trends in reactivity and stability by binding
mode.
The most common InP QD growth recipe 0 9, 239,

241-243, 267, 286

employs myristic

acid, a long chain fatty acid, which has comparable electronic properties to shorter chain
carboxylic acids, such as acetate or formate282 . To manage computational cost, we
replace the phenylacetate ligands employed to stabilize the MSC in prior experimental
work2 6 1 with both acetate and formate ligands and we compare to an ESC 2 82 with acetate
ligands also replaced by formate (Figure 5-la,c). We again282 employ PH 3 as our model
precursor and discuss the effect of ligand precursor chemistry on our observations.
82

a) in,P ESC with formate

b) In37P-r MSC
without ligands

c) MSC with formate

d) MSC with phenylacetate

f) rigid ligand dissociation: DE

e) carboxylate ligand binding modes

R = H, CH 3, CH 2Ph

bidentate

symmetric
b-idging

g) ln-O bond cleavage: AE(In-0)

asymmetric

bridging

h) P H, addition: E8, AEx

R

TS

P

Figure 5-1. Structures of InP clusters and elementary reaction steps studied in this work:
a) AIMD-grown InP ESC with formate ligands; b) MSC In37P 20 without ligands; c) the
MSC surface with formate ligands; d) the MSC surface with phenylacetate ligands; e)
representative models of ligand binding modes; f) MSC rigid ligand dissociation (DE) for
formate (R=H), acetate (R=CH 3) and phenylacetate (R=CH2Ph); g) MSC In-O bond
cleavage (AE(In-O)) for formate ligands; and h) PH3 addition thermodynamics (AE., R
to P) or kinetics (Ea, R to TS). For all structures, atoms are colored as follows: In brown,
P orange, 0 red, C gray, and H white.

5.2.2 Elementary steps of InP QD Growth
The growth of InP QDs is a dynamic process comprising many individual steps.
Prior 2 82 reaction pathway analysis on high-temperature AIMD for ESC formation
identified a consistent growth mechanism across reactions of individual precursors and
larger ESCs. In both cases, it was observed that for an In-P bond to form, the In center
must become undercoordinated through In-O bond cleavage in a coupled or sequential
fashion282. A nucleophilic oxygen atom from a carboxylate ligand then abstracts a
functional group (here, a proton) from the phosphorus precursor. It is possible for this
reaction to occur within a single complex of In and P precursors (i.e., an intracomplex
reaction) or through assistance by a neighboring In precursor unit (i.e., intercomplex
reaction). Regardless of the nature of the mechanism, In-0 bond cleavage energies in
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small clusters were identified to be an essential predictor of In-P bond formation reaction
energies across a wide range of ligand chemistries

28 2-283 .

In-O bond cleavage has also

been hypothesized to occur experimentally when InP QDs are exposed to water. 261 In this
work, we investigate the range of surface chemistry and thus reactivity of both our
computational ESC and the experimental MSC structures (Figure 5-1). Our goal in this
work is to understand the heterogeneity in relative stability or, alternatively, reactivity
toward continued growth of sites on model cluster and QD surfaces.
The simplest measure of site- and ligand- (i.e., phenylacetate, formate, and
acetate) specific stability/reactivity trends on the surface of a QD model is the rigid
ligand dissociation energy, DE. We compute the DE by removing the ith ligand from the
QD surface and obtaining separate single point energies of the isolated ligand and
modified QD for each ligand on the surface (Figure 5-1f).
Given the paramount importance 2 82-283 of In-O bond cleavage in overall reaction
energetics for In-P bond formation, we also compute the energetic cost of cleaving the ith
In-O bond, AE,(In-O), between an In surface site and the carboxylate ligand determined
through partial relaxation of the cleaved ligand and comparison to the equilibrium QD
energetics (Figure 5-1g). For each ligand, we cleave the weaker In-O bond: the longer of
two In-O bonds for chelating bidentate or symmetric bridging ligands and in asymmetric
bridging ligands the longer In-O bond for the oxygen that forms two weaker bonds with
both In centers (Figure 5-1).
Following In-O bond cleavage, a likely elementary step for continued growth is
the addition of PH 3 precursors to the In-rich surfaces (Figure 5-1h). The thermodynamics
of this PH 3 addition provides a measure of the likelihood of continued QD growth at
various reaction sites on the surface. We do not assume excess P precursor conditions27 3
but use the PH 3 addition as a measure of site-specific reactivity. During AIMD, we
observed 282 rapid formation of In-P(H 2)-In coordination following H abstraction from
PH 3 . Thus, we model PH 3 addition as the cleavage of an In-O bond at a bridging
carboxylate site, proton abstraction by the free anionic carboxylate oxygen, and addition
of a PH2 moiety in the open In In site (Figure 5-1h). Addition at chelating bidentate sites
is also considered with a similar mechanism, although it is energetically less favorable.
We report the relative energy of PH 3 addition for each ith site, AAErxn(PH 3), obtained
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from relaxation of the added PH 3 and protonated carboxylate, which typically dissociates
from the surface, referenced against the value for an isolated precursor reaction (Figure 5-

1).
Although the kinetics of PH 3 addition are important, strong linear free energy
7

,

relationships (LFERs) between reaction energies and barriers are frequently observed

including in reactions 28 3 between PH 3 and In precursors, permitting inference of kinetics
from thermodynamic trends. To confirm LFERs on the MSC and ESC models, we
compute select approximate transition states (TSes) for PH3 addition. We compute the ith
site's relative activation energy, AEai, on MSCs or ESCs with respect to an isolated
precursor pair, where the TS is the highest minimum energy pathway structure obtained
during PH 3 deprotonation by the free carboxylate (Figure 5-lh). In total, the steps
pursued here are consistent with experimental observations of ligand exchange, and only
some hypothesized pathways of MSC decomposition have been neglected.m

5.2.3

Computational details
Electronic structure calculations were carried out with TeraChem1 42 -143 . Geometry

optimizations 14'

and path-based 2 11-28 9 TS

searches

functional theory (DFT) with the hybrid B3LYPW 9'

using density

were

performed

61, 145

exchange-correlation

(xc)

functional. The default B3LYP definition in TeraChem uses the VWN1-RPA 146 form for
the local density approximation component of the correlation. All calculations were
carried out with the composite LACVP* basis set, which corresponds to an LANL2DZ 290
effective core potential basis for In and the 6-31 G* basis for the remaining atoms. Using
a larger aug-cc-pVDZ basis set yields comparable reaction energies for PH3 addition on
representative cases. We validated our choice of xc functional and confirmed that
alternative long-range corrected, hybrid wPBEh 93 did not substantially change predicted
reaction energies for PH3 addition on representative cases.
Geometry optimizations were carried out using the DL-FIND1 4 1 module in
TeraChem with the L-BFGS algorithm in Cartesian coordinates. Default thresholds of
4.5x1lO- hartree/bohr for the maximum gradient and 1.0x10- hartree for the change in
energy were employed. For approximate TS searches and minimum energy pathways
(MEPs) of PH 3 addition on the MSC and ESC models, initial guesses were provided for
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constrained optimizations followed by nudged elastic band (NEB) 28 8 -2 9 calculations.
Activation energies (Ea) were determined with respect to a reactant in which a PH 3
precursor was 5

A from the surface. Default NEB thresholds of 4.5x10 4 or 3 .0x10-4

hartree/bohr for the maximum or root mean square (rms) of energy gradient, and 1.8xI0.3
or 1.2x10-3 for the maximum or rms of the atomic displacement were employed. Twenty
initial images were used in NEB, and 10 to 15 images were added after convergence then
re-converged to ensure sufficient image density around the TS region. Inclusion of
empirical dispersion correction (i.e., DFT-D3 2 91) does not change trends for either DEs or
DDE., values. Incorporation of thermodynamic corrections at 298.15 K does not change
DDE., values or trends. The 0 K electronic energies are instead reported throughout the
main text due to high computational cost of thermodynamic corrections on the 261-924atom models studied in this work.
The

X-ray

crystal

structure 2 61

of

the

phenylacetate-ligated

(In37 P 2 ,(O 2 CCH 2 Ph)5 1) was simulated along with acetate-

InP

MSC

(In37 P2 0 (O 2 CCH 3)5 1 ) and

formate- (In3 7 P 2 0(O 2 CH)5 1) ligated structures obtained by removing Ph and CH 2Ph,
respectively, H-atom capping, optimizing a constrained geometry in which only the H
atoms were allowed to move. An acetate-ligated ESC (In 6 P(O 2 CH)15 ) from previous
work 2 12 was studied with formate ligands obtained by removing CH 3, H-atom capping,
optimizing only the H atoms. Rigid ligand DEs on the MSC were computed for all three
ligand types in bidentate and bridging ligands, whereas the remaining MSC and ESC
quantities were computed only with formate ligands. Both a) DE(In-O) cleavage and b)
DDE., addition energies were computed by i) cleaving one In-O bond, ii) H-capping the
anionic 0 atom, and iii) carrying out a constrained geometry optimization in which only
the hydrogenated

ligand was free along with PH 2 for b). Model

spherical InP

nanoparticles were built using the supercell builder function in Avogadro" 9 on the
experimental bulk InP structure 47 and extracting spheres of target radii using an in-house
script.
Atomic partial charges were obtained from the TeraChem interface with the
Natural Bond Orbital (NBO) package 22 2 . The Mayer bond order2 92 -2 93 was calculated with
.

Multiwfn 294
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5.3 Bond cleavage energies
5.3.1 Rigid ligand dissociation energies
As the MSC structure is most relevant to understanding QD growth processes, we
first evaluate the rigid ligand DE from an MSC as a probe of surface reactivity and
stability in InP QDs. DEs of the phenylacetate ligands on the MSC are both large in
magnitude and span a 71 kcal/mol range, with lower DEs for the 12 chelating bidentate
ligands (79-116 kcal/mol) than for the 39 bridging ligands (90-150 kcal/mol) regardless
of symmetric (5) or asymmetric (34) binding mode (see Figure 5-1). Although
coordination mode strongly influences the average DE, the large range of ligand DEs
suggests differences in the local surface chemistry of the MSC play the dominant role.
Indeed, mapping ligand DEs onto the MSC QD surface reveals heterogeneity in spatial
distribution of high and low DE sites: both extrema are surrounded by regions of ligands
with intermediate binding energies (Figure 5-2). Although site-specificity was previously
suggested in ligand rearrangements on InP QDs 26 1 , these large variations in energetics are

the first quantitative indication of heterogeneous growth rates at different sites on a QD
surface.
Qualitative observations for phenylacetate ligands are preserved in small (i.e.,
formate and acetate) ligands, consistent with observations that In-O bond energies are
insensitive to chain length 2 12 (see Figures 5-1, 5-2). Quantitatively, phenyl group
bulkiness significantly weakens DEs relative to acetate two outlier cases that give
phenylacetate a wider DE range than formate and acetate. Formate and acetate DEs agree
to within 5 kcal/mol, although maximum formate DEs are higher due to differences in
interligand interactions for differing chain lengths. Thus, we focus throughout this work
on formate ligands to mitigate computational cost and expect that energetic and
geometric trends inferred should be transferable to other carboxylate ligands, with minor
underestimation of stability due to steric bulk in phenylacetate and overestimation of
stability for formate (Figure 5-2).
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a) phmnylacetats
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Figure 5-2. Map of the range of 39 bridging ligand rigid DEs on the MSC for a)
phenylacetate, b) acetate, and c) formate ligands all shown in the same view. The same
inset color bar range is used for all three surfaces, as shown at top right. Representative
low (top) and high (bottom) ligand dissociation structures are shown in inset with the
In In separation labeled.
Over the MSC structure, we observe a wide variation in geometric properties:
In In separations range from below 4
distances vary from 2.08

A

A to

nearly 5.5

to nearly 2.35

A,

A and In-O

surface-ligand bond

motivating evaluation of possible

correlations between energetics and geometry. For the experimentally determined
phenylacetate capped MSC, we observe moderate correlations of DEs to geometric
properties. Bidentate and bridging ligand types exhibit a single (R2 =0.48) correlation
between increasing In-O bond length and decreasing DE and weakly positive correlations
(R 2=0.15-O.50) between increasing In"-In separation and increasing DE for bridging
ligands. For formate and acetate ligands, these geometric correlations are preserved.
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Although we have demonstrated correlations between energetic and geometric
properties, we sought to explain the electronic structure origins of surface-ligand
interactions by evaluating correlations between energetic and electronic properties. We
therefore also evaluated: i) the individual or summed Mayer bond valence (BV) of each
In atom coordinated to the ligand, ii) the individual or summed Mayer bond orders of the
In-O bonds, and iii) the partial charges of individual and ligand-summed carboxylate 0
atoms. The In BVs represent the degree of bonding between surface In and any
neighboring atoms (i.e., coordinating P in the QD or 0 from ligands). A wide range of
summed In atom BVs (ca. 2.3-2.6) is observed, with average values about half (vs. 6) of
what would be expected for purely covalent bonding, consistent with a picture of mixed
ionic and covalent bonding 261. Despite the expectation that the BV is a good indicator of
average bonding strength of the In atom to its neighbors, no correlation is observed for
individual or summed BVs and DEs.
In contrast to BVs, we observe correlations between the phenylacetate In-O bond
order and DEs and summed carboxylate 0 partial charges. A good correlation between
DE and In-O bond order of the weaker of the two cleaving In-O bonds (R 2 =0.68) is
observed, with very weak second bonds corresponding to the lowest DEs. This
observation, which extends to acetate and formate ligands as well, suggests a picture in
which the weakest interaction determines the overall DE because one weak bond is not
compensated by strengthening of the other In-O bond.
Regularized

feature

selection

with LASSO

29

5

confirms observations

from

univariate correlations: In-O bond distance, 0 atom partial charges, and the weaker bond
In-O bond order are essential features. The multiple linear regression model of the
phenylacetate data has enhanced weighting of geometric properties and the formate
model has a greater partial charge contribution, but all models have comparable rms
errors (RMSEs) of around 5-7 kcal/mol (4-7% of the mean DE). Deviations between
ligand types are not detectable from In-0-focused descriptors, which are well-correlated

for differing ligands.
Overall, this analysis reveals that in InP QDs, local surface structure and
interligand interactions can affect both ionic and covalent contributions to In-O bonds to
lead to very large variations (ca. 50 kcal/mol or more) in ligand DEs across the MSC
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surface. We next consider the extent to which energetic variations and their electronic
structure origins are consistent across lower energy (i.e., more probable) elementary steps
in QD growth.

