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Metal nanoparticles have many desirable electrical, magnetic, optical, chemi-
cal, and physical properties. In order to utilize these properties effectively it is neces-
sary to be able to accurately predict their size-dependent properties. One common
method used to predict these properties is with numerical simulation. The numerical
simulation technique used throughout this effort is the molecular dynamics (MD) si-
mulation method. Using MD simulations | have investigated various metallic nano-
particle systems including gold nanoparticles coated with an organic self-assembled
monolayer (SAM), the self-propagating high-temperature synthesis (SHS) reaction of
nickel and aluminum nanoparticles, and the mechano-chemical behavior of oxide
coated aluminum nanoparticles. The model definition, boundary conditions, and re-
sults of these simulations are presented in the following dissertation.

In the first material system investigated MD simulations are used to probe the
structure and stability of alkanethiolate self-assembled monolayers (SAMs) on gold
nanoparticles. Numerous results and observations from this parametric study are pre-
sented here. By analyzing the mechanical and chemical properties of gold nanopar-
ticles at temperatures below the melting point of gold, with different SAM chain

lengths and surface coverage properties, we have determined that the material system



IS metastable. The model and computational results that provide support for this hy-
pothesis are presented.

The second material system investigated, namely sintering of aluminum and
nickel, is explored in chapter 4. In this chapter MD simulations are used to simulate
the kinetic reaction of Ni and Al particles at the nanometer scale. The affect of par-
ticle size on reaction time and temperature for separate nanoparticles has been consi-
dered as a model system for a powder metallurgy process. Coated nanoparticles in the
form of Ni-coated Al nanoparticles and Al-coated Ni nanoparticles are also analyzed
as a model for nanoparticles of one material embedded within a matrix of the second.
Simulation results show that the sintering time for separate and coated nanoparticles
is dependent upon the number of atoms or volume of the sintering nanoparticles and
their surface area. We have also found that nanoparticle size and surface energy is an
important factor in determining the adiabatic reaction temperature for both systems,
coated and separate, at nanoparticle sizes of less than 10nm in diameter.

The final material system investigated in chapters 5 and 6 is the oxide coated
aluminum nanoparticle. This material system is simulated using the reactive force
field (ReaxFF) potential which is capable of considering the charge transfer that oc-
curs during oxidation. The oxidation process of oxide coated aluminum nanoparticles
has been observed to occur at a lower temperature and a faster rate than micron sized
nanoparticles, suggesting a different oxidation mechanism. From this effort we have
discovered that the oxidation process for nanometer sized oxide coated aluminum
particles is the result of an enhanced transport due to a built-in electric field induced

by the oxide shell. In contrast to the currently assumed pressure driven diffusion



process the results presented here demonstrate that the high temperature oxidation
process is driven by the electric field present in the oxide layer. This electric field ac-
counts for over 90% of the mass flux of aluminum ions through the oxide shell. The
computed electric fields show good agreement with published theoretical and experi-
mental results.

The final chapter includes some important conclusions from this work and
highlights some future work in these areas. Future work that is outlined includes ef-
forts that are currently underway to analyze the interactions of multiple alkanethiolate
coated gold nanoparticles in vacuum and in solvent. Other future efforts are farther
out over the horizon and include using advanced computing techniques such as gen-
eral purpose graphical processing units (GPGPU) to expand simulation sizes and

physical details over what it is currently possible to simulate.
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1 Introduction

1.1 Nanoparticles

Nanoparticles are defined as small clusters of material, typically less than
100nm in diameter. For centuries they have been used to give paint or pottery glazes a
luster. In addition to their interesting optical properties nanoparticles offer many po-
tentially interesting mechanical and chemical properties that differ from the bulk ma-
terial. These properties arise because of the high surface area to volume ratio inherent
at the nanometer scale. Some of the typical modern applications for nanoparticles in-
clude catalysis, biosensors, and use as drug delivery vehicles.* Nanoparticles can
also act as a bridge between the continuum and atomistic length scales because they
contain a relatively small number of atoms. Nanoparticles may exhibit quantum con-
finement, surface Plasmon resonance, and superparamagnetism because of their small
size. Understanding and utilizing these properties requires accurate experimental and
computer simulation methods, the latter of which is explored here.

Some experimental observations of nanoparticles are very difficult because of
the short length and time scales involved. In order to quantify the properties of indi-
vidual nanoparticles computer simulation can be used in conjunction with experimen-
tation to obtain reliable data and conclusions. For instance, from experimentation we
know that oxide coated aluminum nanoparticles react near the melting point of the
aluminum core, whereas micron sized particles react at higher temperatures. This
reaction process is very rapid, less than 1 ms, making direct measurements difficult.
This leaves researchers to consider the processes that are occurring at the nanometer

length scale. By using computer simulation it is possible to draw some conclusions



and to help design future experiments that will investigate these findings. Computer
simulations are also a powerful predictive tool that can be used to configure future

experiments.

1.1.1 Metal Nanoparticles

Metal nanoparticles are of great interest for many applications. Gold nanopar-
ticles may be used for drug delivery, bio-sensors, or as bio-markers because of their
inert properties. Silver nanoparticles, on the other hand, are toxic and can be used to
kill bacteria, control the replication of viruses, and kill fungii. Other metals such as
aluminum have a high enthalpy of combustion and have been used as additives in
propellants and explosives to enhance the energy release. These are just a few exam-
ples of the useful applications for metal nanoparticles that provide the motivation for

this simulation effort.

1.2 Self-Assembled Monolayers

Self-assembled monolayers are single layers of molecules deposited on a sub-
strate. They can be used to coat the surface of a material to make it hydrophobic (re-
pel water) or hydrophilic (attract water), for passivation, or to prepare the surface for
later adsorption of a second material such as attaching a drug molecule to the end of a
thiol on gold nanoparticles. One point of interest is the effect that the adsorbed mono-
layers have on the underlying substrate. This is particularly important for nanopar-
ticles where the surface contains a large percentage of the overall material in the sub-
strate, and is the determining factor for the properties of the nanoparticle itself. Com-

puter simulation of this material system should be able to provide some qualitative



and possibly quantitative results to this question of how the monolayer affects the na-

noparticle surface.

1.3 Self-Propagating High-Temperature Synthesis (SHS)

SHS is a self-sustaining reaction which is a combustion process that utilizes in-
ternal chemical energy to procede. Numerous advantages of the SHS process include
relatively low energy requirements, high purity of products, and the possible forma-
tion of complex and metastable phases. There are many materials that can be formed
using the SHS process including nickel aluminide (NixAly), copper silicide (CusSi),
TisSi3, NiSi, etc. The SHS formation of nickel aluminide is of great interest because
of the desirable properties of the resulting alloy, specifically its high temperature
strength and resistance to oxidation. For this reason and a relative wealth of published
experimental data nickel aluminide is a good candidate for a further computer simula-
tion investigation. Furthermore, nanoparticles contain excess energy in the form of
surface energy that may be harnessed during the SHS reaction of nanoparticle sys-
tems and provide a possible enhancement to the sintering of nickel and aluminum na-

noparticles.

1.4 Combustion of Oxide-Coated Nanoparticles

The high enthalpy of combustion from the oxidation of metal nanoparticles has
prompted the addition of metal nanoparticles into propellants and explosives. It is al-
so because of this high enthalpy of combustion that these materials also form an
oxide layer during manufacture or once exposed to the atmosphere. It is therefore

important to understand not only the combustive reaction of the bare nanoparticle but



also how the oxide layer affects further oxidation. MD simulation is a good method
to investigate this process as it is possible to generate various oxide shell configura-
tions and thicknesses, apply specific heating rates, and to adjust parameters at run-
time to compute system sensitivities.

One material with widespread use as an energetic material is aluminum which
has been extensively analyzed and modeled. Many numerical models have been de-
veloped in an attempt to understand the combustion of aluminum particles. The pri-
mary disadvantage of these models is that they may work for micron sized particles
where the mean free path is much shorter than the size of the particles, but this is not
the case for nanoparticles, which by definition are less than 100nm in diameter. For
the burning of aluminum nanoparticles it is not possible to make continuum assump-
tions. Even with these complexities aluminum nanoparticles are interesting because
they have been found to enhance the burning of propellants by a factor of 5 to 10

over micron size particles.

1.5 Organization of this Dissertation

In chapter 2 | give a brief overview of the molecular dynamics algorithm, soft-
ware, and the empirical potentials used in this work. The software section also in-
cludes a subsection on parallel computations and methods. Chapter 3 is a final report
on my investigation of alkenthiolate self-assembled monolayer coated gold nanopar-
ticles. Chapter 4 details the results of my simulation and modeling of the sintering
and SHS reaction for nickel and aluminum nanoparticles. This chapter includes simu-
lations and comparisons with thermodynamic and phenomenological models. Chapter

5 details the results for the simulation of oxide coated aluminum nanoparticles and



the diffusion mechanism observed for the aluminum atoms in the core. Chapter 6 also
investigates the oxide coated aluminum nanoparticle system but compares the MD
simulation results with the various analyses available in the literature which predict a
different mechanism of initiating the oxidation process. Chapter 7 includes some con-

clusions and future work.



2 Simulation Details

2.1 Molecular Dynamics

Molecular Dynamics (MD) simulations are used in this work to compute the
equilibrium and transport properties of classical many-body systems.® The MD algo-
rithm defines atoms or molecules to be treated as particles that obey the laws of clas-
sical mechanics. With this treatment the particle positions are calculated using New-
ton's equations of motion. The Verlet algorithm is used to integrate these equations of
motion and to calculate the positions of the simulated particles at all times using eq-

uation 2.1.
X(t+At) = 2%(t)- X(t —At)+%m2 2.1

In equation 2.1, Xis the position of a particle, f is the force acting on the particle
computed from interaction potentials with other particles, m is the particle mass, and
t+A4t is the time at which the particle positions are computed. A particle in the simula-
tions performed in this work can be either a single atom as in the case of the gold
atoms in a nanoparticle or a more coarse grained definition can be used to define a
partice as a single molecule, such as the CH, monomers that make up an alkanethi-
olate SAM chain. For more details on the MD algorithm including the Verlet algo-

rithm, the reader is referred to Frenkel and Smit,® Allen and Tildesley,* or Haile.®



2.2 Software

2.2.1 Parallel Processing

The simulation of large numbers of particles requires the use of parallel processing
techniques.®® Parallel processing is typically achieved on one of two types of com-
puter architectures; shared-address-space or message-passing. Shared-address-space
architectures typically use multithreading to achieve parallelism such as the Silicon
Graphics (SGI) Origin 3900 system or other symmetric multiprocessing (SMP) ma-
chines. These systems have a single shared pool of memory that any processor or
thread can access for read and write operations. The second method, namely message
passing, is preferred on distributed memory architectures such as clusters of personal
computers (PCs) or on distributed/shared memory architectures that use a hybrid be-
tween distributed and shared memory, examples of which are clusters of SMP PCs or
the IBM SP3 system.

With high accessibility and attractive performance to price ratios, clusters of
PCs are currently the de facto standard for high performance computing. The PC clus-
ter that | started this work on was the 25th ranked fastest supercomputer in the world
in June 2006, the John VVon Neumann LNX Cluster, Xeon 3.6 GHz, at the U. S. Army
Research Laboratory (ARL) on the Aberdeen Proving Ground, MD. With this com-
puter architecture in mind | have focused on using message passing and specifically
the MPI (Message Passing Interface) library for MD software development. In 2007 |
began using the MJM cluster at ARL which contains 4400 3.0 GHz Intel Woodcrest
cores. This machine was primarily used during the Ni/Al sintering simulations and

the start of the aluminum oxide effort. As of April of 2009 | am heavily using the



newest Cray XT5 system which contains 12,736 2.3 GHz AMD Opteron cores for

simulation of the Al/Al,O3 material system with the ReaxFF potential.

2.2.2  Applications and Code Development

In order to prevent the development of yet another MD simulator | have taken
advantage of the open source software package LAMMPS (Large-scale Atom-
ic/Molecular Massively Parallel Simulator)® from Steve Plimpton at Sandia National
Laboratories (SNL). Using an open source project as a base allows me to focus on
developing new inter-atomic potentials, property computations, and performance en-
hancements rather than spending large amounts of time developing and expanding a
code-base that would most likely be abandoned when this research is completed.
Supporting the source code for a complex software application requires time and
money that can be used elsewhere. When open source applications exist that are used
and maintained by many individuals they can stay current and don't require large re-
sources from any single individual for maintenance and upgrades.