5.3.2 In-O bond cleavage
Single In-O bond cleavage is a more realistic proxy 2

2

for surface-site-specific

reactivity, so we next consider whether trends observed for DEs hold for DE(In-O) on the
MSC. Although we identified chelating bidentate DEs to be on average lower than the

bridging DEs, we focus on DE(In-O) trends for bridging ligands (i.e., 39 of 51 MSC
surface ligands). This choice is motivated by the fact that i) continued P1
requires the two available In at bridging sites for PH 2 coordination 2

2

3

addition likely

and ii) although DEs

were lower for chelating bidentates than bridging ligands, DE(In-O) values are uniformly

higher.
As expected, DE(In-O) values are lower than DEs, but, somewhat surprisingly,
the two quantities span a comparable range for bridging ligands (29-35 kcal/mol). A good
correlation (R 2 =0.59) is observed between DE(In-O) and DE, and most points fall within
a 3 kcal/mol range centered around the trendline (Figure 5-3). Mapping DE(In-O) on the
InP surface reveals similar labile and stable spots distributed over the QD surface as was
observed for DEs, owing to the good correlation of single and double bond cleavage (See
Figure 5-2). The lower absolute DE(In-O) values mean that some In-O bonds are twice as
strong as others on the MSC surface, and only the weakest bonds are comparable to those
(ca. 20 kcal/mol) in isolated precursors

28 2

(Figure 5-3). Thus, most of the MSC is

expected to be less reactive than earlier stage clusters.
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Figure 5-3. Correlation for 39 bridging (34 asymmetric in blue circles, 5 symmetric in
red squares) formate ligands on an MSC between In-O bond cleavage (DE(In-O), in
kcal/mol) and rigid ligand dissociation energies (DE, in kcal/mol).

Although a good correlation is observed between DE(In-O) and DEs, individual
property-energy correlations differ: correlations with the electrostatic 0 atom partial
charges or In-O bond distances are no longer present, whereas correlation to the In-O
Mayer bond order is improved. At the same time, a previously observed weak correlation
between formate DE and In In internuclear separation is significantly strengthened (for

34 asymmetric ligands from R2 =0.24 to R 2 =0.75), consistent with qualitative observations
of short In.In separation producing lower DE(In-O) values. Consistent with univariate
analysis, feature selection confirms only the In-O bond order and In In separation

contribute significantly to determining DE(In-O), with RMSEs for a two-variable linear
model as low as 4.5 kcal/mol or around 12% of the mean. Overall, these observations
suggest reorganization of the electronic structure on the other In-O bond following single
In-O bond cleavage compensates for any electrostatic contribution to the bond cleavage
that was observed in DE trends.

5.4 PH3 addition
5.4.1 Thermodynamics
As with In-O bond cleavage, we observe that relative PH 3 addition reaction
energies, DDExn(PH 3), have a large variation over the MSC surface with labile and stable
spots intermingled, although over a smaller range (15 kcal/mol for , DDEmn(PH 3) vs. 29
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kcal/mol for DE(In-O)) of energies (see Figure 5-4). We previously identified2s 2 -28 3 that
In-O bond cleavage was an essential predictor of In-P bond formation energetics in
precursor and ESC reactions. Indeed, this observation holds for the MSC, where we
observe a good correlation (R2 =0.63) between DDEfl(PH 3) and DE(In-O). For this
reason, energetically unfavorable PH 3 addition at chelating bidentate sites was not
pursued.
As would be expected from the close relationship between the two energetic
quantities, correlation of DDE.,(PH 3) to underlying electronic and geometric properties
is qualitatively equivalent to trends observed for DE(In-O) (Figure 5-4). That is,
DDE ,(PH 3) correlates well to the In In separation for symmetric (R2 =0.99) and
asymmetric (R2=0.90) bridging ligands, with all points falling within a

3 kcal/mol range

around the trendline in an even stronger correlation than that was observed for DE(In-O)
(Figure 5-4). The observation that smaller In In distances are associated with higher
reactivity is at odds with expectations from bulk metal surfaces 296 , where increasing
metal-metal separation is known to make surfaces more reactive, not less so, highlighting
unique qualities of covalent, directional bonding in III-V QDs. Given the substantial
decline in thermodynamic favorability for DDE,.(PH 3) with increasing In -In separation,
we also considered whether also allowing In sites to reorganize after PH 3 addition,
initially neglected from our analysis, might alter our conclusions. For d(In In) < 5.0
we observe no change in optimized In.In distance and only modest (ca 0.1

A)

A,

decreases

in separation for some of the initial longer separation points. These modest
rearrangements suggest the underlying core MSC or QD structure prevents significant
changes in In In separation that would reduce DDExn(PH 3) at high d(In In) sites.
The only other correlating property observed for DDEJ.(PH 3) is a single
correlation (R2 =0.73) across both symmetric and asymmetric bridging ligands with the
Mayer bond order of the weaker In-O interaction. This correlation is slightly strengthened
over that observed for DE(In-O), which is surprising because it may be expected that
weakening In-O bonding reduces DE(In-O), whereas PH 3 addition is a competition
between In-O bond cleavage and In-P formation.

92

AAEnm (kcal/mol)

4.44 A
1

-

R2 =0.O0

13 0.e.9

8.25A

~.5

-'Ar
30

15
U.5

-

*,'

ii~ewIc

4A4 A eaymti

4.0

4.5

In-in distance (A)

5.5

Figure 5-4. a) Relative reaction energies for PH3 addition (AAEr in kcal/mol) with
respect to an In precursor reference for 39 bridging ligands on a surface rendering of the
MSC. The energetic range is shown by inset colorbar (green is low and orange is high),
and structures with representative highest and lowest reaction energies are shown in the
reactant state with relevant In-In distance labeled. b) Correlation of AAE. in kcal/mol
versus In-In distance for 5 symmetric bridging bidentate ligand sites (red squares) and 34
asymmetric bridging bidentate ligand sites (blue circles) for the MSC (shown as gray
solid lines with R2 inset). Representative structures from a) are indicated in orange and
green. The ESC AAE. for 2 symmetric ligands (light red squares) and 4 asymmetric
ligands (light blue circles) are overlaid on top of the MSC correlations. A range of 3
kcal/mol from the trendlines is shown in dashed gray.
To confirm the generality of the correlation between In-In separation and
DDEm(PH 3), we also computed PH 3 addition energies for sites on the ESC. Of the 10
bridging ligand sites on the ESC, four (three symmetric, one asymmetric) have lower
coordination numbers than observed for any MSC sites and are therefore much more
reactive. For the remaining six bridging ligand sites (two symmetric and four
asymmetric) on the ESC that have comparable coordination numbers to the MSC,
overlaying the ESC energies and distances on the MSC data reveals a consistent
relationship (light blue and red symbols in Figure 5-4). As with the MSC, chelating
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bidentate ligands have large DE(In-O) values and were therefore not considered for PH 3
addition. These observations suggest that geometrically equivalent MSC and ESC sites
are equally reactive, meaning that the subsurface core atoms are not perturbing the
electronic structure of the In atoms beyond a nearest neighbor effect, although In In
separations sampled in the ESC are in some cases shorter than sampled in the MSC data
or sites are more likely to be undercoordinated.
)

Returning to the fact that across equivalent ESC and MSC sites DDE,"(PH 3
correlates well to both In In separation and Mayer bond order of the cleaving bond, we
next considered if there was a strong relationship between these two quantities that could
rationalize surface reactivity and stability. Indeed, we observe two good correlations by
ligand binding mode (symmetric: R 2 =0.89, asymmetric: R 2 =0.75) between increasing
In -In separation and increasing In-O Mayer bond order. Thus, when In sites are further
apart, these surface sites bind ligands more tightly. Since the bond strength in symmetric
ligands is higher than in the asymmetric form, two distance-energy relationships are
observed, but only one overall energy-bond-order correlation is needed, even across
more tightly binding chelating bidentate ligands (see Figure 5-4).

5.4.2 A model for QD-size dependent reactivity
To more directly probe why increasing the In ~~In separation strengthens the
weaker In-O bond, we constructed a minimal model of two passivated In atoms and a
bridging carboxylate in which we could control In --In separation in the asymmetric or
symmetric bridging configurations (Figure 5-5). Good correspondence is observed
between minimal model bond orders and those in the MSC and ESC, despite differences
in chemistry due to the In atoms being isolated instead of on an InP cluster (Figure 5-5).
In asymmetric ligands, increasing In In separation above 4.25 A (i.e., most distances
sampled on the MSC) strengthens the weaker of the two In-O bonds because the 0 atom
that was partially bonded to two In centers is now only close enough to the single In
center, whereas compression below 4.25 A increases the Mayer bond order again as the
bonding redistributes between the two In centers (Figure 5-5). Conversely, for symmetric
bridging ligands, increasing In In separation increases bond order monotonically. These
observations explain the higher bond orders observed in short In -In separation ESC sites
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not sampled on the MSC.
Simplified
model

0.350

c

a0.030

0
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Figure 5-5. In In separation (A) versus In-O Mayer bond order for 34 asymmetric (blue
filled circles) and 5 symmetric (red filled squares) MSC formate ligands. Bond orders
from a simplified model (symmetric and asymmetric shown at top) obtained from
constrained variation of In -In separation are shown as white symbols with a 0.03 bond
order range (shaded region).
Given the strong variations in surface reactivity of MSC sites but consistency with
equivalent sites on the even smaller ESC, we next developed a model of how surface
morphology is likely to evolve during QD growth. We expect the depletion of reactive
surface sites to coincide with the slowing or cessation of QD growth. In addition to the
MSC crystal structure, experimental mass spectrometry has quantified2"' the number of
core and surface In atoms in five QD sizes ranging from 2.42 to 3.28 nm in diameter,
which is roughly twice the diameter of the MSC 26 1 and a typical size for InP QDs 2 4 0 ,25 s,266.

These QDs have an In-rich surface with comparable core densities to spherical NPs
extracted from bulk crystalline InP.
During growth from an ESC to MSC to QD, the relative excess surface In
decreases, increasing average In -In surface separations, dav(In .In) (Figure 5-6). The ESC
dav(In --In) = 4.13
= 4.14

A),

A is the same as that an In-terminated

bulk spherical model (dav(In In)

indicating that at the earliest stages of growth the surface is maximally In-rich

(Figure 5-6). In comparison, the MSC da(In -In) = 4.75

A is already

indicative of a less

In-rich surface (Figure 5-6). Additionally, a higher ratio of symmetric:asymmetric
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bridging sites is observed in the ESC (5 of each, i.e., 1:1) than in the MSC (5:34) (Figure
5-6). We then developed a geometric model of QD surface area to predict dav(In--In) in
the MALDI-TOF-characterized QDs. The less In-rich surface of QDs leads to an even
larger dav(In In) = 5.56-5.77

1#

with increasing values for increasing QD size.
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Figure 5-6. Distributions of In-In distances on the ESC, MSC, and a 3.28 nm QD.
Normalized and smoothed surface In-In distance distributions are shown for the InP MSC
(solid, gray line) and an InP quantum dot (QD) (solid, green line). Each individual
surface In-In distance is shown for the ESC (solid, orange, sticks). Average In-In
distances in the ESC (dashed, orange), MSC (dashed, gray), and QD (dashed, green) are
also indicated. The estimated reaction energies based on the linear best-fit line of reaction
energies relative to the In(HCOO) 3 reference are shown with light blue (lowest energy) to
light red (highest energy) shaded regions for the MSC and QD distributions, as indicated
by the inset color bar. Structural models of average MSC and QD In In separation are
shown at top.
Noting that we have information not just about da(In In) for the MSC but all
In -In separation values on the surface, we smoothed the distribution to show the essential
features. Overall, two distinct populations are observed of short In In separations (3.5-4

A)

with symmetric carboxylate ligands and a broader distribution peaked slightly above

dav(In.In) for the asymmetric ligands (Figure 5-6). As we have seen, increasing In --In
separation leads to a rapid decline in favorability for continued PH 3 addition (Figures 5-4
and 5-5). Assuming that the observations of i) decreased reactivity with increasing 1nIn
96

separation and ii) qualitative features of the MSC distance distribution hold in larger
)

QDs, it should be possible to predict relative surface reactivity of larger (i.e., 3.28 nm 266
QDs (Figure 5-6). By taking experimentally-known surface da(In In) and modeling
possible distributions of the sites, we observe that the population of thermodynamically
favorable addition sites are dramatically reduced in both absolute and relative quantities
(only 1.8% or 3 sites should have DDEn(PH 3) < 30 kcal/mol) in comparison to the MSC
and ESC (Figure 5-6). This analysis is robust to the approximations we have made such
as assuming a continuing increase in ratio of asymmetric bridging to symmetric bridging
ligands (from 1:1 in the ESC to 7:1 in the MSC to 10:1 in Figure 5-6). The persistence of
the MSCs during growth2 53 ,261 ,266 is consistent with our analysis and can be understood in
terms of a low fraction of most reactive sites. The very persistent (i.e., stable) MSC sizes
(i.e., 1.1-1.3 nm 260 - 261) and stoichiometries observed in InP QD growth 2 66 appear to

correspond to configurations that have low concentrations of sterically-accessible and
reactive symmetric bridging ligands.
The decreased number of short In In separation points on the surface of a mature
QD can be rationalized by geometric arguments. In the MSC, bridging carboxylate
ligands, be they symmetric or asymmetric in their binding, can coordinate two
neighboring In sites flexibly for In In separations ranging from as little as around 3
(MSC min. is 3.8

A)

to as high as around 6.5

A (MSC

max. is 5.3

A)

due to the 2.9

A
A

separation between the carboxylate 0 atoms. Conversely, a single P precursor must insert
between two In atoms for continued growth in a much narrower range (3.6-5.2

A)

of

theoretically possible In -In separations. These geometric constraints could rationalize
why addition of excess phosphorus precursor to an MSC produces a distinct nonzincblende structure.273 Therefore, growth should terminate in In-rich surfaces with large
In- In separations passivated by bridging carboxylates because any site where a P
precursor can attack will be a favorable site for continued In addition. Careful selection
of alternate In and P ligand precursor chemistries beyond carboxylates for In precursors
should then be expected to change both the nature of growth and of the surface
termination.
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5.4.3 Kinetics
Thus far, our focus has been on thermodynamic quantities, which are most
relevant for slow growth conditions. If strong scaling relationships hold between kinetic
(i.e., Ea) and thermodynamic (i.e., DE.) quantities, then all of the thermodynamic
analysis will apply to kinetically limited regimes.2 ,297-302 We had previously observed

3

good scaling relationships for precursor reactions, but we now test if this relationship
holds on larger clusters. We explicitly compute reaction pathways for PH 3 addition on
five (i.e., half of all possible) representative bridging ligand sites on the ESC. In
comparison to an intracomplex precursor reaction, PH3 addition on these ESC sites was
thermodynamically less favorable for most cases. The minimum energy pathway (MEP)
characterization includes i) cleavage of an In-O bond, ii) insertion of PH 3 between two In
sites, iii) simultaneous proton abstraction from the substrate, and iv) formation of two InP bonds. When carried out sequentially, the In-0 bond cleavage step comprises most of
the full abstraction and In-P bond formation barrier292-

3

(Figure 5-7). Good kinetic

correspondence between ESC and precursor pathways is observed for cases where the
thermodynamics are comparable (blue versus red lines in Figure 5-7b).
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Figure 5-7. a) AEa versus AAEm (both in kcal/mol) with respect to an In(HCOO) 3
precursor reference (empty red square) for PH3 addition on five representative sites on the
ESC (blue circles) with a best-fit line (black, dashed) shown. b) Absolute ESC PH 3
addition reaction coordinate shown for case with asterisk indicated in a) in blue compared
to absolute intracomplex precursor reaction energetics in red. Relevant structures on the
ESC reaction pathway, i.e., In-O bond cleavage and H abstraction, are shown with
relevant distances in each step annotated. The exchanged ligand, PH 3 molecule, and
associated In atoms are opaque, whereas the neighboring environment is translucent. The
energetics of an intracomplex In(HCOO) 3 precursor reaction reference are indicated in
red.
For all MEPs, P-H bond shortening and 0-H bond elongation is observed
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simultaneously as a proton is transferred to the anionic carboxylate oxygen. Higher
barriers correspond to cases where the In-P bonds do not shorten significantly or do so
only after the abstraction step, whereas low barrier cases exhibit In-P bond formation
during proton abstraction (Figure 5-7). The most favorable surface sites for addition
enable i) In-O bond cleavage and rotation of the carboxylate away from the surface, ii)
alignment of the carboxylate

--H--P transferring atoms to a near 180* angle, iii) a

shortened 0- to P separation to enable proton sharing in the TS, and iv) concomitant
formation of a shorter (i.e., ~ 2.6-2.8

A)

partial In-P bond for the In site that is no longer

bonded to the carboxylate. If In In separation is too large, In-P bonds cannot form during
the abstraction process, helping to explain the good scaling relationship between the
thermodynamics and kinetics in these systems (Figure 5-7a). Importantly, calculation of
the MEPs on three representative MSC sites yields relative EaS consistent with the scaling
relation observed for ESC sites.
Thus, an overall picture emerges in which carboxylate coordination to In sites is
more flexible than PH 3 addition, suggesting that both kinetics and thermodynamics are
unfavorable for continued addition to the In-rich surface once In sites are fully
coordinated and well-separated on the surface. This concept could be used to extend
qualitative kinetic growth models 2 5 to directly account for increase in average In In
surface separations

with continued growth, although we note that instantaneous

separations can vary widely as QDs grow.

5.5 Conclusion
We developed first-principles-derived models that unify InP QD formation from
the isolated precursor and early stage cluster reactions to 1.3-nm magic size clusters and
used these observations to rationalize experimentally observed properties of full sized > 3
nm quantum dots. First-principles modeling on the experimentally characterized, 1.3-nm
MSC surface revealed large surface-dependent reactivity for all elementary growth
process steps including full ligand dissociation, single In-O bond cleavage, and PH 3
addition. Overall observations revealed that fundamental steps could be as much as twice
as energetically costly even between neighboring surface sites. These thermodynamic
trends were observed to correlate well to kinetic properties, supporting our assignment of
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labile and stable spots from either a thermodynamic or kinetically limited growth
perspective.
Correlation of electronic or geometric structural properties to energetics identified
surprising sources for these variations in reactivity. Namely, short In- In separation on
the surface correlated to the most reactive sites, which was explained by decreasing
ligand-surface bond strength in these cases, as judged through bond order metrics derived
directly from the In-O bond density. Increasing In In separation led to more favorable
covalent bonding orientation between carboxylate ligands and surface In atoms. This IIIV reactivity deviates from typical models for more ionic II-VI QD growth mechanisms.
We confirmed that large In In separation remained favorable for carboxylate binding
whereas P precursors were unlikely to favorably add to such sites. This observation was
especially surprising because it is at odds with conventional understanding that strain in
bulk metallic surfaces increases reactivity. The connection described between structure
and reactivity provides a geometry-based method to assess the growth and reactivity of
experimentally characterized InP clusters and QDs without further simulation.
The unique constraints of carboxylate or P precursor binding to In atoms
rationalized why all sizes of InP clusters and QDs are In-rich but become less so as QDs
mature. These observations also point to the importance of the geometric structure of
both In and P precursors in considering alternate growth recipes to control both kinetics
as well as surface morphology in III-V QDs.
energetics could be incorporated

In the future, these constraints and

into kinetic models to develop a predictive

understanding of how to control III-V QD growth through altered ligand chemistries or
concentrations.
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Chapter 6 Density Localization and Surface Properties
in the Solid State
This chapter has been published in

Q. Zhao, H. J. Kulik, J. Chem. Theory Comput., 14 (2), 670-683 (2018).o3
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6.1 Introduction
Approximate density functional theory (DFT) is widely used to understand the
electronic structure of transition metal-containing molecules and materials. Nevertheless,
presently available exchange-correlation (xc) approximations in DFT are plagued by both
one- and many-electron self-interaction errors (SIE)72

75,

s304-306, also referred to as

delocalization error64-66 (DE), which give rise to well-known problems in dissociation
energies"

78

, barrier heights79 , band gaps"", and electron affinities2-1 4. Open shell

transition metal complexes and solids are particularly sensitive to imbalances in DE,
which leads to strongly xc-dependent predictions of spin-state 63'

85-89

or magnetic

ordering - and thus electronic properties.
DE64-6 has a quantitative energetic definition as the deviation from linearity with
respect to exact piecewise

linear

behavior67 , which

also requires

a derivative

discontinuity86 7-1 , with fractional addition or removal of an electron. The convex
deviations-27

3

of pure xcs in approximate DFT (e.g., local density approximation, LDA or

generalized gradient approximation, GGA) from piecewise-linearity 3 7 are manifested in
errors in numerous ground state energetic and density properties. HF exchange
conversely overlocalizes electrons and exhibits concave deviations723 from piecewise
linearity.

These observations have motivated the incorporation of Hartree-Fock (HF)

exchange through tuning

8 314

-

of global or range-separated hybrids 22 "

315-323

in which

Janak's theorem 324 is invoked to identify" and eliminate deviations from piecewise
linearity.
The limitation of this energetic definition is that as system size increases, the
apparent deviation from linearity approaches zero 32 5-3 28 , making it a less suitable metric in
solids. We recently demonstrated 9' that the DFT+U method32 9 33 0 , widely employed for
33 1

,

approximately treating SIE in semi-local DFT treatments of transition metal chemistry

can also recover piecewise linearity. We showed' that this piecewise linearity is not
recovered at a calculated self-consistent', linear-response'-' U but at one determined by
.

the semi-local DFT deviation from linearity"8

Although DFT+U and hybrids represent suitable approaches for reduction of
energetic DE in transition metal chemistry, the effect on the density of energetic DE
corrections remains unclear. It has been known for some time that functionals that
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provide good energetics (e.g., B3LYP' 9' 61,

145)

yield poor densities in comparison to

accurate references 3 2, whereas others yield poor energetics and good densities
densities are a necessity for interpreting trends in chemical bonding3

4

33

. Correct

and associated

observable quantities. This importance has been the recent focus of a surge in interest,
especially in evaluating density errors of approximate DFT exchange correlation
functionals in charged ions and small organic molecules
paid to how properties of d-33 9-34 0 and

f- 34 1-34 2

33 338

5- . Less attention has been

valence transition metal complexes and

solids are affected. Recently, we showed that global and range-separated hybrids as well
as DFT+U universally localize the density away from the metal and onto surrounding
ligand atoms in transition metal complexes regardless of metal identity, spin state, ligand
electronegativity, or ligand size. 8'' 339 These observations were consistent with studies that
showed decreased bonding in 3d states (e.g., of CuC1 31 1 or in a iron octahedral
complex 3 43) and 4f states (e.g., lanthanide complexes 3 4 1) with range-separated hybrids. In
organic molecules, replacement of approximate DFT densities with ones derived from HF
have been demonstrated to yield improved barrier heights 3
energies"'

1-347,

34

4-

and dissociation

enabling a separation of energetic- and density-driven delocalization

errors". Nevertheless, our recent work showed 339 that at the point of energetic DE
elimination in molecules, residual density DE was left behind with respect to accurate
correlated wavefunction theory reference densities.
The uniform localization of density away from the metal with all DE corrections
was surprising given that the form of the DFT+U potential can either enhance or reduce d
state occupations. Within the solid state community, the Hubbard34' and Anderson 349
model origins of DFT+U frequently invoke statements regarding electrons being
localized onto a metal site, not away from it. It remains an open question whether
functional tuning strategies with HF exchange and DFT+U have the same, convergent
effect on solid-state properties as they do on transition metal complexes. It is particularly
useful to identify if hybrids and DFT+U perform comparably

39

,350-352 due to the increased

computational cost of evaluating long range exchange in the solid state. Due to its low
computational cost, DFT+U is often employed to open band gaps and recover the correct
ground state in studies of transition metal oxides, e.g., with Ce9'353-35 4 , Ti 35s-356 , Mn357-359,

Fe357-358,360-361, Co 357-35 8, Ni 357-35 8 in various stoichiometries as well as to correct magnetic
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ordering

in transition-metal-containing

perovskites 3 62 . HF exchange,

especially in

computationally efficient short-range screened hybrids, can be used for similar purposes,
e.g., in battery-relevant Ni- and Co-containing transition metal oxides3 63 as well as
transition metal monoxides 3" and di/trioxides 91' 365-367 and perovskite materials',
sometimes with improvement over DFT+U results3 '"

70

3-369,

for band gaps and structure or

magnetic moments that motivate the higher computational cost of hybrids.
Despite the apparently similar effects of DFT+U and hybrids on energetics, few
studies have compared how these methods alter the properties of the density in transition
metal-containing solids. In this work, we carry out a detailed comparison of the effect of
HF exchange and DFT+U on 34 transition metal-containing solids. Over this wide test
set, we compare the effects of HF exchange and DFT+U on density in the solid state as
we vary electron configuration, substituent size, and coordination environment in order to
identify if they behave as similarly as they do in transition metal complexes. Within a
subset of open-framework solids, we make direct comparison to isolated molecules
through rigid extraction of octahedral complexes from the solid-state environment. Such
study is revealing because it sheds light on whether functional tuning effects are
transferable

from

small

molecule

chemistry, where

experimental

and

accurate

wavefunction theory references are abundant, to the solid state.

6.2 Computational details
6.2.1 Hybrid calculations
The effect of exact exchange was investigated by altering88,339 the percentage of
Hartree-Fock (HF) exchange in a modified form of the B3LYP' 9'

61, 145

global hybrid

functional from as low as 0% (i.e., pure BLYP generalized gradient approximation or
GGA) to as high as 50% HF

(aHF

0.5) exchange in increments of 5%, unless otherwise

noted:

EIodB 3 LYP

=

ELDA

+HF(E

-ELDA)+09(1

HF)(EGGA

ELDA

while holding the GGA/LDA ratio fixed to the 9:1 value in standard (i.e., 20% exchange)
B3LYp5 9' 6 1'

145.

Hybrid DFT calculations on solids were performed using the periodic

boundary condition (PBC) code CRYSTAL14 2 20 with a localized basis set (LBS). The
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default definition of B3LYP in CRYSTAL employs the VWN5 form for the LDA
VWN'4 component of LYP 1 correlation. At least a double-c split-valence basis set was
used for all atoms, with polarization added in some cases (3d Cr-Ni, and H, N, C, and K),
and triple-

split-valence basis sets were used for Pt, with polarization added for Ir, as

obtained from the CRYSTAL 2 20 website1 27 . Using larger triple-c split-valence basis sets
yields comparable results on representative cases. All-electron calculations were carried
out for all atoms except in the case of Mo, Ir, and Pt atoms where Hay-Wadtl' effective
core potentials were used, and only the semi-core states of Mo (4s, 4p) or Ir and Pt (5s,
5p) were described explicitly along with the valence electrons.
The atomic positions and lattice parameters of all solids were fully optimized
using the BFGS quasi-newton algorithm3 7 2- 3 76 with default tolerances of 4.5x10-4
hartree/bohr for the maximum gradient and 3.Ox 10~

hartree/bohr for the root mean

squared gradient. Monkhorst-Pack k-point grids were used in all cases to sample the
Brillouin zone: 12x12x12 for MO 2 transition metal oxides, 6x6x6 for TiX 2 (X=

S,

Se),

and 8x8x8 for the open-framework solids M(NCNH) 2, M(OH) 2 , MCO 3 , and K3 M(CN) 6
(M = V-Ni). In order to aid self-consistent field (SCF) convergence, an electronic
temperature of 0.005 Hartree was applied. All calculations were spin-polarized and the
spin value was assigned to obtain correct atomic spin for ferromagnetic or nonmagnetic
states.
Single point energy calculations of iron complexes extracted from open4 4 3
framework solids with modified B3LYP were performed using the TeraChem '
quantum chemistry package with a LBS. The default definition of B3LYP in TeraChem
employs the VWN1-RPA form for the LDA VWN'" component of LYP6' correlation.
Using the CRYSTAL default of LYP correlation (i.e., VWN5) yields unchanged trends
with respect to the VWN1-RPA results obtained with TeraChem defaults. Fe was treated
with the LANL2DZ effective core potential ,290,371 and the 6-31 G* basis was used for the
remaining atoms.

Larger aug-cc-pVTZ

basis sets

yielded

unchanged trends

on

representative cases. High-spin and low-spin iron multiplicities were assigned as quintet
and singlet for Fe(II) and sextet and doublet for Fe(III). All calculations were spinunrestricted with virtual and open-shell orbitals level-shifted1 7' by 1.0 and 0.1 eV,
respectively, to aid SCF convergence to an unrestricted solution.
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6.2.2 DFT+U
DFT+U 3 2 9- 33 1 , 3 78 calculations for solids and complexes were performed using the
PBC code Quantum-ESPRESSO

379

, which employs a plane-wave basis set (PWBS). The

PBE18 GGA was employed with ultrasoft pseudopotentials (USPPs)

380

obtained from the

Quantum-ESPRESSO website.121 Plane-wave cutoffs were 35 Ry for the wave function
and 350 Ry for the charge density. The atomic positions and lattice parameters of all
37 2
transition metal solids were fully optimized using the BFGS quasi-newton algorithm

376
-

until the maximum residual forces on the atoms were smaller than 1x10-3 Ry/bohr (5x 104
hartree/bohr). For solid-state calculations, k-point sampling and smearing values were the
same as in the CRYSTAL calculations. All transition metal atoms were given an initial
guess of 0.0 starting magnetization for non-magnetic states and 1.0 for ferromagnetic
states in spin-polarized calculations.
For transition metal complexes, single point energy calculations were performed
with the Martyna-Tuckerman scheme3 1' to eliminate periodic image effects on molecules,
and only the F point of the Brillouin zone is used in such cases. Cubic box dimensions,
chosen to ensure good grid spacing for atomic charges, ranged from 15 to 20

A were

employed depending on the size of the complex. In complexes, all transition metal atoms
were given an initial guess of 0.05 starting magnetization for low spin states and 1.0
starting magnetization for high spin states, and total magnetizations were constrained to
match the values described in the hybrid calculations on complexes. The simplified
DFT+U correction:
U

EDr+U = EDr +

2I,o' n1,

n1

Tr(n'G(1-n"'
1

n

(6.2)
62

was employed with I corresponding to transition metal atom sites, ni is 3d-5d, and Y is
the spin index. Occupation matrices, n, are obtained from projections of extended states
onto atomic states obtained during pseudopotential generation, as is standard practice 3 1 :
n'G." =

'1(6.3)
k,v

The Hubbard U values employed in this work ranged from 0 eV (i.e., pure PBE-GGA) to
up to 10 eV in 1 eV increments, unless otherwise noted, following common practice in
studies of tuning U effects and typical ranges of U values employed.3 3 1 38 2
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6.2.3 Structure preparation and post-processing
A total of 34 transition metal solids: 8 transition metal dioxides, 1 transition metal
disulfide, 1 transition metal diselenide, and 24 open-framework solids were studied in
this work (representative structures shown in Figure 6-1). The experimental rutile-type
tetragonal structures of transition metal oxides MO 2 (M = Ti, V, Nb, Mo, Ru, Rh, Ir, Pt),
hexagonal structures of transition metal disulfides/diselenides TiX 2 (X = S, Se), trigonal
structures of MCO 3 (M = Mn-Ni) and M(OH) 2 (M = Mn, Co, Ni), orthorhombic
structures of M(NCNH) 2 (M = Fe-Ni), and monoclinic structures of K3 M(CN)6 (M = MnCo) were obtained from the Inorganic Crystal Structure Database (ICSD).383 Analogous
MCO 3 (M = V, Cr), M(OH) 2 (M = V, Cr, Fe), M(NCNH) 2 (M = V-Mn), K 3M(CN)6 (M

=

V, Cr, Ni) structures were built by replacing the metal atom in the closest available
experimental structure. All structures were optimized at each level of theory. The
structures of extracted Fe(II)(NCNH) 6 , Fe(II)(CO 3 )6 , Fe(II)(OH) 6 , and Fe(III)(CN)6

complexes were generated using the supercell builder function in Avogadro.49 to build
large cells from the corresponding fully optimized crystal structures at each tuning
parameter and retain only a single octahedral complex. Single point energies of
complexes were obtained on the geometries from the solids (i.e., high-spin complex from
the ferromagnetic solid, low-spin complex from the non-magnetic solid).
For comparison of partial charges across two tuning procedures for both solids
and complexes, we compute real-space Bader atomic charges99'
program

34 .