The LAMMPS source code is freely available and is written using object
oriented (OO) practices with C++. By using OO methods LAMMPS can be easily
extended to include new atomic potentials, property calculations, data output, etc. For
instance, when simulating the interactions of alkanethiolate chains attached to a gold
surface one empirical potential often used is the 12-3 potential that has a form very
similar to the Lennard-Jones 12-6 potential. Since the LAMMPS source code is avail-
able it is simply a matter of using the included Lennard-Jones potential source code as
a template to generate the 12-3 interaction. As part of this effort |1 have extended

LAMMPS to include both the 12-3 interaction potential and the 6-term dihedral po-



tential required for the alkanethiol chains, and formatted embedded atom method po-
tentials for gold and nickel/aluminum interactions for evaluation.

New analysis commands were also added to LAMMPS including radial pres-
sure and density computations. | have also written post-processing routines to convert
the LAMMPS dump files into the XDMF (eXtensible Modeling Data Format)™® for
visualization with ParaView'! or within ICE (Interdisciplinary Computing Environ-
ment).'° Some other post-processing routines include one that reads in a LAMMPS
dump file and computes the time-averaged pair correlation function, another com-
putes the pressure inside voxels, and electric fields at each atom are also computed as
a post-processing routine.

In the final effort in this work to investigate the rapid heating of oxide coated
aluminum nanoparticles a much more complex inter-atomic potential was required,
namely the reactive force field or ReaxFF. The ReaxFF potential from Caltech was
not immediately available in the LAMMPS codebase so another open source parallel
MD simulator from SNL was used called GRASP (General Reactive Atomistic Simu-
lation Program). As an update | would like to note that ReaxFF is currently available
as an interaction potential within LAMMPS and so GRASP is no longer supported or
required.

There are many optimizations that I have considered individually and with col-
laborators in order to increase the throughput of simulations on Linux clusters. These
optimizations include compiler options, choice of math libraries, model cache optimi-
zations such as using the reverse Cuthill-McKee method (RCM),* unique hardware

utilization, and code rewriting. Each of these performance enhancements may only



increase performance by 10% or so, but combined they can dramatically decrease the
time required for each simulation. For example, an MD simulation of a SAM-coated
nanoparticle with 4093 Au atoms, and 529 alkanethiol chains with 10 particles each,
will require approximately 30 hours of run time on 16 processor cores, with example
specifications of a 3.6 GHz Intel Xeon EM64T, for 2 million timesteps, or 0.5 ns of
simulated time. With a 20% increase in performance this time can be cut to 24 hours
and a parametric study can be performed much more efficiently by providing results

each day at the same time.

2.3 Empirical Potentials

The most computationally complex and time consuming portion of an MD simulation
is the calculation of the non-bonded interactions using empirical potentials. The
choice of the empirical potential is dependent upon the bonding present in the system
of interest such as covalent, ionic, or metallic bonding. The potential parameter set
chosen for a particular material system will affect the accuracy of the simulation re-
sults under specific conditions such as temperature and depending upon the range of
fitted data such as vaporization, binding energy, etc. The following sections describe

some of the empirical potentials used throughout this work.

2.3.1 Alkanethiolate Coated Gold Nanoparticle

In the alkanethiolate coated gold nanoparticle system there has been extensive effort
expended in determining the method that should be used to model the metal substrate.
When explicitly considering the metal substrate, the embedded-atom method

(EAM)*™ and the effective medium (EM)™®*® potentials have received the most at-
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tention and provide the most accurate results in molecular dynamics (MD) simula-
tions under many conditions. These methods use empirical embedding functions that
originate from density functional theory (DFT) and have been successfully used to
model many of the physical properties of metals. Since the embedding functions are
empirical, they are computationally efficient and yet still accurate enough for many
purposes. This efficiency makes it possible for large numbers of atoms to be modeled
and thereby making it feasible for of the analysis of realistically sized systems to be
performed. Of these embedding methods, the EAM appears to currently be the most
widely used to model FCC (face centered cubic) lattice metals such as Au, Ag, Cu,
etc. many of which are commonly used in the manufacture of nanoparticles.

The EAM was developed as a means of calculating ground-state properties of
metal systems.™ The embedding functions for various metals are determined by em-
pirically fitting sublimation energy, equilibrium lattice constants, elastic constants,
and various other property data points of pure metals. For binary alloys the heats of
solution are also used.' In the EAM the total energy of an atom is a combination of

the embedding energy and pair potential terms as shown in equation 2.2.

E :iZFi(ph,i)_'_%z Z¢u (Rij) 2.2

i ()
In equation 2.2, py; is the host electron density at atom i due to the neighboring atoms
in the system. Fi(pn;) is the energy to embed atom i into the background electron den-
sity pn,i, and gij(R;;) is the core-core pair repulsion between atoms i and j separated by
the distance R;j;. The electron density is approximated by the superposition of atomic

densities,
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Phi = _(Z)p?(Rij) 2.3
j(=i

where pi(Rjj) is the electron density contributed by atom j.** The pair interaction

term, ¢ij(R;jj), is purely repulsive, and is determined by equation 2.4.

#s(R)= ZA(R)ZB(R% 2.4

In equation 2.4, Zx(R) is the effective charge for atom type A, and similarly Zg(R) is
the effective charge for atom type B*® with both charges being constrained to be posi-

tive. 1

a) Electron Density b) Embedding Energy
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c) Pair Potential

Figure 2.1: Example metal potentials from LAMMPS.® Distances
are measured in Angstroms (A) and energy is given in electron
volts (eV).
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A graphical representation of the EAM data used in LAMMPS for various metals is
given in Figure 2.1. For more details on the EAM potential the reader is referred to
Daw and Baskes'® and Foiles et al.**

In many instances the analysis of an infinite flat surface, as analyzed in the
literature for SAM coated gold surfaces, does not require explicit modeling of the
metal substrate. Instead the surface can be modeled as a potential surface with a two
dimensional energy profile. This is the case in many MEMS devices and so, thus far,
most research has not considered the substrate as consisting of movable atoms, but
rather as a fixed lattice."® This simplification has a secondary benefit because not only
is the overall computational complexity lowered but the mixing of potentials for the
metal substrate and SAM head group is not required. In contrast, when considering
nanoparticles the symmetry boundary conditions that restrict lateral movement are not
present. By allowing boundary atoms to move, the surface of a nanoparticle is softer
and atoms move more freely. For this reason, the model that | will use here must ex-
plicitly consider the metal substrate atoms as dynamic particles. This is in contrast to
the model developed by Luedtke and Landman, who do not consider the atoms in
their nanocrystallite model as dynamic particles.?>?

Binding of the Head Group to the Metal Substrate

The binding of the head sulfur atom of an alkanethiol chain to the gold sub-
strate is of great interest as it affects the location, orientation, movement, and desorp-
tion of chains from the substrate.”** Much effort has been devoted to finding accu-
rate potentials for this issue. The level of detail required to determine the potential

parameters for use in MD simulations is only satisfied by ab initio calculations such
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as DFT.?** The most published potentials resulting from these calculations are the

25
l,

12-3 potential,” equation 2.5, used most commonly in Monte Carlo (MC) simulations

26,27
d

of alkanethiolates on gol and the Morse potential, equation 2.6, used in many of

19,23,27,28

the MD simulation studies, and the Lennard-Jones potential given in equation

2.7. A graphical comparison of these potentials is given in Figure 2.2.

C C
U _ 12 _ 3 25
M 2=z, )* (2-2)
U AU — De [e—Za(r—ro) _ 2e—a(r—l’0)J 2.6

ons=ef(7] (2] ]

In addition to the issue of which potential best describes the binding between SAM
head-group and substrate, SAM mobility must also be considered.?* The choice of
potential was made by evaluating the original purpose for each published data set. For

instance, in Shevade et al®®

the authors use configurational-bias Monte Carlo simula-
tions to study preferential adsorption and phase separation of alkanethiolate chains on
gold surfaces. In this work we chose to use the empirical potential of Zhang et al*°

where an accurate Morse potential is developed for the binding of alkanethiolate

chains to gold surfaces using accurate ab initio quantum chemical calculations.
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Figure 2.2: Published potential energy functions for Au-S binding. All units are
in Angstroms (A) or electron volts (eV).

Published results for this material system include the orientation of the alkanethiol
chains to the gold surface, the surface area per alkanethiolate chain, and the arrange-
ment of chains on the surface. Experimental data includes the binding energy of the
chain to the gold surface with a documented value of 1.9 eV.?! The surface area
occupied by a single alkanethiolate chain is also established to be between 21.4 A% *?
and 21.6 A? 3 for flat 2-dimensional surfaces. For 3-dimensional surfaces such as
nanocrystallites Landman and Luedtke have computed the surface coverage to be
15.4 A? per chain.®#

The parameters used to compute the potential curves in Figure 2.2 are given in
table 2.1. In this work | have chosen to use the parameter set from Zhang et al*® be-
cause of the previous analyses performed with this data which include chain mobility.
In later sections | provide some information on how the strength of the Au-S bond

affects the simulation results.
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Table 2.1. Computed corrugation factors for alkanethiolate SAM coated gold
nanoparticles.

Reference Pot. Cp C; 2o D. o Io o €
eVIA™ | eVIAY | (A) | (eV) A | A | V)

Shevade® 12-3 3523.52 1556 | 0.269

Zhang™ Morse 0.138 | 1.38 | 2.90

Liu® Morse 0.365 | 1.47 | 2.70

Mahaffy” Morse 0.380 | 1.47 | 2.65

Rai*® LJ 3.639 | 0.00107

Modeling of the Alkenthiolate Chain

The polymer chain that makes up the SAM may be modeled with varying le-
vels of detail. From the high accuracy/high computational requirements of the all-
atom model to less accurate/lower computational requirement methods such as the
united atom or the coarse grained bond models. In order to illustrate these methods
we can consider the CH, molecule that makes up the backbone of the alkanethiol
chain. When using the all-atom model the numerical simulation must consider the
three atoms that make up the molecule as individual particles. Using the united atom
model only a single pseudo atom is simulated in place of the CH, molecule,*® and
with the coarse graining techniques multiple, up to five or more, CH, molecules are
grouped together into a single simulation particle.**® Which model is used for a par-
ticular simulation depends greatly upon the level of detail required in the results of

interest and the physical properties of the polymer chain.

16




Figure 2.3: Sample alkanethiolate chain with 8 carbon atoms along the back-
bone.

The modeling of the alkanethiol chain using the united atom model is consis-
tent with much of the available literature concerning alkanethiolate coated gold nano-
particles. The potentials used in the united atom model include a bending potential for
the S-C-C bond and the C-C-C bond. The bending potential has either a form similar
to equation 2.8 or the angle can be held fixed, thus lowering the degrees of freedom
that need to be modeled. The second bond interaction is the dihedral potential be-
tween 4 bonded particles. For X-C-C-X bonds, where X can be either S or C, the po-
tential takes the form of equation 2.9. The most apparent differences in the literature
occur in the method used to model the bond lengths along the chain. The bond lengths
along the chain can be held constant®® with the RATTLE® algorithm or they can be

modeled as harmonic bonds®*3®

as given in equation 2.10. Both of which are fre-
quently used. Using a harmonic potential to describe the C-C and S-C backbone
bonds allows the distance between the backbone atoms to change while not allowing

the bonds to break.

U pending (9) =K, (‘9 —6 )2 2.8
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U geara (#) = 8o + @, COS(¢) + a, cOs* () + &, cos’ (¢)) + a, cos*(¢) + a; cos®(4) 2.9
Ubond (r)=%kr(r_r0)2 2.10
By combining each of these empirical potentials for all of the inter- and intra-atomic

interactions it is possible to accurately describe the alkanethiolate coated gold nano-

particle material system under various conditions.

2.3.2 The Energetic Sintering Reaction of Nickel and Aluminum

In the alkanethiolate coated gold nanoparticle simulation effort the EAM potential
was used to model a monatomic material, namely gold. In this section | will discuss
the use of the EAM potential as it has been extended for alloys to include heterogene-
ous interaction data. The particular EAM potential used in this work to describe the
metal atom interactions between heterogeneous metals is the Finnis-Sinclair (FS)
EAM. The FS EAM potential parameter set used to simulate aluminum and nickel

40
l.

interactions is from Angelo et al.™ and is shown in figure 2.4.
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Figure 2.4: Finnis-Sinclair EAM potential data for the nickel/aluminum system.

Distances are measured in Angstroms (A) and energy is given in electron volts

(eV).

In Figure 2.4 the electron density contribution, p, to an aluminum atom from
another aluminum atom is the same as that from a nickel atom. The reciprocal is true
for nickel atoms neighbored by nickel and aluminum atoms. This is not required by

the FS EAM potential and so the potential data used here is not as general as it could
be, but it does take advantage of one of the benefits of the FS EAM potential. Specifi-
cally, in Figure 2.4d the pair energy of the Al-Ni bond is lower than either the Al-Al

or Ni-Ni bonds. This is indicative of the high enthalpy of formation observed in the
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Ni-Al material system. A second dataset from Mishin et al.** was also considered for
this investigation, although it was not used extensively here because of the over pre-

dicted melting temperature of aluminum.