334

using the BADER

The grid resolutions were carefully selected to ensure convergence of partial

charges and held constant across tuning methods for consistency. Electron density cube
files were obtained using the properties postprocessing code for CRYSTAL calculations,
the pp.x postprocessing code for Quantum-ESPRESSO calculations, and the Multiwfn
postprocessing package 294 on Molden files obtained from TeraChem calculations.
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(a) MO 2

(b) Ti:(

(c) MCO 3

(d) M(O )2
IO

(e) M(NCN )2

00

(f) K3M(CN) 6

Figure 6-1. Structures of transition metal compounds studied in this work. (a) Transition
metal oxides MO 2 (M = Ti, V, Nb, Mo, Ru, Rh, Ir, Pt) with a rutile-type tetragonal crystal
structure. (b) Transition metal disulfides/diselenides TiX2 (X = S, Se) with a hexagonal
crystal structure. Open-framework solids (c) MCO 3 and (d) M(OH) 2 with trigonal crystal
structures, (e) M(NCNH) 2 with an orthorhombic crystal structure, and (f) K3M(CN)6 with
a monoclinic crystal structure (M = V, Cr, Mn, Fe, Co, Ni).

6.3 Charge localization in transition metal oxides
6.3.1

Transition metal oxides
To determine the effect of DFT+U and HF exchange on densities in the solid

state, we selected the frequently studied 31-356 , 385-388 and experimentally available rutiletype transition metal (TM) dioxides (MO 2), in which a metal is surrounded by an
octahedral environment of coordinating oxygen anions, producing a non-magnetic (NM)
ground state. From eight available structures, we study the effects of varying both delectron configuration of the neutral metal (d2s 2 in Ti to d9s' in Pt) and the principal
quantum number of the valence electrons (3d: Ti, V; 4d: Nb, Mo, Ru, Rh; and 5d: Ir, Pt).
Both tuning strategies have small effects on equilibrium structures: optimizations with
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HF exchange decrease lattice parameters slightly (ca. 0.1

A

from GGA to 50%

exchange), whereas DFT+U increases lattice parameters for early transition metals (i.e.,
Ti, V, and Nb, ca. 0.05-0.10 A for GGA to U = 10 eV) and has a smaller effect (ca. 0.023 A) on mid- or late-transition metals.
For the two functional tuning methods, there are slight differences in the GGA
reference value: the U = 0 eV in DFT+U corresponds to the pure PBE-GGA limit in a
plane-wave basis set (PWBS), and the 0% HF point is the pure BLYP-GGA limit in a
localized basis set (LBS). Overall, the two GGA references used produce comparable
Bader partial charges with small differences in absolute values for early transition metals
(ca. 0.04-0.10 e) and slightly larger for late-transition metals (ca. 0.10-0.29 e) (Figure 62). Trends of decreasing partial charge with d-filling (i.e., Ti to Pt) and increasing partial
charge with increasing principal quantum number (i.e., V to Nb, Rh to Ir) are consistent
across the two GGA references (Figure 6-2).
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Figure 6-2. Dependence of shift of transition metal (TM) partial charge, Dq(M), in e with
percentage of HF exchange (top) and U (in eV, bottom) for nonmagnetic rutile-type MO 2
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with M = Ti (blue squares), V (red squares), Nb (red circles), Mo (brown circles), Ru
(gray circles), Rh (orange circles), Ir (orange triangles), and Pt (green triangles). The
GGA partial charge is indicated in the inset, with all curves aligned to have Dq(M) values

at zero at the pure GGA value. The dashed lines indicate linear best fit through all data to
quantify the partial charge sensitivities to HF exchange or U. Both HF exchange and
Hubbard U y-axes span the same 0.6 e range.

Regardless of metal identity, incorporation of HF exchange uniformly increases
positive metal partial changes, signifying charge localization away from the metal and

onto the surrounding oxygen anions. Increasing U in DFT+U localizes partial charge
away from the metal only for early transition metals (i.e., Ti, V, Nb) but onto the metal
for mid-row and late transition metals (i.e., Mo, Ru, Rh, Ir, Pt) (Figure 6-2). The increase
in metal positive partial charge with incorporation of HF exchange is consistent with our
observations on transition metal complexes",

339,

but DFT+U behavior with mid- and late.

transition metals diverges from previous observations 3

Regardless of sign, approximately linear behavior of partial charges with tuning
parameter is observed across the range of U and aHF values studied (Figure 6-2). We thus
use linear fits as approximations to the M partial charge, qm, sensitivities (S), i.e. the
partial derivatives of qm with respect to the tuning parameters, p, (i.e., U or
S,(qm)= Aqm

AP

aHF:

(6.4)

__

ap

The units of U are eV, and we use the unit notation "HFX" to represent the range from 0
to 100% HF exchange. The commonly proposed values of HF exchange in the literature

range from around

0%3s6, 389

to at most 40-50%363,

368, 390

(i.e., 0.4-0.5 HFX). In

comparison, typical ranges of U would be from 0 to around 6 eV. 363,3 8 9 Throughout the
text, we commonly multiply U sensitivities by 10 to compare to HF exchange
sensitivities, roughly treating a change in HF exchange from 0 to 100% as equivalent to
U variations from 0 to 10 eV, consistent with our prior work33 9
The changes in metal partial charge for rutile-type MO 2 correspond to an
approximately 0.3 to 0.4 e loss from the metal with increasing HF exchange from GGA
to 50% HF or a sensitivity of around 0.6-0.8 e/HFX (Figure 6-2). Comparing metaldependent effects, the earliest, TiO 2 , and latest, PtO 2, are most affected by HF exchange
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(ca. 0.4 e loss at 50% HF) with most mid-row TMs reduced to around 0.3 e loss,
excluding only RuO 2. As with electron configuration in the mid-row, principal quantum
number dependence is minimal, with comparable behavior for V0 2 and NbO 2 or RhO
2
and IrO 2 . In contrast, for DFT+U with U up to typically applied values of 6 eV,
increasing d filling correlates with decreasing electron loss in early transition metals (i.e.,
Ti, V, Nb) from 0.15 e to 0.03 e, whereas mid-row or late transition metals all gain
around 0.10 e to 0.13 e from the oxygen atoms over the same range of U values. The
divergent effect of DFT+U means that across the studied transition metal dioxides,
DFT+U demonstrates a larger range of charge sensitivities but smaller magnitude than
HF exchange.
We can compare charge sensitivities of these transition metal dioxides with
M(OH 2 )6

2

+

(M

=

Ti, Fe, Ni), which also have an oxygen-coordinating octahedral

environment and are the most-similar complexes in the literature33 9 . HF exchange had a
smaller effect on these molecules than on the solids, e.g. 0.23 e/HFX in Ti(OH 2)

2

+

vs. 0.8

e/HFX in TiO 2 . In molecules, HF exchange sensitivity increased with increasing d filling,
whereas in the transition metal dioxides there is no such trend. With DFT+U, the strong
dependence of charge localization on d filling in solids was conversely not observed in
complexes
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. For early-row transition metals, where DFT+U sensitivities are positive in

both complexes and solids, the sensitivities are higher in the solids, e.g. 0.13 el10 eV U in
-

Ti(OH 2)6 2 vs. 0.25 e/l10 eV U in TiO 2

Recalling the slight differences in geometry optimizations with incorporation of
HF exchange or DFT+U, we now confirm that differing charge localization trends is not
due to differences in each method's equilibrium lattice parameter. We compare
sensitivities of the representative early TM TiO 2 and late TM PtO 2 cases at the
experimental (expt.) instead of equilibrium (eq.) lattice parameter. Sensitivities are
.

preserved, regardless of structure choice in TiO 2 and PtO2

Visualization of changes in the electron density at fixed lattice parameter with HF
exchange and DFT+U confirm the direction of charge localization obtained from partial
charge analysis (Figure 6-3). With HF exchange, we observe a spherically averaged loss
of electron density from the area directly surrounding the metal (Ti or Pt) center and gain
of electron density in the areas surrounding the 0 atoms. Consistent with observations in
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partial charge changes, DFT+U also shows density loss at the Ti metal in TiO 2 , albeit
with more d-orbital character to the density loss than the symmetric case for HF
exchange. The density difference also confirms clear electron density loss from 0 atoms
and gain at Pt for DFT+U only. Thus, divergent partial charge sensitivities for DFT+U
and hybrids on late transition metal oxides are evidence of a qualitative difference in the
effect of the two methods that is not sensitive to real-space partitioning in the partial
charge scheme or lattice parameter.
We can better understand the influence of the Hubbard U on the density by
reviewing the form of the Hubbard potential that is incorporated self-consistently:

VU

()-(2n,',

=

(6.5)

I,nl m

The potential acts to shift up (i.e., empty) occupied states with weak atomic occupation (n
<

), and it fills occupied states with strong atomic occupation (n >

V).9'

97 33'

The

potential has the opposite effect on unoccupied states, the efficiency of which was
described in our recent work9'.

By reviewing occupation matrices and the potential

employed in DFT+U (eqs. 6.2, 6.3 and 6.5), we can thus rationalize the fundamentally
different charge localization behaviors between early and late transition metal dioxides.
In the non-magnetic states studied here, early transition metals have small fractional
occupations that consistently empty with increasing U, whereas the least occupied states
are still more than half-filled in late-row transition metals, leading to charge localization
onto the metal through the DFT+U potential correction.
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Figure 6-3. Electron density difference between 50% and 0% exchange for the rutile type
TiO 2 (top left) and PtO 2 (bottom left), and between U = 10 eV and U= 0 eV for TiO 2 (top
right) and PtO 2 (bottom right). Red and blue colors represent negative (electron density
loss) and positive (electron density gain) electron density difference, respectively, as

indicated by the inset color bar.

6.3.2 Density of states
Differences in changes in the density of states (DOS) with increasing HF
exchange and DFT+U for early (TiO 2) and late (PtO 2) transition metal dioxides can
further clarify differences in the two functional tuning strategies (Figure 6-4).
Experimentally, TiO 2 and PtO 2 have band gaps of 3.0 eV3 91-3 92 and 0.2 eV3 93 , respectively.
HF exchange increases the band gap in TiO 2 from its GGA underestimate and introduces
a band gap into metallic GGA

PtO 2,

whereas DFT+U weakly increases the TiO 2 band gap

3 3
and maintains a metallic PtO 2 ground state (Figure 6-4 and Table 6-1). Hybrids 90,'

94

and

DFT+U 7',3 95 are often used to open band gaps in GGA metals that are experimentallyknown insulators, but the optimal amount of exchange or U is system-dependent. For
DFT+U, the largest U studied here (8 eV) increases the gap from the PBE/PWBS GGA
reference but still underestimates the experimental value, and the gap in PtO 2 cannot be
reproduced. In contrast, HF exchange tuning with high (i.e., 40%) exchange fractions can
overestimate the band gaps (Table 6-1). Since the band gaps linearly increase with HF
,

exchange, the optimal HF fraction can be interpolated to be 12-17% (for TiO2 and PtO 2

respectively). In the case of TiO 2 , this value can be compared to using the often,

recommended inverse of the static dielectric (1/e=0.18396) constant of the material 369,3 97
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which would overestimate the experimental band gap by if used directly (Table 6-1).

Table 6-1. Band gaps of TiO 2 and PtO 2 with HF exchange and DFT+U.
TiO 2

PtO 2

BLYP/LBS

1.91 eV

0.0 eV

40% exchange

5.81 eV

2.72 eV

l/e exchange

3.70 eV

--

PBE/PWBS

1.39 eV

0.0 eV

DFT+U (8 eV)

2.19 eV

0.0 eV

Expt.

91 3 92
3.0 eV -

0.2 eV 393
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5

Figure 6-4. Projected density of states (PDOS) of i) non-magnetic TiO 2 (top) or PtO 2

-

(bottom) d total (gray shaded region) and components: d, (maroon line), d, (orange line),
dx, (black line), d,2 (blue line), d,2,2 (green line) and ii) 0 2p total (red line). Plots on the
left correspond to variation of HF exchange, whereas DFT+U variation is shown at right
with values indicated in insets. Arrows indicate the band gap opening with increasing HF
exchange percentage and U values around the Fermi level (vertical dashed line). The
range in eV of the PDOS is smaller for PtO 2 than for TiO 2

Examination of projected density of states (PDOS) features in the valence band
(VB) and conduction band (CB) edges also provide orbital-specific information about
changes in states that give rise to the observed partial charge sensitivities. Integrating the
individual and total d-orbital PDOS for Ti in TiO 2 and Pt in PtO 2 in the VB as HF

exchange or U is varied reveals comparable trends to Bader charge analysis and
visualization of spatial density differences. HF exchange (50%) in TiO 2 reduces equally
occupied d-orbitals with GGA by around 0.2-0.25 e/HFX each and sharpens a sub-VBedge yz peak. Consistent with observations on the density differences, DFT+U instead
selectively decreases the x 2_y 2 orbital occupancy by 0.20 e/l0 eV U from its GGA value,
leaves the xy occupancy unchanged and decreases the occupancy in the remaining
orbitals by a more modest amount. In PtO 2 , HF exchange reduces nearly equally occupied
d-orbitals by 0.9 e/HFX, which is in excess of the partial charge sensitivity likely due to
increasing s occupancy. The previously observed increase in DFT+U partial charges with
2
PtO 2 is reflected in modest increases across all orbitals, except z , by an amount less than
the partial charge sensitivity due to simultaneously increasing s occupancy. Other

differences evident from the full PDOS include both narrowing of the CB in TiO 2 and a
delocalization of the z 2 d state in the VB of PtO 2 with DFT+U that do not occur with HF
exchange.