2.3.3 Oxidation of Oxide Coated Aluminum Nanoparticle

The primary difference between the previous research efforts and this material system
is that in order to accurately simulate the oxidation of aluminum requires the consid-
eration of the charge transfer that occurs between aluminum and oxygen atoms. This
has numerical complexities beyond a simple multibody interaction as that found in
the FS EAM method. | considered two empirical potentials in order to simulate this
material system. They are the Streitz-Mintmire potential and the reactive force field
(ReaxFF). I chose the ReaxFF potential partly because it is implemented inside of the
GRASP MD code developed by Aidan P. Thompson and now available in LAMMPS,
both from SNL. ReaxFF has been demonstrated to accurately simulate the material
system of interest, namely aluminum oxide.* GRASP, like LAMMPS, is a parallel
MD application capable of scaling to large numbers of processors on distributed
memory architectures providing the capabilities required to simulate nanoparticles
large enough that simulation results can be compared directly with experimental and
analytic results.

The ReaxFF potential contains many more terms and is much more computa-
tionally complex than any of the previously discussed potentials. As an illustration all
of the energy terms than may be provided for a material system are given in equation

2.11.
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The terms in equation 2.11 are bond energies (Epong), Under-coordination penalty
energies (Eunder), lone-pairs energies (Ejp), over-coordination penalty energies (Eover),
valence angles energies (Eva), energy penalty for handling atoms with two double
bonds (Epen), torsion angles energies (Eiwrs), conjugated bonds energies (Econj) and
terms to handle non-bonded interactions, namely van der Waals (Eygwaas) and Cou-
lomb (Ecoulomb) interactions. The potential terms required for the aluminum oxide ma-

terial system are Ecoulomb: Ebond, Eover, @Nd Evawaals.

2.3.4 Computation of System Properties

Computation of system properties is done using two methods in this work, name-
ly as pre- or post-processing. Many system properties can be computed as a post-
processing step, these include the pair correlation function, compound formation and
distribution, diffusion coefficients, and electric fields, among others. These post-
processing calculations require that specific data such as atomic positions, velocities,
and charges are stored periodically. Other computed properties such as the radial
pressure distribution must be computed at run time in order to limit the amount of in-
formation written to disk. This is because for the radial pressure distribution every
atomic interaction must be considered and would therefore require storing data one or
two orders of magnitude larger than for the typical post-processing calculations.

With this in mind, | have listed below most of the properties computed in this
work and a brief description of the calculation involved. Further detail is usually

found in the references provided.

21



2.3.5 Pair Correlation Function

The pair correlation function is also known as the pair distribution function or
radial distribution function. It is computed using equation 2.12.

g(r)=%<2;5(ﬂﬁj )> 2.12
In equation 2.12 V is the system volume, N is the number of atoms in the system, and
r are the atomic positions. The pair correlation function gives insight into the struc-
ture and phase of the material, indicating whether it is in a solid or liquid state and at
what temperature that change occurs. This function can also can be used to compute
the ensemble average of any pair function.* In this work the pair correlation function
is used as an indicator of the change in morphology of metal nanoparticles that occurs
because of coatings and temperature changes. Details on usage and implementation

can be found in Frenkel and Smit.?

2.3.6 Radial Pressure Distribution

The radial pressure distribution is computed using two methods in this work.
The first of which uses the Irving-Kirkwood (1K) pressure tensor,** and second uses

the virial stress**

at each atom. The particular method used depends upon whether
the interactions can be broken down into simple pair interactions (IK) or if the poten-
tial is more complex such as the ReaxFF potential in which case the virial formulation
is used.

The Irving-Kirkwood Pressure Tensor

Computing the IK pressure tensor requires the computation of two terms,

namely the kinetic and the configurational terms as shown in equation 2.13.
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P, (r)=P.(r)+PR,(r) 2.13
In equation 2.13 Pk represents the kinetic pressure term and Py is the configurational

pressure term. The kinetic pressure term is a function of temperature and the radial

density distribution as given in equation 2.14.

Pe(r)=keTp(r) 2.14

The configurational term is computed from the forces that act between pairs of par-
ticles, as defined in equation 2.14, as du(r;;)/drij. Figure 2.5 is an illustration showing
the vectors used in computing the configurational pressure term. For each shell of ra-
dius r sharing a center with the nanoparticle center, the forces between particles

whose connecting line intersects the shell must be considered. Figure 2.5 shows two

particles, i and j, which interact along a vector that intersects a shell of radius |FA|

twice. This pair interaction is included in the configurational term for the shell of ra-

dius,|fA|. Particles whose interaction vector only crosses the shell once, i.e. one par-

ticle inside and one particle outside are also considered, but with only half of the

magnitude of the previous case where both particles were outside of the shell.

R, (r)= (47 )Z\

‘1du r;)

T

2.15
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Figure 2.5: Circle used in computing radial pressure using the Irving-Kirkwood
tensor.

The IK pressure tensor is used with the alkanethiolate coated gold nanoparticle ma-
terial system where all of the forces on an atom can be broken down into pair interac-

tions.

The Virial Pressure

The virial stress***°

is computed on a per atom basis using both kinetic and
potential energy contributions. The virial stress computation results in a 6 component
stress tensor at each atom. These 6 components can then be used to compute the local
pressure by summing the trace (i.e. oxtoyyt+oz,) of the tensor. This method of com-
puting the local pressure is less preferable compared to computing the IK pressure
tensor because of the difficulty in obtaining accurate results, due in part to issues as-
sociated with obtaining an accurate atomic volume for each atom in a deformed body.
The virial stress method, however, is able to compute the pressure in a system where

the empirical potentials used are multi-body potentials and cannot be broken down in

to pair wise interactions as required by the IK pressure calculation. The virial pressure
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calculation in used in GRASP for the oxide coated aluminum nanoparticle simulation

effort.

2.3.7 Surface Tension

Once the radial pressure distribution has been computed using either the IK or
virial methods it is possible to compute the surface tension at the various interfaces in
the SAM coated nanoparticle system. These interfaces include the interface of a bare
nanoparticle and a vacuum, the interface between the nanoparticle and a SAM, or be-
tween two metals. Some experimentally determined surface tension data is available
and can be used to validate the MD simulation results. Surface tension in a nanopar-
ticle is also an indication of mechanical stability. For instance, the surface tension of a
small droplet is typically positive, indicating a compressive stress throughout the
droplet, resulting in the observed spherical shape of a suspended liquid droplet. In a
solid nanoparticle, however, it may be possible to support a tensile stress where de-
formation is resisted and therefore a negative surface tension indicates a metastable
state.

The surface tension is computed from the MD simulation results in this work us-

ing two methods. The first is the Young-Laplace theorem given in equation 2.16.
2
AP =L 2.16

In equation 2.16 r is the radius of the droplet under consideration, 4P is the difference
in pressure between the interior and exterior of the droplet, and y is the surface ten-

sion at r. y may be determined either from experimental data and used to predict the

25



internal pressure of the droplet (nanoparticle) or it may be extracted from MD calcu-
lations of the normal pressure at the surface of the nanoparticle.

The second, and potentially more accurate, method used to compute the surface
tension is the approach outlined by Rowlinson and Widom.*® This method integrates
the pressure results from the interior of the droplet to a point outside the droplet,

which in this case is under vacuum. The calculation takes the form of equation 2.17.
1 T 5dpy(r)
3_ =+ N 3 N
Vi = 8(pr2 prl)zvr[r dr dr 2.17

In equation 2.17 pr, and py; are the computed pressure at the maximum and mini-
mum model radii, respectively, and dpn(r)/dr is the gradient of the normal pressure at
radius r. For pressure profiles that do not have a clear demarcation of the external in-
terface this method is a better choice for computing the surface tension, as it inte-
grates across the interfacial area. The choice of r; and r, is somewhat arbitrary but
should be chosen sufficiently away from the interfacial region to avoid noise from

random variations in the region of the interface.

2.3.8 Heat Capacity

The constant volume heat capacity, C,, of the system is computed directly from
the MD simulation results as the slope of the potential energy versus temperature
curve using an NVE (microcanonical canonical) ensemble. A typical simulation used
to compute the heat capacity of a material system is initialized by equilibrating at a
low temperature, typically room temperature for metal nanoparticles, and slowly heat-
ing and equilibrating the system at small temperature increments. This process is con-

tinued until a straight line can be drawn and the slope determined with certainty. If
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the system is heated further the melting temperature will be reached at which point a
discontinuity in the system potential energy is observed indicating that a phase
change has occurred. The temperature increases are subsequently continued in order
to determine the heat capacity of the liquid phase. It is important to note that in MD
simulations of this type it is not uncommon to have difficulty in computing an accu-
rate melting temperature and superheating and supercooling are often observed in the
simulation depending upon whether the temperature is being increased or decreased,

respectively.

2.3.9 Electric Field

In simulations where the atomic charge is computed the electric field at an atom
can be computed. One method to compute this electric field is by using Coulomb’s

law, equation 2.18, to sum the discrete electric field contributions from all surround-

ing atoms.
q .
E= i e 2.18
0

In equation 2.18 &, is the radial unit vector emanating from a neighboring atom and g
is the charge associated with that neighboring atom, &y is the permittivity of a va-
cuum, and r is the distance to the neighboring atom. Since the contribution to the
electric field is non-symmetric a complete loop over every atom is required, resulting
in an O(n?) calculation. If the atomic charge is stored along with atomic positions this
computation can be performed as a post-processing step. By computing the electric
field it is possible to visualize the magnitude and direction of the Coulombic potential

acting on an atom.
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3 Mechano-Chemical Stability of Gold Nanoparticles

Coated with Alkanethiolate SAMs

3.1 Introduction

Molecular dynamics simulations are used to probe the structure and stability of alka-
nethiolate self-assembled monolayers (SAMs) on gold nanoparticles. We have ob-
served that the surface of gold nanoparticles become highly corrugated by the adsorp-
tion of the SAMs. Furthermore, as the temperature is increased, the SAMs dissolve
into the gold nanoparticle, creating a liquid mixture at temperatures much lower than
the melting temperature of the gold nanoparticle. By analyzing the mechanical and
chemical properties of gold nanoparticles at temperatures below the melting point of
gold, with different SAM chain lengths and surface coverage properties, we have de-
termined that the system is metastable. The model and computational results that pro-

vide support for this hypothesis are presented.

3.2 Background

Nanoparticles are often used in applications where a high surface area to vo-
lume ratio is desired. Some of the typical applications include catalysis, biosensors,
and use as drug delivery vehicles.*” A major limitation of the expanded use of these
nanoparticles is that the fabrication of nanoparticles with the desired morphology and
structure is challenging.**™* Gold is a commonly used material because of its resis-
tance to oxidation and its interesting electrical, magnetic, optical, and physical prop-

erties.”® Furthermore there is a considerable knowledge base on functionalizing gold
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surfaces that is being ported to analogous particles.** For these reasons and because of

|49,50 13, 51

the availability of experimenta and atomistic simulation data gold nanopar-
ticles are commonly chosen for basic research. For instance, using x-ray powder dif-
fraction Cleveland et al.*° discovered that small 10-20A diameter gold nanoparticles
form a truncated-decahedral motif geometry. Using molecular dynamics (MD) simu-

lations Lewis et al.>?

were able to determine the melting process for gold nanopar-
ticles. This last result is important because the authors found that the surface atoms
melt first, and at a temperature below that of the atoms in the core of the nanoparticle.
The implications of this for coated nanoparticles is that the surface atoms, where
binding of the monolayer takes place, is affected by a lower temperature than is ex-
pected from the melting temperature of the entire nanoparticle. The results of these
past efforts are built upon in this work in order to analyze the nature and role of sur-
face functionalization.

Coating of gold surfaces and nanoparticles with a self-assembled monolayer

(SAM) exposes many additional applications for gold nanoparticles including litho-

graphy, lubrication, catalysis, biocompatible materials, and biosensors.”>?® There

I 31,32,53 |19,21,26

have been numerous experimenta and numerica studies performed that
have attempted to characterize the properties of alkanethiolate SAM coated gold sur-
faces. Simulations investigating alkanethiolate SAM coated gold surfaces accurately
predict the c(4x2) superlattice structure of alkanethiols on an Au(111) surface.”® Ad-
ditional work has predicted the segregation of SAM chains adsorbed on a gold sur-
face by length,? surface frictional forces,?” and phase behavior.>* Efforts to character-

ize the alkanethiolate SAM coated gold nanoparticle system have been limited to
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atomistic simulations considering a single alkanethiol chain, and a small (less than

19,54

100 atom) gold cluster or MD simulations of small nanoparticles that ignore the

mobility of gold atoms.?*%

The use of coatings for surface passivation has been found to significantly re-
duce the degree to which agglomeration and sintering will occur.>>*® In addition to
surface passivation other affects related to the passivation layer investigated computa-
tionally here and elsewhere include changes in the internal pressure and surface ten-
sion.”’