6.3.3 Ligand diffuseness
A commonly invoked explanation of the effect of self-interaction error (SIE) in
correlated solids is that typically well-localized 3d electrons are more affected by SIE
than the more extended bonding states formed by other atoms. It would follow from this
argument that SIE should cause the electron density to delocalize from 3d states to
neighboring atoms. Within molecules, we have recently demonstrated33 9 that 3d states are
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actually relatively delocalized compared to ligand atomic orbitals in 3d-2p transition
metal coordination environments (e.g., (3d: 1.9

A radius vs. 2p:

1.7

A radius for an 0.001

e isosurface).33 9 We also showed 339 that increasing the diffuseness of molecular ligand
states (e.g., to 4p or larger) with respect to the 3d metal-centered orbitals so that 3d states
are, relatively speaking, well-localized instead increases the degree of delocalization from
the metal to the ligand. The differences in transition metal dioxides motivate revisiting
the possibility that coordination environment diffuseness could lead to different behavior
with functional tuning in solids.
We select rutile TiO 2 as a representative system where both HF exchange and
DFT+U localize density away from the metal and onto the surrounding oxygen atoms and
examine if replacing oxygen changes charge localization patterns. To study larger-than3d coordinating atom valence electrons
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(i.e., 3p and 4p), we calculate properties of TiS 2
and TiSe 2 in their experimental hexagonal ground states (Figure 6-5, inset). The structural
difference between rutile and hexagonal octahedral environments is a slightly larger
asymmetry in the rutile structure compared to more symmetric hexagonal structures
(Figure 6-5). The partial charges for the two GGA references (i.e., BLYP/LBS or
PBE/PWBS) are relatively close and follow the same trend with increasingly heavy
elements (Figure 6-5). With increasing valence orbital diffuseness, the Ti partial charge
decreases (i.e., becomes more neutral), consistent with both changes in electronegativity,

X,

(Pauling scale - 0: 3.4 > S: 2.6 = Se: 2.6) and previously studied transition metal
complexes33 9 (Figure 6-5).
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Figure 6-5. (top) Ti GGA reference partial charges in e for U (PBE/PWBS, red bars) or
HF exchange (BLYP/LBS, blue bars) without any tuning and (bottom) Ti partial charge
sensitivity to changes in U (e/lO eV U, as indicated in legend, red bars) and HF exchange
(e/HFX, blue bars). Crystal structures for rutile-type tetragonal TiO 2 and hexagonal TiX2
(X = S, Se) are shown in inset.

Importantly, all partial charge sensitivities are positive for the three solids,
indicating density localization away from the metal, regardless of functional tuning
approach (Figure 6-5). For increasingly diffuse connecting atom valence orbitals (i.e., 0
to S to Se), the positive sensitivities increase in magnitude for all tuning methods, with
monotonic increases for DFT+U and less elemental dependence for HF exchange (Figure
6-5). Thus, unlike, early-to-late transition metal trends in the oxides, metal-to-ligand
density localization trends are consistent between DFT+U and hybrids when substituting
with increasingly heavy coordinating atoms.
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Charge localization in open-framework solids and

6.4

extracted transition metal complex analogues
6.4.1 Open-framework solids
The divergent behavior of DFT+U in transition metal dioxides from that
previously observed in molecules motivates the study of solids that resemble transition
metal complexes and from which isolated octahedral transition metal complexes can be
extracted. We thus constructed a test set of 24 open-framework solids, in which early-tolate, first-row transition metals (M=V-Ni) are coordinated by ligand-like-moieties of two
atoms or more. The four crystal structures have varying oxidation state: M(III) in
K 3M(CN)6 and M(II) in M(NCNH) 2 or oxygen-coordinating M(OH) 2 and MCO 3 (see
structures in Figure 6-1). Across these structures, the ligand field strength should
nominally vary as CN- > NCNH- > OH- ~ OCOO2-. We study all open-framework solids
in both their non-magnetic (NM) and ferromagnetic (FM) states to identify the effect of
HF exchange or DFT+U on both density-localization trend variations between magnetic
states. As in transition metal dioxides, lattice parameters change slightly from GGA
reference values with functional tuning: decreasing around 0.1
either increasing or decreasing by around 0.05

A

A with

HF exchange and

in a system-dependent fashion with

DFT+U.
M(OH) 2 most strongly resembles the transition metal dioxides: experimentally, it
is a trigonal structure with an octahedral environment of oxygen atoms from hydroxyl
groups coordinating the metal. As with the transition metal dioxides, increasing HF
exchange consistently increases the metal partial charges in both NM and FM states,
regardless of electron configuration of the metal (Figure 6-6). In comparison to
sensitivities for the transition metal dioxides, M(OH) 2 sensitivities are reduced in both
magnetic states (Figure 6-6). These M(OH) 2 sensitivities are also more similar to those in
transition metal complexes."' Examining d-configuration dependence, mid-row TMs
have the highest NM sensitivities, whereas sensitivity appears to increase nearly
monotonically with d filling in the FM states. Although positive sensitivities are also
highest for DFT+U in mid-row Fe for the NM state, negative or near-zero sensitivities are
observed for 3 metals (V, Co, Ni) in the NM state and one in the FM state (Cr). This
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range of charge sensitivities is comparable to that observed in the transition metal
dioxides, and thus additional ligand structure does not eliminate negative partial charge
sensitivities with DFT+U. Examining possible underlying correlations across the first
row TMs in M(OH) 2 reveals no relationship between partial charge magnitudes and
sensitivities, unlike previous work on a narrower range of complexes", but sensitivities
generally increase with d filling and the magnitudes of the sensitivities are somewhat
correlated between DFT+U and HF exchange even when signs differ.
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Figure 6-6. Dependence of shift of transition metal partial charge, Dq(M), in e, for nonmagnetic (NM) states (left, circle symbols) and ferromagnetic (FM) states (right, square
symbols) of M(OH) 2 with M = V (maroon), Cr (red), Mn (orange), Fe (yellow), Co (light
blue), and Ni (dark blue). The GGA partial charge is indicated in the inset, to allow
alignment of the Dq(M) values to zero at 0% HF and U = 0 eV. The dashed lines indicate
linear best-fit lines to quantify the partial charge sensitivities, and the dotted lines indicate
a non-linear fit. All HF exchange and U plots span the same 0.45 e partial charge shift
range.
Reviewing sensitivities in the three other open-framework structures (i.e., MCO 3
M(NCNH) 2, and K 3M(CN) 6) reveals ligand-dependent effects. Comparable field strength
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environments (i.e., MCO 3 vs. M(OH) 2) have similar overall sensitivities, and DFT+U
sensitivities are again both positive and negative. Trends of highest sensitivities for late
TMs in FM states and highest sensitivities for mid-row TMs in NM states are consistent
for MCO 3 and M(OH) 2 solids. Thus, consistent with prior observations in molecules 3',8,
the overall crystal structure has limited effect on charge localization as long as the direct
ligand atom, and thus field strength, remains the same.
For intermediate-field NCNH- in M(NCNH) 2, SHF(q) values are comparable to the
prior two weak-field cases in the NM state, and FM SHF(q) values are reduced slightly.
For DFT+U, negative sensitivities are slightly reduced in magnitude or even change sign
(e.g., for FM Cr(NCNH) 2), likely due to greater delocalization of metal density into the
more covalent bond that produces lower occupations. Sensitivities of the closest available
literature high-spin transition metal complexes with intermediate-field NH 3 ligands
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are

.

comparable to HF and DFT+U sensitivities in FM states of M(NCNH) 2

For the strongest field case considered, K3M(CN) 6 , the metal is also in a formal
M(III) oxidation state. In this case, NM SHF(q) are reduced with respect to the M(II)
compounds, again with highest values for mid-row TMs, whereas values for FM SHF(q)
are comparable to M(II) cases and also consistently increase with d filling. Large,
uniformly negative sensitivities are observed for DFT+U in both states with NM,
highlighting the expected overriding dependence on formal oxidation state rather than on
the ligand field strength or magnetic state. Comparing ligand-field-strength trends in
partial charge sensitivity with both HF and U, subtle ligand-derived trends (CN- <
NCNH s OH-

=

OC002-)

approximately hold in open-framework solids, in analogy to

the trends in transition metal complexes (CO < H20

NH3 )- 9
Having confirmed that DFT+U and HF exchange exhibit diverging behavior

across a range of TM solids that was not previously observed in TM complexes, we can
quantify how functional tuning will alter the electronic properties of NM and FM states in
representative M(OH) 2 solids. Relatively comparable Ni GGA partial charges in NM and
FM states differ substantially with DFT+U due to negative NM and positive FM charge
sensitivities but remain similar with HF exchange (Table 6-2). In contrast, Cr(OH) 2
charges tuned with HF exchange or DFT+U become even more comparable than
predicted with GGA between states but for different reasons: i) with HF exchange,
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charges in both magnetic states are tuned in the same direction but with different rates
and ii) for DFT+U charge sensitivities have opposite signs in the two magnetic states
(Table 6-2).
Table 6-2. Comparison of partial charges at different levels of theory for representative
solids.
Method

Ni(OH) 2
NM

FM

GGA (PBE/PWBS)

1.14

DFT+U(lOeV)
50% exchange

Cr(OH) 2
q(FM-NM)

NM

FM

q(FM-NM)

0.98

1.26 0.12
1.41 0.43

1.35
1.37

1.46
1.33

0.11
-0.04

1.24

1.47 0.23

1.57

1.56

-0.01

Summarizing overall charge sensitivity trends, NM and FM states exhibit
differing sensitivities due to differences in delocalization, as was previously observed in
isolated molecules. These trends are made more complex by the fact that DFT+U exhibits
both positive and negative partial charge sensitivities, whereas HF exchange uniformly
localizes density away from metal sites. We also note that GGA functionals have a wellknown1 6 8

preference for low-spin states

over high-spin

states due to greater

delocalization3 31 33
, 9 afforded in low spin states, whereas inclusion of HF exchange16-88 or
DFT+U85 , 3 51,32, 398 often reverses this preference. As in the case of diverging behavior of

density localization, we also observe unexpected cases (e.g., Fe(OH) 2 for DFT+U and
FeCO 3 for hybrids) where nonmagnetic cases are instead stabilized. This unexpected
behavior diverges from previous studies on complexes, motivating a more detailed
comparison of density and magnetic ordering trends between open framework solids and
their inorganic complex analogues.

6.4.2 Extracted transition metal complex analogues
To isolate the role of the crystalline environment in functional sensitivities of
energetic and density properties, we constructed transition metal complexes by extracting
the octahedral coordination environment from representative Fe-containing openframework solids. Mid-row Fe was selected because it exhibits divergent behavior in
both density and spin-state energetic properties for solids with both HF exchange and
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DFT+U. The oxidation state, spin state, and spin-specific metal-ligand bond lengths of
these

extracted

complexes

(i.e., [Fe(OH)6 ] 4-, [Fe(C0 3)6 ]'0-,

[Fe(NCNH)6 ] 4-, and

,

[Fe(CN) 6] 3-) were kept consistent with the corresponding solids (i.e., Fe(OH) 2, FeCO 3
Fe(NCNH) 2, and K3Fe(CN)6 ) (Figure 6-7).
(a) K 3Fe(CN) 6

(b) Fe(CN) 6

Figure 6-7. (a) Monoclinic crystal structure K 3Fe(CN)6 with additional carbon and
nitrogen atoms beyond the unit cell boundary to show the octahedral coordination
environment of the iron atom (octahedron highlighted in translucent orange) and (b) the
structure of transition metal complex Fe(CN)6 built from the corresponding crystal
structure of K 3Fe(CN)6 . The other transition metal complexes, Fe(C0 3)6 , Fe(OH) 6 , and
Fe(NCNH)6 are built from their corresponding crystal structures in a similar fashion.
We first examine sensitivity of the partial charges in extracted low-spin (LS) and
high-spin (HS) complexes (Figure 6-8). Absolute values of partial charges in the
extracted complexes are close to those in the solids, especially for the MCO 3 structures,
and trends in more positive HS/FM partial charges than LS/NM partial charges are
consistently preserved. The unusual partial charge sensitivities with DFT+U for solidstate K 3Fe(CN)6 are absent from the [Fe(CN)6 ] 3- complex in either spin state. For the
remaining ligands, the equivalent NM/LS states in solids and molecules have similar
sensitivities in both methods. Although the FM/HS directions of charge localization are
the same, magnitudes are generally higher in the extracted complexes for both HF
exchange and DFT+U (Figure 6-8). Thus, these observations suggest limited
transferability of the effect of functional tuning on electron density for representative
clusters with respect to behavior in the solid state.
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CNFigure 6-8. Fe partial charge sensitivities to changes in HF exchange (e/HFX) for solids
(blue bars) and complexes (dark blue bars), U (e/10 eV U, as indicated in legend) for
solids (red bars) and complexes (dark red bars) for non-magnetic (NM) or low-spin (LS)
states (top) and ferromagnetic (FM) or high-spin (HS) states (bottom) of four ligand
environments. All NM/LS and FM/HS sensitivity plots span the same range: 1.2 e/HFX
for HF exchange or 1.2 e/10 eV U for DFT+U. The vertical dashed line distinguishes that
the CN- ligand environment corresponds to Fe(III), whereas NCNH-, OC002-, and OHligand environments are Fe(II), as indicated.
-u

Spin-state splitting sensitivities in Fe-containing open framework solids have
unexpectedly positive values in Fe(OH) 2 with DFT+U or FeCO 3 with HF exchange.
Computing the HS-LS spin state splitting from single point energies on the extracted
complexes can isolate the role of the crystalline environment in these effects. Extracted
complexes have very close GGA spin-splittings to the equivalent solids (i.e., within ca. 5This equivalence is surprising, given that only some solids (e.g.,
Fe(NCNH) 2) exhibit 0.1-0.2 A increases in the metal-ligand bond length from low-spin to
10 kcal/mol).

high-spin that would be expected for isolated, equilibrium transition metal complexes.
The positive SHF(DEFM-NM) for FeCO 3 and Su(DEFM-NM) for Fe(OH) 2 are negative for the
extracted complexes (Figure 6-9). In all cases, HF exchange and DFT+U stabilize HS
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states of the isolated complexes, consistent with expectations

from previous
-

observations 86-88,399 The SHF(DEHS-LS) values in extracted complexes range from -108 to

49 kcal/mol-HFX, which is also consistent with typical adiabatic values in fully relaxed
63
transition metal complexes 8 ' 399. The strong ligand-field dependent effects , 88, 399
observed in DFT+U for the solids is reduced in the extracted complexes, which have little
variation in

SU(DEHS-LS)

(Figure 6-9). Thus, these observations highlight that equivalent

functionals may differently affect magnetic ordering in the solid state and spin-state
ordering in transition metal complexes.
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Figure 6-9. Fe magnetic or spin-state ordering sensitivity to changes in HF exchange
(kcal/mol HFX) for transition metal solids (blue bars) and complexes (dark blue bars) and
U (kcal/mol10 eV U, as indicated in legend) for solids (red bars) and complexes (dark
red bars) of four ligand environments. The vertical dashed line distinguishes the CN~
ligand environment with Fe(III), whereas NCNH-, OCOO2 , and OH- correspond to
Fe(II).

6.5 Surface properties in the solid-state
6.5.1

Surface science
Although exchange-correlation functional development remains an active area of

research, especially for higher "rung" double hybridand random phase approximation
forms, the majority of heterogeneous catalysis studies are still frequently carried out with
pure generalized-gradient approximation (GGA) semi-local DFT (e.g., PBE"8 ). In the
case of transition metal oxides, well-known shortcomings of semi-local DFT have
motivated the inclusion of Hubbard corrections (i.e., DFT+U

29-33 1, 378)

or hybrid

exchange, frequently in lower cost range-separated hybrids (RSHs, e.g., HSE06 94) with
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exact exchange only in the short range or global hybrids (GHs, e.g., PBEO'), albeit at
significantly greater computational cost.
In the context of metals, it has been observed that a single GGA or GGA hybrid
functional could not reproduce the experimentally-observed surface formation energy
(i.e., stability) and binding energy (i.e., reactivity). It was suggested that a single scaling
relationship
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' connected all such functionals, creating a trade-off in which either surface

formation energies could be improved by being made less stable or adsorbate binding
energies could be improved by being made less strong. The fundamental relationship
between how many electron self-interaction error (MESIE) and MESIE corrections affect
i) surface formation, wherein one bond is lost and metal density reorganizes to the
remaining surface atoms and ii) adsorbate binding, wherein an atom or molecule's
density is more delocalized when bound to the surface is not yet clear. Inherently, any
such MESIE corrections should penalize excess delocalization, but the relationship
between energetics and density also remain unclear. A functional tuning approach should
be

useful

in

identifying

to what

extent

common

approximations

are

able to

simultaneously make surfaces less stable without making them more reactive.

6.5.2 Computational details
Lattice parameters and atomic positions of non-magnetic bulk MO 2 bulk crystals
were optimized with DFT functionals using 12x12x12 Monkhorst-Pack k-point grids.
Using bulk lattice parameters and 4

x

4

x

1 Monkhorst-Pack k-point grids, atomic

positions in the outermost of four trilayers in 2x1 unit cell models were relaxed for E
calculations, and atoms in the two topmost trilayers and a single adsorbate were relaxed
for AEO calculations. Slab spacing included > 15

A

of vacuum. Hybrid calculations with

2 20
with default and tuned"' 303'3
a LBS were performed using CRYSTAL
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PBE0 40 0 , 4 02

94
global hybrid (default: 25% HF; tuned: 0-50% HF in 5% increments) or HSE06 ' 403

range-separated local hybrid (default: 25% HF, o-0.1I bohr'; tuned: HF % as in the GH
and o from 0.0 to 0.4 in 0.1 bohrI increments), in addition to the pure BLYP6''404 or
PBEsol7 0 GGA functionals. At least a double- C split-valence basis set was used for all
atoms, triple- C

split-valence basis sets were used for Pt and Ir, with all basis sets
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obtained from the CRYSTAL22 0 website3 7. Hubbard U3 2 9-3 3 1,

378-corrected

semi-local

DFT (i.e., with PBE 8) was carried out with U from 0-10 eV in 1 eV increments using

Quantum-ESPRESSO

379 .

These calculations employed a PWBS (cutoffs: 35 Ry for

wavefunction, 350 Ry for charge density) with ultrasoft pseudopotentials

380

obtained

from the Quantum-ESPRESSO website' 0 9 . In order to aid self-consistent field (SCF)
convergence, an electronic temperature of 0.005 hartree was applied in all spin-polarized
calculations. Real-space Bader atomic partial charges99 , 334 were obtained from the
TOPOND package 405 or the BADER program

384

, and built-in postprocessing codes were

used to obtain electron density cube files. Domain-based local pair natural orbital
406

calculations with a localized basis set, aug-cc-pVTZ, on transition

metal complexes were carried out using ORCA40

7

.

DLPNO-CCSD(T)

6.5.3 Surface formation energy
We thus examine the relationship between the two most fundamental properties in
surface science: i) surface stability through evaluation of surface formation energy, E,
for the reactive M0 2 ( 110) surface and ii) surface reactivity through calculation of binding
energies, AE0 , for representative 0 atom adsorbates in several representative transition
metal dioxides both across and down the periodic table from 3d TiO 2 to 5d PtO 2 , chosen
for their experimentally available crystal structures

383

(Figure 6-10). Rather than carry out

an exhaustive survey of each literature definition of various classes of functionals, we
extend an approach we have developed for understanding functional sensitivity in density
properties8,

303,339,

35 1
, to focus on the
spin state ordering 63,88,351, and molecular catalysis

sensitivity, S, to functional parameter, p (where p is aHF, ), or
work 3 03,

339, 351

) tuning. As in previous

the partial derivative aE,/ap or MAEo/ap is approximated by finite

difference AE0 /Ap or AAEo/Ap owing to the near linear dependence of key properties
with functional variation. By focusing on S, values, we minimize difficulties in
comparing absolute PBE GGA reference values obtained from plane wave (PW) or
localized basis set (LBS) codes, which differ here in accordance with observations in the
literature 408 (Figure 6-11).
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-_1

AEO top

EO

E,

Figure 6-10. MO 2 structures: (left: side-view) pristine 48-atom surface model for
calculating E, and (middle: side-view, right: top-view) O-atom adsorption in 0.5 ML
coverage for calculating AEO. The unshaded square in the rightmost panel indicates
unique atoms in a single unit cell, and representative PBEO lattice parameters for TiO 2 are
shown. Atoms are colored as follows: metal in blue, MO 2 oxygen atom in red, and
adsorbate oxygen atom in orange.
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Figure 6-11. (top) M0 2(110) E, in eV/(1 10) unit area (u.a.) for plane wave (PBE/PW, red
circles) or localized basis set (PBE/LBS, blue circles) GGA references. (bottom)
Sensitivity of GGA E, to tuning U (E0 /10 eV U, as indicated in legend, red bars) and HF
exchange (E,/HFX, where 1 HFX is the range from 0% to 100% exchange, blue bars).
To quantify surface stability with functional tuning, we compute E, for the MO 2
(110) surface (Figure 6-10) as:
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E =

E-NE
slab

2A

(6.6)

bulk

the ratio of the difference in energy of the same number of slab and bulk atoms (i.e.,
and

Ebulk,

Trends

Esab

N is ratio of the number of atoms in the slab to the bulk) to the surface area, A.
in

E,

of more

stable

early-

and

very-late

TM

surfaces

(i.e.,

V<Ti<Pt<Ru-RhMo<Ir) are primarily preserved when comparing PW and LBS GGA
values (Figure 6-11). Incorporating +U or HF exchange either uniformly destabilizes
surfaces or has no effect, albeit to differing degrees (Figure 6-11). The DFT+U
sensitivities, Su(E,), are largest for early transition metals (i.e., Ti, and V), decreasing
across and down the periodic table for Ru and Ir, and remaining unchanged for the
remaining cases (Mo, Rh, and Pt). Conversely, aHF sensitivities are uniformly positive,
appearing to increase from early- (Ti, V) to midrow (Ru) before decreasing again only to
reach its highest value at Pt. This strong variation in HF sensitivities means that the
surface stability ordering in GGA (e.g., Pt<Rh) will change substantially at even
moderate 25% exchange (e.g., Rh<Pt). The more modest and comparable DFT+U
sensitivities are insufficient to reorder most relative surface stabilities, except for Ti<Pt in
.

GGA becoming isoenergetic at 5eV due to the high Su(E,) for TiO 2

6.5.4 Adsorption energy
From a fundamental catalysis perspective, higher surface formation energies
should correlate to more reactive surfaces, and we have just shown that DFT+U and HF
exchange tuning never decrease E, and often increases it. Indeed, one interpretation*0' of
the limitations of DFT for metal adsorption energies in prior work had been that
functionals that destabilized surfaces did so at the cost of making binding too favorable.
Thus, we compute the oxygen adsorbate (0*) binding energy (Figure 6-10):
AE, = E(O*)- E(*)-(EH 2

-

EH2)

(6.7)

where E(*) is the energy of the clean surface, and the gas phase 0 atom energy is
evaluated as in the literature 4 09 . Trends in AEO of stronger binding on early/mid-row- than
later- TMs (i.e., V<Mo<Ir<Ru<Rh-Pt<Ti) and stronger binding down the periodic table
(i.e., Ir<Rh) are fully preserved when comparing PW and LBS GGA values (Figure 6128

12). Focusing again on the S,(AEo), +U and HF exchange corrections either have no
effect or otherwise uniformly destabilize AEo, at odds with earlier observations in metals.
With the exception of Ti, SHF(AEo) values nearly monotonically increase with d filling
(Figure 6-12). Because AEo becomes less favorable and more sensitive to HF exchange
with d filling, S(AEo) correlates with increasing GGA AEo values, but this trend is not
generalizable (i.e., to S(E,)). This more comparable behavior means that no HF exchange
fraction reverses the relative reactivity of the oxides. Examination of Su(AEo) reveals
magnitudes much smaller than the corresponding SHF(AEo), in contrast with some E,
cases (TiO 2 and VO 2), meaning that reactivity ordering will remain unchanged regardless
of U value (Figure 6-12). Additionally, the precise structures for which Su(E,) was
highest, i.e., early TMs, are now the cases where Su(AEo) is near zero.
4
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V Mo Ru Rh Ir Pt
Ti
Figure 6-12. (top) M0 2 (1 10) AEO in eV for plane wave (PBE/PW, red circles) or
localized basis set (PBE/LBS, blue circles) GGA references. (bottom) Sensitivity of GGA
AEO to tuning U (AEO /10 eV U, as indicated in legend, red bars) and HF exchange (AEO
/HFX, where 1 HFX is the range from 0% to 100% exchange, blue bars).
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6.5.5 Surface stability vs. reactivity
In the context of metals, it has been observed that a single GGA or GGA hybrid
functional could not reproduce the experimentally-observed surface formation energy
(i.e., stability) and binding energy (i.e., reactivity). It was suggested that a single scaling
relationship connected all such functionals 401 , creating a trade-off in which either surface
formation energies could be improved by being made less stable or adsorbate binding
energies could be improved by being made less strong. For transition metal oxides,
modifying the functional from PBE to BLYP or PBEsol can not replicate both surface
formation energy and adsorption energy of the more accurate reference calculation with
domain-based local pair natural orbital DLPNO-CCSD(T) 4 6 method on transition metal
complex (Figure 6-13). Since HF exchange tuning can alter stability and reactivity on
transition metal oxide surfaces simultaneously, we would like to show the effect on a
same plot (Figure 6-13). We indeed observed HF exchange predicting less favorable
adsorption energy and less stable surfaces, indicating improvement of both surface
formation energies and adsorption energy when compared the more accurate reference.
In addition to global hybrid, we also studied the widely used range-separated
hybrid functional in the solid-state community, HSE06, in which the HF exchange is only
incorporated in the short range to reduce computational cost (Figure 6-13). By tuning the
HF exchange in HSE06 at default separation range o = 0.11 bohr- 1, we observed less
favorable adsorption energy and less stable surface, indicating similar effect as global
hybrid. We also tune the separation range o from 0 bohri to up to 0.4 bohr-1 in 0.1 bohif'
increments at default

aHF

functional PBEO, and for o

0.25. For o = 0 bohr-1, HSE06 is reduced to the hybrid
= ci,

HSE06 becomes pure GGA PBE. We observed stronger

adsorption energy and smaller surface formation energy with increasing O value due to
the decreasing short-range correction, indicating similar effect as HF exchange tuning.
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Figure 6-13. TiO 2(110) E, in eV/(1 10) unit area (u.a.) versus TiO 2(110) AEO in eV for a)

tuning the PBEO global hybrid (GH) functional, b) aHF-tuning, or c) W-tuning the
HSE06 range-separated hybrid (RSH) functional. Symbols are colored according to
tuning parameters: aHF tuning (circles) from 0% (white) to 50% (blue), W tuning
(squares) from 0.00 bohr-' (white) to 0.40 bohr-' (red). The BLYP (empty green triangle)
or PBEsol (empty orange triangle) result is added for comparison, and the DLPNOCCSD(T) reference is shown with a gray diamond annotated "REF", as described in the
main text.
aHF

6.5.6 Occupation matrix in DFT+U
Returning to the unexpected behavior of DFT+U, it is useful to recall its
functional form:
Eu=

U'[Tr(n'T(1 nI ))]

(6.8)

where I is each Hubbard atom (here, metals), a is a spin index, and n is the occupation
matrix of the relevant Hubbard subshell. In a first order approximation, we have shown
how the +U correction has an effect proportional to differences in fractionality, i.e.,
ATr[n(1-n)] of points being compared, having no effect when fractionality differences
approach zero. 9 5, 331,410-411 Thus, we revisit the effect DFT+U has on AEO and E, in the
context of theoretical limits on DFT+U corrections.95' 331, 410-411 Consistent with

observations of DFT+U sensitivities, ATr[n(1-n)] values are higher for TiO 2 E, than for
AEo (0.27 vs. 0.08), whereas the ordering is reversed in PtO 2 (0.03 vs. 0.17, Figure 6-14).
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0.27

0.03
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ATr[n(1-n)] -0.0
Figure 6-14. Occupation matrix fractionality differences, ATr[(n(1-n)], between the
pristine surface and bulk structure evaluated in E, calculations or between O-atom
adsorbed surfaces and pristine surfaces in AEO calculations for 3d or 5d valence electrons
of Ti or Pt shown in both top and front view for TiO 2 (left) and PtO 2 (right). Each metal
atom is colored by ATr[(n(1-n)] values from -0.1 (blue) to +0.1 (red), as indicated by the
color bar at bottom; the oxygen atoms are shown in orange, the largest spheres
correspond to metal atoms, and the O-atom adsorbate is distinguished from lattice 0
atoms by a smaller radius. Unit cell atoms are indicated inside each rectangle, and the
overall sum of metal atom ATr[(n(1-n)] values in each unit cell are indicated below the
respective structures.
In both TiO 2 and PtO 2 , differences between bulk and slab structures for
E, calculation produce reorganization of M occupations, resulting in ATr[n(1-n)]
contributions from all of the 16 M sites in the surface (Figure 6-14). Conversely, for AEo,
the ATr[n(1-n)] arises nearly exclusively from the surface site on which the 0 atom
adsorption occurs (Figure 6-14). For each rehybridized molecular orbital, the maximum
theoretical contribution to ATr[n(l-n)] is 0.25, which occurs only in the case that a fully
unoccupied or occupied orbital becomes half occupied, a limit typically only achieved in
atoms.95 Even if two orbitals are invoked in an M=O species for the AEO calculation, we
can thus anticipate at most a contribution of 0.5 to ATr[n(l-n)]. In practice, M
hybridization with the other five neighboring lattice 0 atoms can reorganize to lead to
more modest effects on ATr[n(l-n)], as is observed for TiO 2. Conversely, for E0 , even a
small increase in fractionality that is estimated to occur by the formation of a dangling
surface bond and addition of excess charge back onto the M centers can be easily
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multiplied by eight surface atoms to yield higher ATr[n(1-n)] and thus Su(E) than the
theoretical maximum of Su(AEo). However, the practical trends in Su(E,) arise because
excess electron density on the surface can exactly cancel subsurface species in cases
where d electron counts are already nearly full, as is observed for the occupation matrices
of the late TM compounds.