This chapter is focused on understanding the effect of the alkanethiolate SAM
on gold nanoparticles using MD simulations. Using the pair correlation function we
estimate the melting temperature of the particle, and the affect that the SAM has on
the particle surface. We clarify the relationship between surface coverage and struc-
ture of the particle by introducing a corrugation factor, and identify the phase transi-

tion mechanism of SAM coated gold nanoparticles. We find that the SAM coated

particles are mechanically unstable as determined by the radial pressure profile.

3.3 Computational Modeling and Numerical Procedure

ab-initio quantum chemical calculations have been used to simulate gold clusters
with short alkanethiolate SAMs, primarily to determine potential parameters for MD
or MC computations. The ab-initio calculations show that the gold crystal lattice is
perturbed by the adsorbed ligand.® The consequence of the perturbation is an in-
crease in Au-Au bond length of up to 20%. The increase in bond length is observed

around the adsorption site with relaxation propagating to the second layer. These re-
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sults suggest that the MD simulations should include dynamic gold atoms in order to
accurately consider the nanoparticle/SAM system.

Alkanethiolate chains adsorbed on a flat surface made of immobile gold atoms are
limited to diffusion in only two dimensions, whereas, chains adsorbed onto a nano-
particle surface with mobile gold atoms may diffuse in three dimensions. This dis-
parity in model detail is expected to provide more insight into the SAM coated nano-
particle system, than previously available. The inclusion in the simulation of a surface
constructed of dynamic gold atoms should be able to more accurately predict alkane-
thiol chain movement than the limited movement possible on a flat surface of fixed
gold atoms.

The size of the model system investigated here is determined by approximating ex-
perimentally realistic systems. The manufacture of consistently sized small diameter
nanoparticles becomes more difficult at diameters of less than 50A, therefore, in this
work 50A diameter gold nanoparticles (4093 gold atoms) with and without SAMs are
considered. The SAM considered consists of alkanethiolate chains that contain a sul-
fur atom head group that binds to the gold surface, and a carbon backbone with 3 to
18 carbon atoms comprising the alkyl chain.

The MD simulations in this work are carried out using the LAMMPS (Large-scale

Atomic/Molecular Massively Parallel Simulator)® software

3.3.1 Simulating the Gold Substrate

In this effort the gold substrate atoms are explicitly considered as dynamic
atoms, requiring that an accurate potential be used to simulate these atomic interac-

tions. We chose the EAM for modeling the gold substrate because of its reported ac-
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curacy, and the potentially important extensions developed for the EAM for modeling
surfaces, such as the extended EAM (XEAM),?® and the surface EAM (SEAM).®* The
actual EAM potential used in this work is taken from LAMMPS.? Also considered
was a second dataset from Voter and Chen.®® A detailed discussion of the method as

used in this work can be found in Daw et al.****

3.3.2 Modeling the Alkanethiolate Chain

The alkanethiolate polymer chain may be simulated with a range of computa-
tional complexity depending upon the resources available, and the accuracy of results
required. For MD simulations, the three methods available for modeling the alkane-
thiolate chain are the high-accuracy/high computational requirement all-atom model,
the less accurate/lower computational requirement united atom method, and the
coarse grained bond model. These methods can be compared by considering their
treatment of the CH, molecule that makes up the backbone of the alkanethiolate
chain. When using the all-atom model, the numerical simulation must consider three
particles for each molecule and the interactions between each. Using the united atom
model only one particle is simulated for each molecule,® which eliminates the inter-
molecular interactions, and limits the number of intramolecular interaction potentials
required. Finally, with the coarse grained model, multiple molecules are clustered to-
gether into one particle with perhaps five or more CH, molecules grouped into one
simulated particle.**® For the simulations in this work we have chosen the united
atom method, which is computationally more efficient than the all atom method, yet

provides sufficient accuracy for the current analysis.*
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The modeling of the alkanethiolate chain using the united atom model is con-
sistent with many of the published studies for the alkanethiolate coated gold material
system.#2%#>* - An example of the alkanethiolate polymer chain model used in this
work is shown in Figure 3.1. The potentials used in the united atom model include a
bending potential for the S-C-C bond and the C-C-C bond. Additionally there is a di-
hedral potential for the X-C-C-X bonds, where X can be either S or C. Using a har-
monic bond to describe the C-C and S-C backbone bonds allows the distance between
the backbone atoms to change while not allowing the bonds to break during the simu-

lation.

Figure 3.1: Sample alkanethiolate chain with 8 carbon atoms along the back-
bone.

The potentials and parameter values for the bending angle and dihedral angle from

I.,26

Figure 3.1 and used in this work are given in Shevade et al.,” the bond stretch para-

meters are given in Rai et al.*

3.3.3 Binding of Sulfur to Gold

The binding potential of the head sulfur atom of an alkanethiol chain to the gold
substrate is of great interest as it affects the location, orientation, movement, and de-
sorption of chains from the gold surface.?*?* There has been significant effort de-

voted to finding accurate potentials for simulating the sulfur to gold binding energy
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from ab-initio methods.?>** The most commonly published potentials resulting from
these calculations are the 12-3 potential,*® used most commonly in Monte Carlo (MC)

simulations of alkanethiolates on gold surfaces®®*’

and the Morse potential, used in
many of the MD simulation studies.***?"?® |n addition to the issue of which potential
best describes the binding between SAM headgroup and substrate, the possibility of
SAM mobility must also be considered.?* Since the Morse potential, Eq. 3.1, can
mimic a partially covalent bond,* it is used in MD simulations along with the para-

19
I

meters given by Zhang et al™ to model the Au-S bond. The parameters for Eq. 3.1 are

De = 13.3kJ/mol, a.= 1.38, and ry = 2.903A.

U yorse (T) = D, [e‘za(r‘rﬂ) —2e‘“(r‘r°)] 3.1

Morse

The binding energy of the alkanethiol chain to the gold surface has been deter-
mined to be around 184.1 kJ/mol?® when all of the sulfur-gold interactions are consi-
dered. Although this reported value is often referenced, there are several studies that
report the sulfur-gold bond energy to be closer to 126.0 kJ/mol.®*®* This discrepancy
in the binding energy is large, and so in this work we will investigate using both bind-
ing energies in order to understand the affect that binding energy has on the computed
results. For the sulfur-gold binding energy of 126.0 kJ/mol, the Morse potential pa-

rameter D, = 9.108 kJ/mol.

3.4 Simulation Results

In this section, the results from the MD simulations are presented and analyzed.
In order to study the effects of the alkanethiolate SAM on the gold nanoparticle we
have computed many system properties. These properties include diffusion coeffi-

cients, radial pressure and density distributions, melting temperature, and the pair cor-
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relation function. A corrugation factor that describes the depth to which the gold sur-
face is modified by the adsorbed alkanethiolate chains is also defined in this section.
Each of these results is a data point of the changes the nanoparticle surface expe-
riences with the adsorption of the alkanethiolate SAM. For instance, the diffusion
coefficient is used to compute the mobility of the SAM chains that are adsorbed on
the surface of the nanoparticle, and the mobility of the gold atoms near the surface of
the nanoparticle. The combination of these two coefficients will partially define the
phase of the materials near and on the nanoparticle surface and also help in predicting
if nucleation of the SAM chains will occur. Nucleation may occur under low surface
coverage conditions when the chains form dense groups and uneven surface coverage.
The density distribution is used to find the depth to which the sulfur atoms penetrate
the surface of the gold nanoparticle and to compute the corrugation factor.

The simulation results will also be compared for the two sulfur-gold binding
energies considered in this work. The computed results will be compared and dis-
cussed in order to better understand how the head group binding energy affects the
properties of the nanoparticle and anticipated trends for these properties. It is ex-
pected that the lower binding energy will have less of an effect on the properties of
the gold nanoparticle than the high sulfur binding energy. On the other hand some
anticipated processes such as desorbtion will possibly be observed only at the lower
binding energy because the temperature required for desorbtion will be lower.

The simulation is initialized with a sphere of FCC lattice gold atoms at 0 K.
By applying a random velocity distribution to the gold atoms the temperature is raised

to 10 K and then slowly increased over 10" time steps to 1400 K, or above the bulk
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melting temperature of gold. By rescaling the velocity the temperature is then de-
creased to 300 K over 8-10° time steps and then held for another 8-10° time steps. The
temperature rescaling fix is finally removed in order to determine if the total energy
of the system remains constant or conserved. The nanoparticle now contains many
large facets with (111) and (100) faces, as one would expect from experimental ob-
servations.® Next, the alkanethiol chains are randomly distributed around the nano-
particle with the sulfur head group at the equilibrium distance from the gold surface.
The alkanethiol chains are initially orientated radially from the nanoparticle center.
The alkanethiol chains were initialized with 100% gauche defects. The affect of this
initialization on the observed simulation results is negligible as many of the gauche
defects are removed during equilibration. The only result that would not be consi-
dered accurate is a quantitative measurement of the fraction of gauche defects under
various conditions. The number of chains is determined by the requested surface area
per chain. The temperature is again initialized to 10 K and slowly heated to 300 K
and then held until the total system energy remains constant, indicating that equili-
brium has been achieved. The temperature during equilibration of the alkanethiolate
coated nanoparticle is not allowed to increase beyond 300 K because desorbtion is

expected to occur beyond this temperature.*

3.4.1 Pair Correlation Function

The pair correlation function, g(r), is defined as the number of atoms a dis-
tance r from a given atom compared with the number of atoms at the same distance in
an ideal gas at the same density.* The pair correlation function for a bare 50A diame-

ter gold nanoparticle is shown in Figure 3.2 for a range of temperatures.
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Figure 3.2: In figures a-d the x-axis has been normalized by the nearest neighbor
distance for gold, i.e. 6=r/2.88A. a) Pair correlation function for bare 50A gold
nanoparticle. Note the change in shape and the location of peaks between 900 K
and 1000 K. b) Pair correlation function results for the gold atoms in a 50A gold
nanoparticle coated with an alkanethiolate SAM at various temperatures with a
sulfur binding energy of 184 kJ/mol. ¢) The pair correlation function results for
the SAM coated gold nanoparticle with the lower sulfur binding energy of 126
kJ/mol. d) a comparison of the pair correlation results at 500 K for the bare na-
noparticle and high (184 kJ/mol) and low (126 kJ/mol) alkanethiol binding ener-
gies.

The results in Figure 3.2a indicate that a phase transition occurs in the nanoparticle

from a crystalline solid at 900 K to a liquid at 1000 K, and as expected, this tempera-

ture range is below that of the bulk melting temperature of 1340 K.>
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For a spherical nanoparticle the melting temperature can be crudely predicted
from experimental data using Eq. 3.2, where ps and p._ are the specific mass of the
solid and liquid phases, respectively. ys and y_ are the surface energies of the solid
and liquid phases, respectively, D, is the particle diameter, L is the heat of fusion, and
T, and T(D,) are the bulk and size dependent melting temperatures, respectively. Us-
ing published data for gold™ the predicted melting temperature of a 50A diameter
gold nanoparticle is about 995 K. This result is within the range of our MD simula-

tion prediction for the melting temperature.

T(Dp)—Tw _ 4 2/3
T _PSLDp [VS_VL(/)S//)L) ] 3.2

o0

Next we compare the pair correlation function results for the uncoated gold
nanoparticle to the results for an alkanethiolate coated gold nanoparticle. The coating
considered is a complete coating, meaning one chain per 15.4A? of surface area on
the gold nanoparticle,®® and is about 30% denser than the packing density on a flat
surface (one chain per 21.4A%).3 The pair correlation function results for the alken-
thiolate SAM-coated gold nanoparticle show a nanoparticle with a crystalline struc-
ture for temperatures below 400 K, and an amorphous structure above 600 K, see
Figure 3.2b. The pair correlation function is computed for the gold atoms only in Fig-
ure 3.2b. By only considering the gold atoms in computing the pair correlation func-
tion, the structure of the nanoparticle is analyzed separately from the SAM. At 500 K,
the structure of the gold nanoparticle has changed to a less ordered structure, similar
to that observed during the melting of the uncoated gold nanoparticle. This change in

the pair correlation function indicates that a structural change occurs in the gold na-
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noparticle between 400 K and 500 K, as opposed to the melting that is observed for
pure gold above 900K.

In the next set of simulations we considered the lower gold-sulfur binding
energy of 126 kJ/mol. In these simulations the chain-chain interactions use the inte-
raction potentials discussed earlier. In Figure 3.2c the pair correlation results for the
fully coated gold nanoparticle are plotted for temperatures of 300K, 400K, and 500K.
Notice that at 500K the nanoparticle is still highly structured. This indicates that the
nanoparticle does not undergo a phase change at 500K as is observed in the high
binding energy results. In Figure 3.2d the pair correlation results for the gold nano-
particle at 500K is compared for the uncoated, and coated nanoparticles with high and
low binding energy. In this figure the effect of the high binding energy is clearly evi-
dent. The lower degree of crystallinity with the higher binding energy as compared to

the lower binding energy plot indicates a more liquid-like structure at 500K.

3.4.2 Diffusion

From the results of the previous section it is apparent that the alkanethiolate SAM
coating has an appreciable effect on the properties of the gold nanoparticle. In order
to gain a better understanding of the SAM, and how it interacts with the gold nano-
particle we have computed the diffusion coefficient for the SAM and the gold atoms.
The alkanethiolate chain is primarily bound to the gold nanoparticle through the sul-
fur-gold interactions at the head of the chain. The diffusion coefficient of the sulfur
atoms is of particular interest because it will provide insight into the mobility of the
alkanethiol chains in relation to the surface gold atoms. The diffusion coefficient of

the alkanethiolate chain is calculated in the MD simulations by computing the mean
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squared displacement of the sulfur head group. The diffusion coefficient, D, is then
evaluated using Eq. 3.3.

6<r2(t)>

ot

=2dD 3.3

In Eqg. 3.3, the number of dimensions available for atomic diffusion, d, is as-
sumed to be 3, t is time, and <r?(t)> is the mean squared displacement (MSD) of the
atoms being tracked. For computing diffusion on a surface, d would typically be 2.
However, for this material system the gold atoms near the nanoparticle surface are
less strongly bound to the gold atoms, and are thus more mobile. This increased mo-
bility, particularly in the radial direction provides at least a partial third dimension for
movement, although it is more constrained than for a truly free atom. This movement
normal to the nanoparticle surface has not previously been considered in the simula-
tion of SAM coated gold nanoparticles or flat surfaces, but is expected to occur be-
cause of the bonding and interactions that the sulfur atoms have with the more mobile
nanoparticle surface gold atoms.

The diffusivity of the alkanethiol chain is computed by tracking the movement
of the sulfur head group. By only using the displacement of the sulfur head group our
results are not affected by extraneous data, such as the movement of the alkanethiol
backbone. In addition to studying the diffusivity of the sulfur atoms, the diffusivity
of the surface gold atoms that are bound to the sulfur atoms is also calculated. By
comparing the diffusivity of the surface gold atoms with that of the sulfur atoms it is
possible to determine if the alkanethiolate chains are sliding over or moving with the
gold surface atoms. For example, if the diffusivity of the sulfur atoms is very different

from the gold atoms then the sulfur atoms are moving over the nanoparticle surface,
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the SAM chains are considered mobile, and they may nucleate. Using Eq. 3.3, the dif-
fusion coefficients for the sulfur head group and surface gold atoms are computed to
be 8.05-10 cm?/s and 9.75-10°® cm?/s, respectively. These diffusion coefficients are
computed for a fully coated 50A gold nanoparticle at 300 K. The difference in diffu-
sion coefficients is about one order of magnitude, indicating that the alkanethiolate
SAM is relatively mobile on the nanoparticle surface. From observations of longer
simulations (>10ns), with low surface coverage, there is no indication of nucleation of
the SAM chains. This may be expected because of the attractive potential between
the alkanethiolate chain and the gold surface, so that the chain monomers prefer to
bond with as many gold atoms as possible in order to minimize the system energy. As
such, we see no evidence at low surface coverage of free standing groups of chains.
The diffusion coefficient of the sulfur head group has been computed for vari-
ous system temperatures and presented in an Arrhenius plot in Figure 3.3. There are
two linear regions with slopes of -285.9 and -3477.6, indicating two distinct phases of
the alkanethiolate SAM in the temperature rages of 100 K — 500 K and 500 K — 800

K, respectively.
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Figure 3.3: a) Arrhenius plot of diffusivity for sulfur atoms. The activation
energy for SAM mobility is estimated by the slope of In(D) vs. 1/T between 100
K and 800 K. b) Ratio of sulfur diffusivity to gold diffusivity in the alkanethiol
coated gold nanoparticle material system.

The activation energy for the low and high temperature regions is 2.4 kJ/mol
and 29.0 kJ/mol respectively. This is the expected behavior for heterodiffusion, where
one type of atom diffuses on another.®”®® In the low temperature regime the observed
activation energy corresponds to the alkanethiolate chains hopping between adsorp-
tion sites, which is observed as diffusion. For flat gold surfaces, particularly the
Au(111) surface, the adsorption binding energy surface has been computed using

atomistic simulations.*®%°

These atomistic computations have determined that the
difference between the minimum binding energy (face-centered cubic) site, and the
maximum binding energy (atop) site is between 25.1 kJ/mol and 16.9 kJ/mol. The
diffusion barrier is the energy required for an adsorbate atom to move to the next ad-

sorption site. In Zhang et al.*®

the authors have calculated the binding energy at a
bridge site that would provide a possible diffusion path between adsorption sites with
a diffusion barrier of 12.2 kJ/mol. Each of these published results are for flat surfaces,

and report a somewhat higher activation energy than the computed activation energy
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from the MD simulations for the low temperature regime. One possible explanation
for the discrepancy in the calculated value is that for a curved nanoparticle surface
there may be lower energy and irregular diffusion paths available for the alkanethi-
olate chains to diffuse along. More likely however is that all the observed activation
energies are small and in part at least differences may by associated with the accuracy
of the interatomic potential. Nevertheless, is does indicate a significant difference be-
tween a low temperature diffusion process, and that occurring at higher temperature.
Typically, as the temperature rises the dominant mechanism for diffusion
shifts from adatoms to vacancies. However, what is occurring here is that the diffu-
sion of the alkanethiolate chain is dominated by dissolution into the gold nanopar-
ticle, resulting in a more highly activated process. In both instances the activation
energy required for diffusion is increased, but in the former process the change in ac-
tivation energy is observed to be a factor of two or more.®’ In this case the change is
about one order of magnitude. The driving force for dissolution will be discussed in
the next section. We notice however, in Figure 3.3b, that the diffusivity of the gold
atoms is more than an order of magnitude lower than the sulfur head group atoms at
low temperatures, below 500 K. This difference suggests that the alkanethiolate
chains are moving freely over the gold nanoparticle surface, but at around 500K this
is no longer the case, and the diffusivity of the sulfur atoms closely track those of the
gold nanoparticle surface atoms. Above 500K the diffusivity of the surface gold and
sulfur atoms is similar; supporting the observation that mixing of the two materials

has occurred.
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3.4.3 Radial Pressure Distribution

The radial pressure distribution is used in this work to quantify the affect of the ad-
sorbed alkanethiolate SAM on the gold nanoparticle. In very small droplets the inter-
nal pressure can be much larger than the surrounding environment. One method of
evaluating the radial pressure distribution is to use the normal component of the Irv-
ing-Kirkwood (IK) pressure tensor.*® The IK pressure tensor comprises two terms,
corresponding to a kinetic, Pk(r,T), and a configurational, Py(r,u), contribution as
shown in Eq. 3.4.
Py(r)=Pc(r.T)+R,(r.u) 3.4
The kinetic pressure term is a function of temperature and the computed radial
density distribution. The configurational term is computed from the interactions, u,
between pairs of particles. For each shell of radius r, the forces between particles
whose line of interaction intersects the shell is considered when computing the nor-
mal pressure component. The normal pressure at the surface of a nanoparticle or
droplet is typically positive, indicating a compressive surface tension. The radial
pressure distribution for an uncoated 50A gold nanoparticle as a function of tempera-

ture is plotted in Figure 3.4.
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Figure 3.4: Radial pressure distribution for 50A gold nanoparticle at various
temperatures.

With the gold nanoparticle melting temperature between 900 K and 1000 K,
as discussed in the pair correlation function results, the “Bare, 1000 K” curve is for
liquid gold and the other curves are for a solid gold nanoparticle. The radial pressure
profile below 900 K shows oscillations since the particle is in the solid phase. On the
other hand, the oscillation of the pressure profile at 1000 K disappears because of
greater atom mobility and indicates a phase transition in agreement with the pair cor-
relation results previously discussed. As the temperature of the nanoparticle increases,
the surface pressure decreases. This decrease of pressure with increasing temperature
is expected because the reported surface tension data decreases with increasing tem-
perature. Also, from an analysis of the terms in the IK pressure tensor, Eq. 3.4, it is
apparent that if the density remains relatively constant that the kinetic pressure term
will increase with increasing temperature. This means that the configurational term is
decreasing at an even greater rate. The magnitude of the configurational term de-
creases when the interactions between the gold atoms decreases or are attractive. The

fact that the configurational pressure term is negative indicates that the interactions
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between the atoms is primarily attractive. The attractive potential is due to the fact
that the embedding term in the EAM potential is greater in magnitude than the core
repulsive term. This occurs when the gold-gold bonds are stretched as occurs during
heating. Additionally, if the average coordination number of the gold atoms were to
increase with increasing temperature, as is observed in silicon,”® then the electron
density would increase. This increase in electron density causes the attractive embed-
ding term to increase while the repulsive term, which is evaluated on a pair-wise ba-
sis, will not change.

From a dimensional analysis of the Young-Laplace’ theorem shown in Eq.

3.5, this result is confirmed.
2
AP = <y 35

In Eq. 3.5, r is the radius of the gold nanoparticle and AP is the difference in
pressure between the interior and exterior of the droplet, i.e. Pinsige-Poutsice- EXperi-
mentally determined and published values for gold surface tension are wide ranging
and available from a limited number of sources. For the solid-gas interface the sur-
face tension, ysg, IS given as 1400mJ/m?, and for the liquid-gas interface, Yigs 1S
1128mJ/m2.™ For a vacuum interface, yy, is about 742mJ/m? at the melting point of
gold.” 1t could be expected that the difference in measured surface tension between
the liquid-gas and liquid-vacuum would be minimal. From the two published sources
this is not the case, and so for comparison purposes we must consider these values as
representative of the expected value. Evaluation of Eq. 3.5 for our 25A radius particle
and the published surface tension data for a vacuum interface, results in a predicted

internal pressure ~6000 bar. This analytic result is close to that obtained from the MD

46



simulation at 1000K shown in Figure 3.4 . With the wide range of available data for
comparison it can only be said that the predicted surface pressure and the simulated
pressure are in reasonable agreement.

One can, of course, use the pressure profile from the MD simulation to direct-
ly compute the surface tension using the approach outlined by Rowlinson and Wi-

dom.* and presented in Eq. 3.6.
s 1 t adp (I’)
Vi __g(prz_pﬁ)z,!;r *dr 3.6

In Eq. 3.6 pr1 and py, are the computed pressure at the minimum and maxi-
mum model radii, respectively, and dpn(r)/dr is the gradient of the normal pressure at
radius r. Using this model, the surface tension values calculated for the bare 50A gold
nanoparticle at 900 K and 1000 K, are 751 mN/m and 617 mN/m, respectively. These
temperatures bound the melting temperature of the gold nanoparticle, and the surface
tension results bound the published data of 742 mN/m.

The combination of the results from the Young-Laplace and Rowlinson-
Widom equations shows that the internal pressure computations for the uncoated gold
nanoparticle are reasonable, and in the range expected. Unfortunately, there is no da-
ta available for comparison when considering the alkanethiolate coated gold nanopar-
ticle surface.

From past efforts®® it is expected that a surface coating will modify the nano-
particle internal pressure, through the surface tension, of the gold nanoparticle. This
possibility is considered here by comparing the radial pressure distribution for gold

nanoparticles with varying degrees of surface coating. The systems considered in-
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clude a bare gold nanoparticle, a gold nanoparticle with only sulfur atoms adsorbed
onto the surface, and finally a gold nanoparticle with alkanethiolate chains adsorbed
on the surface, but with a range of interaction potentials. For bare and coated gold
nanoparticles with weak SAM chain-chain interactions the internal pressure is posi-
tive, meaning a positive surface tension. This result is expected, and the decreasing
pressure trend is also reasonably expected from past research involving hydrogen
passivated silicon nanoparticles.”® As observed in Figure 3.5, the pressure trends low-
er, and becomes negative on the interior of the fully coated nanoparticle as the chain-
chain and chain-gold interaction potential parameter values are increased to the pub-

lished values, indicated in Figure 3.5 by “Full Chain, 100% Cov., 300 K, full pot.”.
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Figure 3.5: Radial pressure distribution for 50A gold nanoparticle with alkane-
thiolate SAMs with differing interaction coefficients.