6.5.7

Electron density
Visualization of changes in the electron density difference between the pristine

surface and bulk structure at fixed lattice parameter with HF exchange reveals a electron
density loss in the area between surface metal (Ti) center and the coordinating 0 atoms,
indicating less amount of electron density delocalization between atoms in surface,
consistent with the observation of less stable surface predicted by hybrid functional
(Figure 6-15). The loss of electron density between metal and 0 atoms leads to electron
density gain of 6-orbital character at Ti metal center. In order to simplify and quantify the
change of electron delocalization in surface, we applied metal partial charge difference
between pristine surface and bulk structure:
Aq(M) = q(M)sur - q(M)bu&

(6.9)

We observed a more negative metal partial charge difference with incorporation of HF
exchange for all metals studied, indicating charge localization onto the surface metal and
electron density loss in the region between surface metal and 0 atoms. Increasing U in
DFT+U localizes charge onto surface metal only for early transition metals (i.e., Ti, V),
but has negligible effect on electron density for midrow and late transition metals (i.e.,
Mo, Ru, Rh, Ir, Pt), consistent with divergent effect on surface formation energies for
different transition metals.
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Figure 6-15. Effect of increasing HF exchange from 0 to 50% on the electron density
difference of TiO 2 (left) between the pristine surface and bulk structure and (right)
between O-atom adsorption and the pristine surface. Red and blue colors represent
negative (density loss) and positive (density gain) electron density differences,
respectively, as indicated by the color bar at top. The location of the density plane shown
is indicated on the bottom inset structures as a shaded gray region.

Examining changes in the electron density difference around the adsorption site
between O-adsorbed surface and pristine surface with HF exchange reveals an electron
density loss between the oxygen adsorbate and the surface adsorption site, explaining the
less favorable adsorption energy with increasing HF exchange (Figure 6-15). To simplify
and quantify the effect on electron density loss around the adsorption site, we investigate
similar properties, electron density at adsorbate-surface bond critical point and oxygen
adsorbate partial charge. The decrease in electron density at adsorbate-surface bond
critical point with incorporation of HF exchange is consistent with our observations of
less favorable adsorption energies for all transition metal atoms studied. Similarly, the
more neutral oxygen adsorbate partial charge also helps demonstrate the electron density
loss between adsorbate and surface with HF exchange. DFT+U exhibits diverging
behaviors, decreasing electron density at bond critical point and more neutral oxygen
adsorbate partial charge with increasing U is only observed in MO 2 with late transition
metals, demonstrating the less favorable adsorption energies for Mo, Ru, Rh, Ir, and Pt
only.
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6.6 Comparison with experimental data
Benchmarking accuracies of the above approximations in DFT with available
experimental properties is important to understand the different tuning strategies
investigated in this work. Due to the difficulty of obtaining reliable surface properties in
experiment, such as surface formation energy and surface adsorption energy, bulk
thermodynamic properties are compared and discussed instead, such as bulk formation
energies, vibrational properties and band structures.
Metal oxides are important in oxidation and reduction reactions. Previous
studies3 86 have

shown that DFT-GGA

calculations with

PBE functional

highly

overestimate formation energies of rutile-type transition metal dioxides compared with
experimental values obtained from electrochemical series412414, e.g. experimental -4.26
-

eV vs DFT-PBE result of -4.86 for TiO2, experimental -2.08 eV vs DFT-PBE result of

.

2.76 eV for V0 2, and experimental 3.15 eV vs DFT-PBE result of 2.36 eV for RuO 2

Since hybrid functionals with incorporation of HF exchange can reduce electron
delocalization between metal atoms and oxygen atoms in both transition metal oxides
surfaces and between surface metal active site and oxygen adsorbates as previously
observed, the electron delocalization between metal atoms and oxygen atoms in transition
metal oxides bulk formation is also expected to decrease with increasing HF exchange
through a hybrid tuning. The reduction of electron delocalization in bulk formation will
result in a more positive transition metal oxides formation energies, indicating an
improvement on the GGA-PBE functional and a better agreement with experimental
results. Since DFT+U method shows divergent behavior of electron delocalization
regarding different d electron configurations, it is expected to show different trends
regarding the change of bulk formation energies, and thus it cannot give a consistent
result of predicting more positive formation energies as hybrid functionals.
For vibrational properties, GGA-PBE tends to underestimate the vibrational
frequency of solids 41 -417 , e.g., experimental 827 cm-1 vs DFT-PBE result of 774 cm-1 for
TiO2'2. Since there is an observed correlation between bond length change and
vibrational frequency
complexes

shift in hydrogen-bonded

complexes 4 18 and halogen-bonded

4 19

, i.e., increasing in bond length results in decreasing of vibrational frequency

and decreasing in bond length results in increasing of vibrational frequency, we can use
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our observed change in lattice parameters of rutile-type transition metal dioxides with
different tuning strategies to predict the corresponding changes in vibrational properties.
Optimizations of rutile transition metal dioxides geometries with HF exchange decrease
lattice parameters slightly, indicating increasing of vibrational frequencies and thus better
agreement with experimental results. While DFT+U increases lattice parameters for early
transition metals and has a smaller effect on mid or late transition metals, which should
result in even smaller vibrational frequencies of early transition metals and slightly
smaller effect on mid or late transition metals, indicating even larger deviations from
experimental vibrational frequencies.
Regarding band structures, GGA is well known to underestimate or even close
band gaps. Experimentally, TiO 2 and PtO 2 have band gaps of 3.0 eV 3 9 1 and 0.2 eV 393,
respectively. HF exchange increases the band gap in TiO 2 from its GGA underestimate
and introduces a band gap into metallic GGA PtO 2 , whereas DFT+U weakly increases the
TiO 2 band gap and maintains a metallic PtO 2 ground state. Another problem within DFT
is GGA functionals tend to overestimate covalency between metal-oxygen bonds44
We observed that incorporation of HF exchange uniformly increases positive metal
partial charges, signifying charge localization away from the metal and onto the
surrounding oxygen anions, indicating a decrease of metal-oxygen bond covalency.
While increasing U in DFT+U localizes partial charge away from the metal only for early
transition metals but onto the metal for midrow and late transition metals, indicating a
decrease of metal-oxygen bond covalency for early transition metals and an increase of
metal-oxygen bond covalency for midrow and late transition metals. Examination of
projected density of states features, especially with integrating the overlap between total
metal d-orbital and oxygen p-orbital PDOS in valence band, also reveals the decrease of
metal-oxygen bond covalency for hybrid functionals and divergent behavior for DFT+U
calculations with respect to d-electron configurations of metal atoms.

6.7 Conclusion
We have compared the effect of two commonly employed strategies for
mitigating many-electron self-interaction error within approximate DFT, i.e., DFT+U and
global hybrid tuning, on the key nanoscale property, electron densities, and key
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observables in heterogeneous catalysis, surface stability and reactivity of a broad set of
representative transition-metal containing solids.
We observed HF exchange to consistently localize density away from the metal in
solids, as indicated by increasing positive partial charges, in a consistent fashion with
behavior previously observed in transition metal complexes. Conversely, DFT+U
exhibited both positive (i.e., density loss at the metal) and negative (i.e., density gain at
the metal) partial charge sensitivities in an electron-configuration-dependent manner. The
individual

metal

occupation

matrices

and

projected

density

of

states

enabled

rationalization of these differing charge localization trends between HF exchange and
DFT+U for early versus late transition metals. Agreement of hybrids and DFT+U in early
TMs and divergence on late TMs was also observed even when the metal's ligand
environment was comprised of molecule-like species in open-framework solids. We
isolated the role of the crystal environment by rigidly extracting complexes from the
octahedral coordination environments of select open-framework solids. Our observations
in the solid state of accumulation of charge density on the metal for DFT+U or
stabilization of nonmagnetic states with HF exchange or DFT+U were not replicated in
these isolated complexes, even though they were held fixed at the solid state equilibrium
geometries. This observation confirms the divergent behavior for DFT+U and hybrid
exchange is specific to transition metal solids.
For surface stability, we observed incorporation of HF exchange through a hybrid
tuning predicts less stable surface for all transition metal atoms we studied, while DFT+U
predicts less stable surface for early transition metal oxides only and has no effect for late
transition metal oxides. For surface reactivity, hybrid functionals result in a less favorable
adsorption in a consistent manner for electron configurations, while DFT+U predicts less
favorable adsorption for late transition metal oxides and doesn't change the reactivity for
early transition metal oxides. The metal occupation matrices and electron density
differences enabled rationalization of theses differing behaviors between HF exchange
and DFT+U for transition metals with different electron configurations. Observation of
divergent behavior between these common approximations in DFT highlights their
limited interchangeability in the solid-state community.
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Chapter 7 Ionization Potential in Polymer Electrolyte
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7.1 Introduction
Polymer electrolytes 4 22

4

1

in lithium ion batteries are an emerging paradigm for

energy storage. Conventional non-aqueous, liquid electrolytes such as carbonates have
electrochemical windows less than 5 V, but new high-voltage cathodes42.28 necessitate
higher electrochemical windows for electrolytes. Many potential energy storage solutions
incorporate charged species into polymer matrices to form polymer electrolytes that offer
additional advantages over conventional liquid or solid electrolytes through enhanced
resistance to variations in volume of electrodes during charge/discharge, flexibility,
processability, and longer lifetime4 2 , 429. However, overcoming current limitations of
polymer electrolytes necessitates a nanoscale understanding of the oxidation and electron
transfer processes by which polymer electrolyte performance may be degraded during
charge/discharge cycles. Electronic structure of the salt and solvent composing the
electrolyte limit selection of cathode and anode materials with high voltage applications.
The electrochemical stability window should be closely related to the oxidation potential
of any anions or neutral species (e.g., the polymer) and the reduction potential of any
cations or easily reduced species. Thus, widening the electrochemical stability window
necessitates increasing oxidation potential of counterions and neutral species in the
electrolyte.
Further development of lithium rechargeable batteries is limited by the search for
large electrochemical windows of the electrolyte. Accurate computational modeling of
oxidation processes in polymer electrolytes is a critical tool in order to continue to
optimize materials properties. Although voltage stability of organic electrolytes is not
understood in detail, computations of oxidation potentials starting with ionization
potentials

(IP)

have

been

shown

electrochemical decomposition4 "- 4 ",

to correspond

to voltage

measurements

of

thus providing paths forward for computational

design. Approximate density functional theory can provide is often the method of choice
to provide valuable insight owing to its favorable combination of efficiency and
accuracy. However, approximate DFT suffers from well-known errors that make it
challenging to directly apply these methods for robust, predictive estimations of
ionization potentials and thus the electrochemical stability windows. With the inherent
errors for modeling ionization potentials in DFT, alternatives should be sought both for
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benchmarking approximate DFT approaches and for avoiding its limitations. Correlated
quantum chemistry approaches rigorously introduce electron correlation beyond HF
theory and provide more accurate predictions of ionization potentials, but correlated
quantum chemistry approaches are less widespread due to its high computational cost and
its applications are only limited to small-sized systems. In this work, we carry out a
systematic study to efficiently predict accurate ionization potential by using a
combination of reduced-scaling, correlated wavefunction theory and density functional
theory. First, we identify the most accurate application of reduced-scaling, correlated
quantum chemistry methods in gas phase systems where experimental data is available.
Next, we tune more efficiently-scaling approximate density functional theory to match
such results over both numerous configurations and to reproduce changes in IP of more
accurate methods with increasing system size. Finally, we examine the configurationdependent IP in polymer electrolyte materials and identify the change in IP during ab
initio molecular dynamics sampling.

7.2 IP by reduced-scaling correlated wavefucntion theory
The vertical ionization potential (IP) were computed as the difference in the total
energies of the netural and cationic molecules,
IP = E, - E,

(7.1)

where E+ and EO are the energies of the cationic and neutral states, respectively. The IP
may be interpreted as the amount of work to remove an electron. The coupled cluster
with single, double excitations and perturbative triples, CCSD(T) 4 2 , is the so-called
"gold standard" of correlated quantum chemistry, achieving chemical accuracy for most
systems of interest. Unfortunately, the computational complexity of conventional
CCSD(T) scales as the seventh power of the system size, and the method is therefore only
accessible to the small systems. Here, we instead used efficiently reduced-scaling domain
based local pair natural orbital coupled cluster, DLPNO-CCSD(T) 406, method that allows
calculations on molecules with hundreds of atoms. However, the various approximations
introduced in DLPNO-CCSD(T) method to reach near linear scaling may also introduce
inaccuracy in its predicted properties.
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We first validate the accuracy of the DLPNO-CCSD(T) method for IP predictions
by comparing with more accurate CCSD(T) method and available experimental results
for 24 molecules433 as benchmarks (Figure 7-1). Both DLPNO-CCSD(T) and CCSD(T)
calculations are performed with the same basis set, aug-cc-pVDZ. The root mean square
error between DLPNO-CCSD(T) and CCSD(T) for the 24 organic molecules is very
small, which is only 0.06 eV. The RMSE between DLPNO-CCSD(T) and experimental
IP is within acceptable range, 0.27 eV. In addition to the 24 neutral molecules, we also
validate DLPNO-CCSD(T) method for 2 anions, bis(trifluoromethane) sulfonamide
(TFSI), tetrafluoroborate (BF4 ~), and 2 neutral molecules, dimethoxyethane (glyme),
propylene carbonate (PC), which can be used as polymer electrolyte by comparing with
more accurate CCSD(T) method (Table 7-1). The RMSE with respect to CCSD(T) is
0.09 eV, and the maximum observed absolute error is 0.16 eV. The benchmarks for 24
organic molecules and molecules for polymer electrolyte validate the accuracy of
DLPNO-CCSD(T) method for IP calculations.
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Figure 7-1. Comparison of IP calculated by DLPNO-CCSD(T) method (blue circles),
CCSD(T) method (red circles), and experimental values (green squares) for 24 organic
molecules.
Table 7-1. Comparison of IP calculated by DLPNO-CCSD(T) method (DLPNO), and
CCSD(T) method (CC) for 2 anions and two neutral molecules with up to 4 different
configurations.