As a first interpretation of this negative pressure result, one could consider the
volume integral of the internal pressure distribution. Since the volume integral of the
pressure distribution is negative, it indicates a mechanically unstable system, or a na-

noparticle under tension. As seen in Figure 3.5, the negative pressure is observed in
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the interior of the nanoparticle, and only when full chain-chain and chain-gold inte-
ractions are considered. This negative pressure result indicates that the gold nanopar-
ticle is experiencing a tensile stress and will change its configuration over time or
with increases in temperature in order to accommodate the positive stress or negative
pressure. The chain-chain interactions apparently have a strong influence on the sur-
face tension, and therefore the internal pressure of the nanoparticle. The strength of
the interaction potential that will flip the internal pressure from positive and mechani-
cally stable, to negative and mechanically unstable is still under investigation but is
between 10% and 100% of the published potentials used for the alkanethiolate SAM
interaction potential. Other factors that may affect the surface tension are the surface
area per adsorbed alkanethiol chain, and temperature. In Figure 3.6 the radial pressure
profile is plotted for a fully coated gold nanoparticle with a sulfur gold binding ener-
gy of 184.1 kJ/mol. Notice that as the temperature increases the pressure that is pri-
marily negative at 300 K becomes positive at 700 K. As the system is held at a tem-
perature above the melting temperature of the solution the pressure continues to in-

crease and will most likely equilibrate to an average pressure above 0.
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Figure 3.6: Radial pressure distribution for fully coated gold nanoparticle for
range of temperatures with high binding energy (184.1 kJ/mol).

A negative surface tension resulting in a tensile stress inside the nanoparticle
is not stable for a liquid nanoparticle, and will result in deformation. In a solid nano-
particle the tensile stress will exist for a time before creep” or an increase in tempera-
ture will lower the yield strength allowing the nanoparticle to yield and flow. For
these reasons the solid gold nanoparticle with an alkanethiolate coating is metastable
at low temperatures, but will stabilize at higher temperatures by changing shape. In
this particular case, we observed as discussed in the section on diffusion that the al-
kanethiolate chains dissolve into the particle. This result has not been previously ob-
served in computer simulations because the gold nanoparticle was assumed to main-
tain its shape, with the interaction of the alkanethiolate SAM?! constrained to the sur-
face. Using the lower, 126 kJ/mol, binding energy we initially observe desorbtion of
alkanethiolate chains from the nanoparticle surface as the temperature is increased,
until the temperature is above 600K at which time the remaining alkanethiolate chains

dissolve into the nanoparticle.
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In Figure 3.7 the internal pressure of the alkanethiol coated gold nanoparticle
is plotted from simulation data collected with a sulfur-gold binding energy of 126

kJ/mol.

10% Cov., 300 K
- ——- 30%Cov.,300K
15000 ———— 50% Cov., 300 K

- ———— 80% Cov.,300K

PR U g il 100% Cov., 300 K

10000 Wpbastay
B ‘/~ \\
oV \
5000 A=Y S

NN
NDAY A

B e ‘-ﬁ .
{\'y‘\'v ','\,*,"r.w‘.’ 4

I?ressure (bar)
o
hY
e
\\\
i)
(]

3]
[=]
o
o
~
-

?""A/Y\ ~ N r /Fy‘/‘.-,..
-10000 st o mre™
[

I BN BTSN BRI BT R
5000 =——5—"—"5"""%6""25 30 35
Radius (A)

Figure 3.7: Radial pressure distribution for alkanethiol coated 50A gold nano-
particle with 126 kJ/mol sulfur-gold binding energy.

Notice in Figure 3.7 that the internal pressure of the fully coated nanoparticle
with the 126 kJ/mol sulfur binding energy is very similar to the internal pressure of
the fully coated gold nanoparticle in Figure 3.5, where the binding energy of the sul-
fur-gold bond is 184 kJ/mol. Recall that only the sulfur-gold binding energy has been
changed in Figure 3.7, whereas in Figure 3.5 the “0.1 pot.” curve represents data col-
lected from simulations where the sulfur-gold and the chain-chain interactions have
both been modified. By comparing these results we can conclude that the chain-chain
interactions have a greater affect on internal pressure than the sulfur-gold binding
energy. This is an important result because although the sulfur-gold binding energy
has some affect on the structure of the gold nanoparticle and diffusivity, it is not the

primary factor in determining stability of the nanoparticle. Additionally, the affect of
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chain length on the radial pressure distribution is also considered. After computing
the radial pressure distribution for alkanethiol chain lengths of 3 and 18 carbon atoms,
we have found that the shorter chains result in an internal pressure about 5000 bar
higher than the previously considered 9 carbon atom chains. Alternatively, the longer
chains don’t appear to have a greater affect on the internal pressure of the nanopar-
ticle than the 9 carbon atom chains studied here. This leads to the conclusion that for
the number of monomers considered, a longer chain has little affect on the stability of
the nanoparticle, whereas a shorter chain will lower the total chain-chain interaction

sufficiently to affect the nanoparticle stability.

3.4.4 Radial Density Distribution

From the computed results up to this point we have determined that the 50A
uncoated gold nanoparticle has a melting temperature between 900 K and 1000 K
(pair correlation function), the SAM chains are mobile on the gold surface (diffusion
coefficient), and that there are two phases for the adsorbed alkanethiolate SAM be-
tween 100 K and 800 K. In this section, the radial density results are analyzed. The
radial density is computed as part of the radial pressure calculation, discussed pre-
viously. For bare nanoparticles, the radial density distribution for the gold atoms will
change abruptly at the nanoparticle surface from the core density to zero. On the oth-
er hand, for coated nanoparticles, if the surface atoms move radially outward due to
the presence of the alkanethiolate chains penetrating into the particle, the slope of the
radial density distribution will be less steep. This phenomenon of the SAM chains
penetrating into the nanoparticle surface is not a previously predicted result because

past efforts to simulate alkanethiolate coated gold nanoparticles have assumed that
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the gold atoms do not move as a result of the interactions with the SAM.?* These
previous results have either assumed a flat surface or a nanocrystallite with immobile
atoms. Modeling the gold atoms using the EAM potential provides for an investiga-
tion of whether or not the gold atoms are affected by the SAM. When analyzing the
radial density, shown in Figure 3.8, it is apparent that the atoms near the surface of
the gold nanoparticle are less densely packed than those in the nanoparticle core.
This decrease in gold atomic density suggests that near the nanoparticle surface, the

gold atoms are mixing with the alkanethiolate molecules.
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Figure 3.8: Radial density of gold in alkanethiolate SAM coated gold nanopar-
ticle for various surface coverage amounts.

The results in Figure 3.8 show the expectedly steep slope for the radial density
distribution of the uncoated gold nanoparticle. The slope is not vertical because the
nanoparticle is nonspherical, but rather has large facets.” The slope of the radial den-
sity plot for the coated gold nanoparticle is less steep than the uncoated nanoparticle.
The slope decreases monotonically as more SAM chains are adsorbed onto the gold

surface. This decrease in slope indicates that the atoms near the surface are more dif-
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fuse, resulting in the lower measured density of gold. The depth to which the gold
core is affected we have labeled as the surface corrugation.
In order to quantify the surface corrugation we have defined by Eq. 3.7 a cor-

rugation factor, C.

C-= r(p = 0'85pbulk )bare B r(,O = 0'85pbulk )coated 3.7
r(p = 0'85pbulk )bare

In Eq. 3.7, r(p= 0.85puuk) is the radial position where the computed gold density is
85% of the density of bulk gold, and the subscripts bare and coated refer to the un-
coated and alkanethiolate SAM coated gold nanoparticle, respectively. This definition
of the corrugation factor will produce a value of 0.0 for the bare gold nanoparticle and
maximum of 1.0 for a gold nanoparticle with impurities or a dissolved solute. For
coated gold nanoparticles with various percentages of surface coverage the corruga-

tion factor has been computed, and is listed in Table 3.1.

Table 3.1. Computed corrugation factors for alkanethiolate SAM coated gold
nanoparticles.

Coverage | Cisaiymol | C1z6kymor | Cweak chain®
Bare 0.000 0.000 N/A

10% 0.004 0.003 N/A

70% 0.012 0.018 N/A

80% 0.018 0.013 N/A

90% 0.043 0.020 N/A
100% 0.107 0.081 0.019

! The gold-sulfur binding energy is 184 kJ/mol but all chain-chain interactions are
at 10%.
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The results presented in Table 3.1 show that the corrugation factor remains
small, indicating little change in the nanoparticle surface, for SAM coverage below
90%. Once the coverage reaches 90%, the corrugation factor increases 2.5 times over
the value at 80%, and increases by another factor of 2.5 times between 90% and
100%. W.ith a corrugation value of 0.107, in column Cig4 kymol, at full surface cover-
age the core of the gold nanoparticle is only about 89% of its original size. This re-
sult has two implications; first, that the surface area of the gold nanoparticle has in-
creased because the surface is no longer smooth but wrinkled, second, the SAM
chains are able to form more bonds to the increased number of exposed gold atoms,
potentially increasing the binding energy of the SAM to the gold nanoparticle. The
results in Table 3.1 indicate an exponential dependence of the corrugation factor on
the amount of surface coverage.

In the column for the lower sulfur-gold binding energy, namely Ci2 kymor, the
corrugation is less pronounced indicating a lower surface effect from the adsorbed
SAM. The difference in magnitude of corrugation between the high and low binding
energies is relatively small, about 25%. This small change in corrugation from a 33%
change in gold-sulfur binding energy may indicate that the gold-sulfur binding energy
is not the most important factor in determining surface corrugation. In the final col-
umn of Table 3.1 the gold-sulfur binding energy is 184 kJ/mol but all chain-chain in-
teractions have been lowered to 10% of the previous magnitudes. Only the 100% sur-
face coverage data is computed, but by comparing this result with the other columns

it is apparent that the chain-chain interaction has an appreciable effect on the surface
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corrugation. The 90% drop in chain-chain interactions is accompanied by an 83%
drop in corrugation. This is proportional to the change in corrugation observed by lo-
wering the sulfur-gold binding energy alone.

There is experimental support for corrugation of the gold surface from the ad-
sorption of an alkanethiol SAM.™ In the experimental measurements it is assumed
that an interior gold atom is pulled onto the surface to become an adatom. In this case
the alkanethiolate chain then bonds atop this gold adatom and the gold surface is thus
corrugated. Another consequence of this adatom is that the alkanethiolate is more
mobile and could be construed as a lower total sulfur to gold surface binding energy
than if the sulfur atom where in the vicinity of many gold atoms. A rough estimate of
the measured corrugation in this case would be the gold-gold bond distance divided
by the nanoparticle radius, resulting in Cey,=0.116, a result similar to the values in

Table 3.1 for a 100% coated surface.

3.5 Phase Behavior and SAM Solubility

The computed potential energy (PE) of the alkanethiolate SAM coated gold nanopar-
ticle system is used to determine the critical temperature at which mixing and phase
change will occur. The computed slope of the PE versus temperature curve from the
MD simulation results are used to determine the heat capacity of the system.

In Figure 3.9, the system PE is plotted versus temperature for a 50A gold na-
noparticle coated with increasing densities of the alkanethiolate SAM. For the bare
nanoparticle there is a discontinuity around 980 K, which corresponds to a phase
change. The SAM coated nanoparticle demonstrates a very different behavior. Initial-

ly, for small numbers of adsorbed alkanethiolate chains, the melting temperature of
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the gold nanoparticle decreases, and does not occur at a unique temperature but rather
over a range of temperatures. This behavior is expected for a mixture of two mate-
rials.”* The appearance of the SAM on the particle surface decreases the surface ten-
sion and internal pressure. As the coverage percentage is increased further, another
behavior is observed. At higher surface coverages, above 70%, the PE of the system
begins to decrease as the temperature is increased, and then after a small temperature
range the PE resumes its linear increase. This behavior is explained by the mixing
that occurs between the alkanethiolate chains and the gold atoms. The mixing of the
SAM chains with the gold atoms is possible because of the lower binding energy of
surface Au atoms. The lower binding energy of the surface atoms allows these atoms
to become mobile at a lower temperature than the interior gold atoms.>* The surface
atoms begin to mix with the alkanethiolate chains, and as the chains penetrate deeper
into the nanoparticle they are able to interact with an ever increasing number of gold

atoms. Once complete mixing has occurred, the PE resumes increasing monotonical-

ly.
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Figure 3.9: Potential energy versus temperature for the alkanethiolate SAM
coated gold nanoparticle with various amount of surface coverage and the 184
kJ/mol sulfur binding energy.

As we found with the internal pressure in Figure 3.5, the structure of the SAM
coated gold nanoparticle is metastable. The increase of both the surface coverage and
the temperature aids this particle in transforming into a mixed structure, Figure 3.10.
This result has not been previously predicted, as it was previously assumed that the
SAM chains would desorb at these temperatures, as occurs on flat surfaces.™ If the
SAM were to desorb, it is expected that the structure of the underlying gold nanopar-
ticle would not be affected. This is reflected in the pair correlation data discussed
earlier that shows that the gold nanoparticle with SAM coating is crystalline at a
higher temperature with the lower 126 kJ/mol sulfur binding energy than with the 184

kJ/mol binding energy.
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Figure 3.10: Cross section of 100% coated gold nanoparticle at 300K (a) and
600K (b), showing the dissolution of the alkanethiol chains at high temperatures.
In these images the blue spheres represent gold atoms, light blue are sulfur, yel-
low are CH, and red spheres represent CHs.
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Figure 3.11: a) Potential energy versus temperature for the alkanethiolate SAM
coated gold nanoparticle with various amount of surface coverage and 126
kJ/mol binding energy. b) Comparison of potential energy versus temperature
for fully coated nanoparticle with 184 kJ/mol and 126 kJ/mol binding energy.

In Figure 3.114a, the PE for the 126 kJ/mol sulfur binding energy simulation is
plotted along with the same curve for the higher 184 kJ/mol binding energy. During
these simulations, as opposed to the 184 kJ/mol binding energy simulations, we ob-
served some desorbtion of alkanethiol chains from the gold surface. This desorbtion

process is irreversible because of the low density of desorbed chains in the simulation
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volume, a realistic assumption for coated nanoparticles in a vacuum or near vacuum.
In Figure 3.11b it is interesting to note that the temperature at which the decrease in
PE occurs for the 126 kJ/mol sulfur binding energy is higher than the 184 kJ/mol
binding energy simulations. This result confirms the observation that when consi-
dered with a lower sulfur binding energy that the alkanethiol chains have a lower pro-
pensity to dissolve into the gold nanoparticle and a higher probability of desorbing
from the gold surface.

The constant volume heat capacity, Cy, of the nanoparticle system is com-
puted directly from the slope of the PE versus temperature curve. The portion of the
PE versus temperature curve used to determine the heat capacity is that below the
melting temperature, or prior to mixing. For the nanoparticles studied in Figure 3.9,
the specific heat capacity, Cy, is computed and plotted in Figure 3.12 for increasing
amounts of surface coverage. In Figure 3.12 the computed heat capacity of the system
per unit mass is increasing with increasing surface coverage. This result is reasonable
since gold has a relatively low specific heat compared with the alkanethiolate chains.
As more chains are added to the nanoparticle surface the fraction of the total system

mass that they represent increases, resulting in the increase in the system heat capaci-

ty.
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Figure 3.12: Plot of specific heat versus surface coverage for alkanethiolate
SAM-coated gold nanoparticle showing exponential relationship between specif-
ic heat and surface coverage.

In addition to the heat capacity, the enthalpy of solution, Hs,, can be com-
puted from the PE data. The enthalpy of solution is computed as the difference in sys-
tem internal energy, between the undissolved SAM chain system prior to heating and
the internal energy of the same system after cooling down to the same temperature.
The PE of the system decreases as a result of the mixing that occurs in the fully
coated gold nanoparticle model during an increase in temperature from 300 K to 600
K. This mixing may potentially occur completely at 300 K if it were possible to simu-
late long times (greater than 10 ns) in the MD simulations performed here. On the
other hand, it is also possible that the activation energy for this transition to occur
may be too high to complete the transition at 300 K. The measured change in system
PE is 1000 eV, which is the enthalpy of solution.” Denoting this result per unit mass
of the fully coated gold nanoparticle results in an enthalpy of solution of 100 kJ/kg.
These results show that the SAM has a measurable effect on not only the nanoparticle

surface but the entire system.
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3.6 SAM Phases

Determining the phase diagram of the SAM chains on a gold surface is of fun-
damental interest. There has been extensive effort to understand the various phases of
the alkanethiolate SAM chain on flat gold surfaces,” that have found four distinct
phases. The four phases are; a striped phase at low surface coverage, where the
chains lie flat along the gold surface, intermediate structures for higher surface cover-
age, where some chains are partially standing, and others are lying flat. At high sur-
face coverage the alkanethiolate chains are either in a highly structured c(4x2) phase*
at low temperatures, or a more random liquid phase at higher temperatures. In this
work, as in previous work involving flat surfaces, we have investigated surface cov-
erage and temperature as determining factors for the phase of the SAM.

It is expected that the binding energy of an alkanethiolate chain to the gold
surface is dependent on whether the chain is lying along the surface of the nanopar-
ticle (physisorption for longer chains, or chemisorption for shorter chains) or standing
radially outward with only the head group sulfur atom interacting with the gold sur-
face (chemisorption).”® The orientation of the chain is determined by measuring the
tilt angle of the alkanethiolate chain which is computed by comparing the radial posi-
tion of the sulfur head group to the CHj tail group. For an alkanethiol chain lying
along the nanoparticle surface the difference in radial position between the head and
tail groups will be very small. When a chain is tilted upward the radius will be at a
maximum value. This radius data is then used to estimate the angle that the chains

make with the nanoparticle surface and to measure the monolayer thickness.”
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Figure 3.13: Difference in radial position for the head and tail groups of the al-
kanethiolate chains at various surface coverage densities, drawing (a) and tilt
angle (0) (b). The alkanethiol radius is also labeled as the monolayer thickness

In Figure 3.13b, the tilt angle of the alkanethiol SAM is plotted for 10% to
100% surface coverage. At low surface coverage the alkanethiol chains lie along the
surface of the nanoparticle as indicated by the almost 90 deg. tilt angle. In between
the high and low surface coverage regions the alkanethiolate chains begin to stand
radially outward from the nanoparticle surface. Above 90% surface coverage the
chains have all orientated themselves with the minimally observed tilt angle from the
nanoparticle surface, and the maximum difference in radial position is observed. The
tilt angle for the alkanethiolate SAM on a flat gold surface is also plotted for compar-
ison. The steeper drop in angle and minimum tilt angle for the flat surface are both

attributable to the geometric issues discussed next and illustrated in Figure 3.14.
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Figure 3.14: Drawing showing the difference in space occupied by tail molecule
on curved and flat gold surfaces. Assuming a chain length of 9 carbon atoms.

In Figure 3.14a side and front views of an idealized spherical nanoparticle are
illustrated with an alkanethiolate chain extending radially from the nanoparticle sur-
face. The conic section in Figure 3.14 shows the volume associated with an alkane-
thiol chain adsorbed to the surface of a nanoparticle. The cylinder is the volume asso-
ciated with an alkanethiolate chain on a flat surface. Notice that the area of the cone
sliced at the nanoparticle surface is smaller (15.4A%) than the area of the cylinder
(21.4A%). This gives rise to the higher packing density on the nanoparticle surface
compared to the flat gold surface. At the tail of the alkanethiolate chain, for chains
with 9 carbon atoms as considered here, the cone has a larger cross-sectional area
than the cylinder. This larger area means that the tail of an alkanethiolate chain has
less restricted movement than the tail of an alkanethiolate chain adsorbed onto a flat
surface. This greater freedom of movement results in the higher tilt angle measured in
this work (42 deg.) compared to the tilt angle measured for a flat gold surface (about

30 deg) 19,34
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3.7 Conclusions

The alkanthiolate SAM-coated gold nanoparticle has been shown to be me-
chanically and chemically metastable. The SAM that is adsorbed onto the surface be-
gins to mix with the surface gold atoms at low temperatures because of the weaker
gold-gold bonding of the surface atoms to the interior gold atoms. This process is
more pronounced as the density of the SAM is increased and as the gold-sulfur bind-
ing energy is increased. This is demonstrated by the corrugation numbers computed
previously. For full surface coverage, the SAM chains will begin to diffuse into the
gold core as the temperature rises from 300 K to 500 K. This mixing process lowers
the PE of the system. The diffusion activation energy of the sulfur atoms is measured
to be low in this temperature range. Once the temperature has increased to around 600
K, the alkanethiolate chains are completely mixed with the gold atoms, and the acti-
vation energy for diffusion greatly increases. The PE and diffusivity results concur
with this observation that a phase change in the SAM-coated gold nanoparticle sys-
tem occurs around 500 K. We have therefore concluded that the melting temperature
of the gold is lowered by the adsorption of alkanethiolate SAMs on the nanoparticle
surface and creates a metastable system for fully covered nanoparticles of diameters
around 50A. The measured decrease in melting temperature of the nanoparticle is
more pronounced as more SAM chains are adsorbed onto the nanoparticle surface.

We have also compared each of the computed results for the low, 126 kJ/mol,
gold-sulfur binding energy reported in the literature to the results from the high, 184
kJ/mol binding energy. These comparisons show that the gold-sulfur binding energy

does not have a large affect on the meta-stability of the nanoparticle. From these re-
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sults we are able to conclude that the primary factor in determining if a nanoparticle
will become metastable is the strength of the chain-chain interactions. Since experi-
ments concur that desorbtion occurs in the 300K to 550K temperature range we have
concluded that the 126 kJ/mol binding energy is most likely a better estimate of the
true binding energy than the 184 kJ/mol value. Independent of the binding energy is
the tilt angle, which is found to be greater for the nanoparticle geometry than for a flat

surface.
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4 Molecular Dynamics Simulation of the Energetic Reac-

tion of Ni and Al Nanoparticles

4.1 Introduction

Nanoparticles have interesting physical properties that often vary from the bulk
material. Some of these properties, including increased reactivity,”” are due to the
high surface area to volume ratio of nanoparticles, increased defects, and an altered
electronic structure. With this in mind nanoparticles may provide enhanced energy
release rates for explosive and propellant reactions.™

There is considerable interest in the self-propagating high-temperature synthe-
sis (SHS) reactions of intermetallic compounds because of the associated energy re-
lease that takes place’ during the alloying reaction. In addition to the energetic reac-
tion observed in these materials it is also possible to produce structural materials that
contain this energy release property. Some of the application areas for SHS include
alloy formation, net-shape processing, propellants, as initiators and when it is desira-
ble for the reactants and products to be confined to the condensed state.*

One of the compounds formed from the SHS reaction, and studied here, is
NiAl or nickel aluminide. NiAl is an important alloy because of its desirable high
temperature strength and oxidation resistance, due to the formation of a protective
Al,Oj3 scale ® and its high energy of formation.®* Recently Weihs and coworkers have
also used NiAl nanolaminate systems in applications of reactive welding.®

Not surprisingly since the reaction involves solid starting materials, particle

size has a significant effect on the properties of the reaction product and the SHS
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f,84

reaction itself.”™ The simulation and analysis of nanoparticle coalescence without the

52,56,85-88

SHS reaction for like materials is extensive and involves surface passiva-

°28% and phase change®” considerations. The analysis here in-

tion,” size differences,
cludes all of the previously listed concerns with an additional energy release term
from the heat of formation.

The focus of this chapter is to use atomistic simulation to simulate the reactive
behavior of Ni and Al nanoparticles in various configurations. Fortunately, there have
been numerous efforts to determine accurate empirical potentials for simulating the
Ni-Al material system.®® Prior simulations using these empirical potentials have in-
vestigated the diffusion of Ni and Al atoms,® point-defect concentrations in NiAl,*
and plasticity® in addition to many other mechanical and chemical properties. These
efforts have primarily focused on bulk materials rather than nanoparticle systems,**
even though there are many manufacturing processes that produce nanometer sized
powders for SHS reactions.” For this simulation effort we have chosen a set of EAM

parameters that reproduce reasonably well the properties of Ni, Al, and NiAl in the

temperature range of interest.

4.2  Simulation Approach

In this work we use the EAM to simulate the interactions of aluminum and
nickel atoms. The EAM is used because of its accuracy and capability to scale up to
material systems with over 10° atoms. The MD simulations are compared with ther-
modynamic analyses in order to provide validation of the simulation results and as-

sess the expected energy release.
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The MD simulations in this work was conducted using the LAMMPS soft-
ware package.’ For the Ni-Al interactions the Finnis-Sinclair EAM potential®® from

Angelo et al.*

was used. The Finnis-Sinclair EAM potential allows for non-
symmetric embedding potential terms, potentially providing improved accuracy for
metallic alloys.” In addition to the parameters for NiAl from Angelo et al. other au-
thors have also developed parameters for the Ni-Al system* that may also be de-
scribed by using the Finnis-Sinclair EAM. In particular the parameter set from Mishin
et al** was found to severely over predict the melting temperature of pure aluminum
which is an important parameter for this analysis.