1
2

TFSI
DLPNO
5.87
5.97

CC
5.86
5.94

BF 4
DLPNO
9.73
9.74

glyme
DLPNO
8.06
8.25

CC
9.69
9.67
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CC
7.90
8.10

PC
DLPNO
11.12
10.98

CC
11.02
10.88

3
4

6.23

6.21

9.51
9.65

7.94
7.71

9.50
9.64

7.79
7.60

7.3 IP tuning in gas phase
We then tune more efficiently-scaling approximate density functional theory to
reproduce IP of more accurate DLPNO-CCSD(T)

method for both numerous

configurations and increasing systems sizes. The DFT exchange correlation functional we
used is a long-range corrected hybrid functional, o)PBEh 93. Long-range corrected
functionals use a standard error function to smoothly separate the Coulomb repulsion
term into short-range and long-range contributions, treated by pure GGA and
incorporation of HF exact exchange, respectively. The length scale to separate the short
range and long range is controlled by the range-separation parameter o, which we can
tune to reproduce DLPNO-CCSD(T) level IP calculations in this work. In order to
investigate how o tuning changes with system size, we built structures of one anion in
center and surrounded with different number of neutral species (Figure 7-2). The initial
structure of one anion surrounded with 500 neutral species was generated from classical
MD simulations, and we extracted our target structures by taking the anion as the center
molecule and gradually adding neutral species around the center anion based on their

closest distance to the center anion.

Figure 7-2. Structures of one TFSI anion in center and surrounded with neutral glyme
molecules.
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The polymer electrolyte materials we studied is bis(trifluoromethane)-sulfonimide
(TFSI) anion surrounded by dimethoxyethane (glyme) molecules. The basis set we used
for DLPNO-CCSD(T) is aug-cc-pVDZ, while the basis set we used for DFT is 6-3 1G*.
Due to the computation cost, we can calculate IP by DLPNO-CCSD(T) for TFSI with up
to 7 glyme molecules. We observed that IP by DLPNO-CCSD(T) increases with number
of glyme molecules in the system (Figure 7-3). In DFT calculations with OPBEh
functional, IP shows less size-dependence for small o values (0.0 - 0.3 bohr-1), and more
size-dependence for large o values (0.4 - 0.5 bohr-1), especially when the number of
glyme molecules is less than 20. To demonstrate how different range-separation
parameters affect the IP error, we computed the RMSE of different o values with respect
to accurate IP by DLPNO-CCSD(T), and o = 0.4 bohr-' is observed to give the lowest
RMSE of 0.32 eV. In addition, we observed that the difference between IP by optimally
tuned oPBEh functional and IP by DLPNO-CCSD(T) keeps constant for different system
size.
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Figure 7-3. (left) Comparison of IP by wPBEh with different w values and IP by
DLPNO-CCSD(T), and (right) comparison of IP (circles) and -HOMO (empty circles) by
wPBEh with different w values for TFSI anion surrounded by different number of glyme
molecules in gas phase.

In addition to the optimally tuning o for accurate IP, we also investigate the
optimal o to enforce Koopmans' theorem (Figure 7-3). When there is no long-range
correction (o

=

0.0 bohr'), there is a large difference between IP and -HOMO. When o

reaches 0.2 bohr', a good agreement between IP and -HOMO for different system size is
observed, and the mean absolute difference between IP and -HOMO is 0.10 eV. If o
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keeps increasing to 0.4 or 0.5 bohr-', difference between IP and -HOMO is large for
small systems size and the difference becomes much smaller with increasing system size.
We also studied other materials with different neutral species (propylene carbonate) or
different anion (tetrafluoroborate). The general tendency keeps the same for different
materials.

7.4 IP tuning in polarizable continuum model
In order to study the solvation effect, we examine the IP computation with a
polarizable continuum model (PCM). Figure 7-4 shows the comparison of IP and HOMO
dependence on number of neutral glyme molecules between in gas phase and in PCM.
We used the optimal o of 0.4 bohr- for accurate IP in gas phase and a dielectric constant
of 7.2 for glyme. We observed that the variation of both IP and HOMO with different
number of glyme vanishes in presence of PCM (Figure 7-4). We then investigate the
optimal o to enforce Koopmans' theorem in PCM (Figure 7-4). We first notice that for all
different co values, both IP and HOMO becomes constant with increasing number of
neutral species. The oPBEh co value that enforces Koopmans' theorem in presence of
dielectric constant is very small due to the good match between -HOMO and IP when
there is no long-range correction (co = 0.0 bohr-1), and the mean absolute difference is
0.07 eV. The difference between -HOMO and IP is dramatically increasing when there is
long-range correction. Same results are observed for changing both anions and neutral
species.
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Figure 7-4. (left) Comparison of IP (circles), -HOMO (empty circles) in gas phase (blue)

and in PCM (green) by oPBEh with o = 0.4 bohr-', and (right) comparison of IP (circles)

145

and -HOMO (empty circles) by wPBEh with different w values for TFSI anion
surrounded by different number of glyme molecules.

In order to perform optimal o tuning for accurate IP in presence of solvation
effect, we also need to quantify the solvation effect in our reference DLPNO-CCSD(T)
calculations. Since the open-shell DLPNO-CCSD(T) calculations in PCM is not available
in ORCA, we quantify the solvation effect by using MP2 calculations and obtain the
difference between MP2 IP in PCM and MP2 IP in gas phase. Therefore, the DLPNOCCSD(T) IP in PCM is computed as
PCM
DLPNO-CCSD(T)

_

gas phase
+ IPPCM
MP2
DLPNO-CCSD(T)

(7.2)

gas phase
MP2

For TFSI surrounded by different number of glyme molecules, we observed that the
optimal co for accurate IP in PCM is 0.3 bohr-1 (RMSE = 0.11 eV), which is smaller than
the optimal o in gas phase (0.4 bohr-1) (Figure 7-5). Similarly to gas phase, the optimal co
for accurate IP is also not size-dependent. In addition to the effect of size on optimal o,
we also studied whether the optimal o) is consistent for different configurations of the
system with same size (Figure 7-5). We selected 19 different configurations of TFSI
surrounded by 3 glyme molecules, and by comparing with DLPNO-CCSD(T) results, the
optimal co is found to be 0.3 bohr-1 with a RMSE of 0.23 eV. Therefore, a single optimal
co in long-range corrected hybrid functional can be used to reproduce accurate IPs from
correlated wavfunction theory DLPNO-CCSD(T) for both different systems size and
different configurations.
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Figure 7-5. Comparison of IP by oPBEh with different o values and IP by DLPNOCCSD(T) for (left) TFSI anion surrounded by different number of glyme molecules, and
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7.5 Dynamics of IP sampling
In order to understand the electrochemical stability window of polymer
electrolyte, we need to investigate whether there is a large variation in ionization
potential dependence on configurations of polymer electrolyte. In order to sample
different configurations, we run ab initio molecular dynamics (AIMD) simulations on a
widely used polymer electrolyte material, hexafluorophosphate PF6- anion covered with
glyme molecules (Figure 7-6). We selected this particular system because optimally
tuned oPBEh functional can better enforce Koopmans' theorem (i.e., good correlation
between IP and -HOMO), and thus we can use the HOMO printed in AIMD simulations
to approximate the changes in IP with configurations. All AIMD simulations were carried
out with TeraChem. AIMD simulations were performed with tuned oPBEh functional
with co = 0.3 bohr-1 to reproduce IP from DLPNO-CCSD(T) calculations and the 6-31G*
basis set. We employ a 0.5 fs time step and keep a constant temperature of 300 K with a
Langevin thermostat. The full trajectory is 20,000 time steps (i.e., 10 ps) in length. We
observed a large variation in -HOMO values, 0.8 eV in the total 10 ps AIMD trajectory
(Figure 7-6), indicating a dependence of IP on configurations of polymer electrolyte and
providing potential possibilities to alter ionization potential, and thus electrochemical
stability window by changing structural properties of polymer electrolytes.
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Figure 7-6. (left) Structures of one PF6 anion in center and surrounded with 14 neutral
glyme molecules. (right) Variations in -HOMO of PF6 - anion covered with glyme
molecules on different configurations in the 10 ps AIMD sampling.
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Interestingly, we observed that there is a good correlation between HOMO of the
full configuration, PF6 with 14 glyme solvent molecules, and the maximum HOMO of
individual 14 glyme solvent molecule at each AIMD snapshot (Figure 7-7). This
observation has two significant applications. The first one is that we can alter the
ionization potential of a big polymer electrolyte system by tuning the ionization potential
of a single polymer molecule, which can potentially have high impact on the
development of polymer electrolyte with large electrochemical stability window. The
second significance is in theoretically simulations of polymer electrolytes. Instead of
simulating a large condensed phase system with many electrons, the system can be
broken down to many small molecular systems to highly reduce the computational cost.
9.6

L

-

9.5

-

>
0 9.4

09.3-

X 9.2

- 9.1 -

*-

,

9.0,'

8.9
8.6

8.7

8.8

8.9
9.0
-HOMO (eV)

9.1

9.2

9.3

Figure 7-7. Correlation between HOMO of the full configuration, PF6 with 14 glyme
solvent molecules, and the maximum HOMO of individual 14 glyme solvent molecule at
each AIMD snapshot. The AIMD snapshot is selected every 50 time steps (i.e., 25 fs).

This work provides a systematic way to establish multiscale approach to
systematically tailor DFT functional choice for challenging condensed phase systems
using accurate reference data from higher level correlated wavefunction theory.
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Chapter 8 Summary and Outlook
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8.1 Summary
Density functional theory provides unique insights into computational materials
and catalyst design. In this thesis, we first employed density functional theory to study
nanostructured semiconducting materials, where conventional DFT can be expected to
perform well. We have established a systematic approach to discover amorphous
nanostructures with high-temperature ab initio molecular dynamics (AIMD) approach.
The sampling approach is robust to initial configuration selection and the generated
amorphous structures are even more stable than crystalline structures. This sampling
approach can be easily generalized to study amorphous structures of other materials. In
addition, we rationalized periodic table dependence in material stability for discovery of
low dimensional fullerene materials.
Though DFT performs well in predicting structural and electronic properties of
small-sized semiconducting materials, understanding the synthesis process of > nm-scale
nanostructures are still very challenging. In this thesis, we bring a surface reactivity
perspective to understanding growth processes during material synthesis. We have
developed a first-principles-derived model that unifies InP QD formation from isolated
precursor and early stage cluster reactions to 1.3-nm magic size clusters, and we
rationalize experimentally-observed properties of full sized > 3 nm QDs. Our firstprinciples study on realistic QD models reveals large surface-dependent reactivity for all
elementary growth process steps including In-ligand bond cleavage and P precursor
addition. These thermodynamic trends correlate well to kinetic properties at all stages of
growth, indicating the presence of labile and stable spots on cluster and QD surfaces.
Correlation of electronic or geometric properties to energetics identifies surprising
sources for these variations: short In-In separation on the surface produces the most
reactive sites, at odds with conventional understanding of strain (i.e., separation) in bulk
metallic surfaces increasing reactivity and models for ionic II-VI QD growth. These
differences are rationalized by the covalent, directional nature of bonding in III-V QDs
and explained by bond order metrics derived directly from the In-O bond density. The
unique constraints of carboxylate and P precursor bonding to In atoms rationalizes why
all sizes of InP clusters and QDs are In-rich but become less so as QDs mature. These
observations support the development of alternate growth recipes that take into account

150

strong surface-dependence of kinetics as well as the shapes of both In and P precursors to
control both kinetics and surface morphology in III-V QDs.
In the solid-state, unique challenges of applying DFT to study transition metal
oxides arise from both the strong sensitivities of correlated transition metal oxides on
approximations in DFT and the periodic boundary condition. DFT+U and hybrid
functionals are two commonly used approaches for approximate delocalization error
correction. In the solid-state community, DFT+U is often employed as an efficient
alternative to hybrid functionals, owing to the comparable cost of the former to semilocal DFT and the high cost of the latter within periodic, plane wave electronic structure
codes. In addition, people tend to assume these two approaches show convergent
behavior on solid-state properties. In this thesis, we have observed divergent behavior
between DFT+U and hybrid functionals on key nanoscale properties, electron density
localization in transition metal oxides. Due to the divergent behavior on density property,
it is easily to assume divergent behavior on bulk properties of transition metal oxides. In
addition, the divergent behavior of density localization between open-framework solids
and extracted transition metal complexes from the solids highlights the limited
interchangeability of observed trends between molecular system and periodic system.
Following the observations of divergent behavior between DFT+U and hybrids on
density properties in solid state, we moved to key observables relevant to heterogeneous
catalysis, surface stability through evaluation of surface formation energy and surface
reactivity through calculation of adsorption energy. We again observed divergent
behavior between DFT+U and hybrids. Incorporating HF exchange can uniformly
destabilizes surfaces and destabilizes adsorptions, while incorporating +U can either
uniformly destabilizes surfaces or has no effect, and destabilizes adsorptions or has no
effect regarding metal atom d electron configurations. This work highlights the limited
interchangeability of DFT+U and hybrids in the solid-state community.
At the end of this thesis, we introduced a multiscale approach to systematically
tailor DFT functional choice for challenging condensed phase systems using accurate
reference data from high level correlated wavefunction theory.
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8.2 Outlook
Based on the work in this thesis, we propose several future tasks in both
theoretical

advances and applications.

For understanding delocalization error and

approximations of DFT in more compelling transition metal oxides, we can compare with
embedded correlated wave function scheme434 , in which the studied system is broke up
into manageable subsystems that may be treated by different computational methods. The
most active sites on transition metal oxide surfaces are treated with more accurate
correlated wavefunction theory and the remaining atoms in extended surface are treated
with more efficient density functional theory. We can better understand the inherent
approximations in DFT by comparing and benchmarking with this more accurate
embedded correlated wave function theory.
After a better understanding of DFT in the solid-state, we will be more confident
to apply DFT to study structure-property relationships of transition metal oxides. We can
generalize the approaches we have established to study nanostructured semiconducting
materials to study the solid-state. For example, we can generalize the amorphous
structure sampling approach to study amorphous transition metal surfaces. In experiment,
amorphous materials are frequently prepared or observed and the nature of amorphous
structure can make them as more active catalysts in different applications, such as
amorphous molybdenum sulfide catalysts for electrochemical hydrogen production 415 and
amorphous phosphate and cobalt catalysts for water splitting 436 . However, there is no
detailed understanding of correlation between amorphous structure and catalytically
active property at atomic level due to the lack of amorphous structure. We can apply high
temperature

ab initio molecular dynamics

to generate

amorphous

structure and

investigate the structure-property relationships.
In addition, the ab initio molecular dynamics simulations can be applied to study
other systems, such as to understand surface-liquid interface or study the dynamic
process of condense phase system. The systematic approach established in this thesis for
understanding synthesis process of semiconducting quantum dots can be generalized to
study synthesis of other materials, such as other nanoparticles, including the widely used
metal nanoparticles after we have a better understanding of DFT in transition metal-
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containing materials. We can use this approach to understand synthesis process of
supported catalysts, which requires a demanding synthetic condition.
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