Three primary nanoparticle sizes were considered in this work, from smallest
to largest they are nanoparticles with 1289, 5635, and 36523 atoms each, which cor-
respond approximately to aluminum nanoparticle diameters of 3nm, 5nm, and 10nm,
respectively. The range of sizes was chosen because it represents nanoparticles that
may be produced in the laboratory, and which offers reasonable computational time
to conduct parametric studies. For the largest system studied, the 10nm diameter na-
noparticle, the energetic reaction simulation requires approximately two days and 64

processor cores to complete a few nanoseconds of simulated time on 3.0 GHz Intel

Woodcrest processors.

4.3 Thermodynamic Analysis of Separate Nanoparticles

The sintering of separate nanoparticles is used as a model for powder metallur-
gy systems where Ni and Al particles are compressed into a structural component. In
addition to mechanical properties, the structural component will contain stored energy

for future release through a SHS reaction. A thermodynamic analysis of the SHS
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reaction for the separate Ni and Al nanoparticle system is used here to determine the
expected trends and data points for simulation validation. With the thermodynamic
analysis provided here we are interested in determining the system parameters of the
Ni-Al nanoparticle system that contribute to the combustion temperature and reaction
time. Here we have assumed an adiabatic process so that energy released to the sur-
roundings can be ignored. This is a good approximation since the reaction occurs on
relatively short time scales and the nanoparticles are expected to be included in a
much larger system where the overall surface to volume ratio is small, limiting con-
vective and radiative heat loss. The validity of this assumption is explored in a later
section. The SHS reaction of an equimolar Ni and Al mixture is written as

0.5Ni +0.5A1 = Ni, Al 4.1

In order to compute the adiabatic temperature for the synthesis reaction in a vacuum

the enthalpy of the products and reactants must be equal.

H prod (Tad ) =H reac (TO) 4.2

Assuming that the reaction begins with the reactants at 600K, above the simulated
melting temperature of the Al nanoparticles, the enthalpy of the reactants is computed

as,

Hreac = (05)( HAI,fusion ) + (05)( HAI,GOOK +H Ni,600K ) =11.85 k\%ml 4.3

This enthalpy result includes the enthalpy of solid Ni and liquid Al.%** The Al nano-
particle is assumed to be liquid because for small nanoparticles the melting tempera-
ture is known to be appreciably below the bulk melting temperature.”> Additionally,
for the EAM potential used here*® the aluminum is liquid for these nanoparticle sizes

at 600K. The choice of initial temperature will have a nearly linear affect on the adia-
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batic temperature as long as the temperature is between the melting temperature of
the Al and Ni nanoparticles. This linear affect has been observed in experiments,®
and is a reasonable assumption so long as the heat capacities of the solid phases of Ni
and NiAl are relatively insensitive to temperature in the ranges studied.

For the products of the SHS process the enthalpy calculation must take into
account contributions from the melting of the nickel and the NiAl nanoparticle, en-
thalpy of formation for the NiAl alloy, and changes in surface energy. The first of
these, the enthalpies of melting for Ni and NiAl have been experimentally determined

to be 17.2K/,, and 31.4k/ ,, respectively. The enthalpy of mixing for Ni and Al has

garnered close scrutiny in the experimental community with a wide range of reported
values. The enthalpy of formation that is used here is approximately in the middle of

the reported values at about — 65K/, .57

The final contribution to the enthalpy of the products, results from the change
in surface energy, due to the reduced total surface area of the combined nanopar-
ticle.”” The contribution to the change in system energy from the change in surface
area is given as equation 4.4.

AEqui = Oiat - By — (O -8y + 0y -ay) 4.4

In equation 4.4, ayial, ani, and aa are the surface areas of the NiAl, Ni, and Al nano-
particles, respectively. For the 3nm, 5nm, and 10nm Al nanoparticles at 600K the
reactant surface area is computed from the Gibbs surface* as 36.32 nm?, 98.17 nm?,
and 343.7 nm?, respectively. For the associated Ni nanoparticles at the same tempera-
ture the surface area is 27.15 nm?, 73.59 nm?, and 257.87 nm?, respectively. The sur-

face energy is approximately 1115m/, for Al and 2573m/. for Ni at 600K.*® The
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surface area of the sintered NiAl nanoparticles is 50.77 nm?, 137.18 nm?, and 480.25
nm? for the 3nm, 5nm, and 10nm nanoparticle case, respectively. In experimental
analysis of the free surface energy of NiAl near its melting point, the free surface

energy has been reported as 1400™. 1% The approximate change in energy versus

nanoparticle size is tabulated in Table 4.1.

Table 4.1: Change in surface energy versus nanoparticle size.
Nanoparticle Radius (nm) | AEgys (kd/mol)

3 -18.35
5 -11.41
10 -6.17

In Table 4.1 the trend is for a lower surface energy contribution to the reaction as the
nanoparticle size increases. Intuitively, one may expect this because the surface area
to volume ratio is also decreasing with increasing particle size, and therefore has less
influence on the sintering process. With the enthalpy of formation for NiAl around

— 65K/, the surface energy contribution to the change in enthalpy for sintering of

10nm diameter nanoparticles is less than 10% of the total enthalpy change. This
means that even at relatively small nanoparticle sizes, e.g. 10nm, the affect of nano-
particle size on energy release is minimal.

With the preceding discussion it is possible to take into account many of the
sources of enthalpy change in the reaction products including phase and surface area

changes. The enthalpy of the products is now estimated as
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Tag
H = H form, NiAl + AH surf + v[Cp,NiAI (T )ﬂ- + Hmelt,Ni 45

298K

prod

The heat capacity for solid and liquid NiAl is given in Kubaschewski et al.*®* For the
3nm case, assuming the NiAl nanoparticle melting temperature to be about 1350K, or
the melting point of a similarly sized Ni nanoparticle it is possible to compute the

adiabatic reaction temperature, table 2.

Table 4.2: Computed adiabatic temperature versus nanoparticle radius, includ-
ing contact of flat surfaces or infinitely sized spheres.

Nanoparticle Radius (nm) Tad (K)
3 2115
5 1920
10 1772
0 1599

Notice in table 2 that if no surface energy contribution is considered, i.e. infinitely
large spheres, the final adiabatic temperature is computed to be 1599K. In the simula-
tion section we will observe that these results are reasonable and accurately predict
the simulated increase in temperature attributable to the contribution from the surface

energy.

4.4 The Coalescence Processes

For Ni and Al nanoparticles the SHS reaction consists of two processes, namely
coalescence and alloying. In this work we have considered the coalescence of a two

nanoparticle system with an Al and a Ni nanoparticle with an atomic ratio of unity. A
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complete SHS reaction of this system will result in a single NiAl nanoparticle. The
MD simulations used to work model adiabatic conditions with constant number of
atoms and total system energy. The purpose of these simulations is to analyze the af-
fect of nanoparticle size on sintering time, adiabatic combustion temperature, and to

visualize the process. The assumed process is illustrated in Figure 4.1.

0 Oed
(@) (b) (©) (d) (e)

Figure 4.1: Illustration of coalescence process showing liquid Al nanoparticle
first coating the solid Ni nanoparticle and then complete alloying after the Ni
nanoparticle has melted.

In Figure 4.1 the nanoparticles are initially in contact at a point (a) and the Al nano-
particle is larger than the Ni nanoparticle because of the longer Al-Al bond length.
The simulations are initialized at 600K so that the Al nanoparticle is liquid and the Ni
nanoparticle is solid. In Figure 4.1 the sintering process proceeds with the liquid Al
nanoparticle initially coating the solid Ni nanoparticle while forming some Ni-Al
bonds on the surface (b-d). Next, the alloying process proceeds with the Ni nanopar-
ticle being heated above its melting point and becoming liquid so that mixing may
occur (e). The formation of Ni-Al bonds beyond the interfacial surface requires diffu-
sion of Al into the Ni nanoparticle or Ni into the liquid Al. Either of these processes is
possible but since diffusion is a relatively slow process in solid materials it is ex-
pected that the Ni nanoparticle must melt before the coalescence process proceeds

appreciably.
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The nanoparticle sintering process is driven by two sources of energy as pre-
viously discussed. The first of these is a decrease in surface area that lowers the total
surface energy of the system. This energy release mechanism is also observed in the
sintering of homogeneous material systems such as silicon nanoparticles.”'% The
second source of energy is from the reactive synthesis that occurs initially at the inter-
face between the nanoparticles and later throughout the entire system. The energy re-
lease from the surface sintering is proportional to the surface area of the Ni nanopar-
ticle that is coated by Al and in the whole system to the total number of Ni and Al
atoms. Additionally, with the temperature increase there is a decrease in the viscosity
of the liquid aluminum that will affect the predicted coalescence time.

The coalescence of nanoparticles in the liquid and solid phases has been ex-
amined extensively.***®®> These studies are primarily concerned with the coalescence
of two liquid or two solid nanoparticles. The analysis for the Ni-Al system requires
considering the coalescence of a liquid Al nanoparticle and a solid Ni nanoparticle.

Lewis et al*?

considered the coalescence of a liquid and a solid gold nanoparticle, this
is similar to the situation here except that the material system considered was homo-
geneous.

In Lewis et al®?

the author is able to simulate two phases occurring simulta-
neously for a single material by choosing the size of each nanoparticle such that at a
specific temperature the phase of the nanoparticles is different. Lewis found that coa-
lescence proceeded in two stages, first the contact area was maximized and secondly

“sphericization” took place driven by surface diffusion. The first stage is much faster

than the second and is very similar to the process observed here where the Al nano-
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particle maximizes the contact area and partially coats the Ni nanoparticle. In this
case there is an added driving force in addition to the surface energy, specifically the
energy release on forming of Ni-Al bonds as compared to the formation of Al-Al and
Ni-Ni bonds. During the second stage the atoms in the two nanoparticles diffuse and
rearrange until the system becomes a single spherical nanoparticle. This stage is dri-
ven strongly by the formation of Ni-Al bonds and is expected to occur on a much
shorter time scale than for two nanoparticles of the same material. The analytical
model and MD simulation results shown in the following sections will explore this

assumption.

4.5 Phenomenological Model of Nanoparticle Reactive Sintering

To gain further insight we have developed a phenomenological model for the
reactive sintering of Ni and Al nanoparticles. The model includes energy release from
surface energy, bond formation, and viscous dissipation through deformation. Fren-
kel'® has developed a model for the coalescence of two homogeneous nanoparticles,
however his model did not account for any phase change, exothermic sintering, or
heterogeneous materials. Here we extended Frenkel’s model for the coalescence of
two liquid drops to consider the coalescence of a liquid and a solid drop with reactive
synthesis.

The analytical model is initialized with the Al and Ni nanoparticles in contact
at a point. The distance from nanoparticle center to center is equal to the sum of the
respective radii, denoted as D in Figure 4.2. The sintering process initially proceeds
by the liquid Al nanoparticle coating the solid Ni nanoparticle, as illustrated in Figure

4.1. During this phase of the sintering process, two sources of energy release are oc-
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curring; the first of these is related to the decrease in surface area and is proportional
to the respective surface tension values. The second source of energy release is from

the formation of Ni-Al bonds at the interfacial region.

2a

Figure 4.2: lllustration of parameters used in analytical model of reactive coales-
cence of Ni and Al nanoparticles.

In Figure 4.2, 2a is the diameter of a circle circumscribed by the contact cir-
cumference of the two nanoparticles. va and vy; are the distance from the Al and Ni
nanoparticle surface to the surface of the contact circle, respectively. 0 is the contact
angle as measured from the center of the Ni nanoparticle and ranges from 0 to & ra-
dians. In order to model the change in energy of the coalescing nanoparticle system,
three energy change mechanisms must be considered. These mechanisms are energy
release due to change in surface area, energy release due to energetic reactions at the
interface, and energy loss due to viscous dissipation. The rate of energy change due to
all three must balance at all times.

The first energy term considered, namely the surface energy of the nanopar-
ticle system, is simply the surface tension times the total exposed surface area. This
energy term is written as a sum of the Al and Ni nanoparticle contributions.

Eoi =00 S i exposed +0y S 4.6

surf Al exposed
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The exposed area of the Ni nanoparticle can be written as

SNi.exposed =Sy — 27Ny = 477rr§i =27V 4.7
where
vy = Iy (1—cos(0)) 4.8

Initially during the sintering process the Ni nanoparticle is assumed to remain in the
solid phase thus maintaining a constant radius. This assumption is reasonable because
of the higher melting temperature of the Ni nanoparticle.

The exposed surface area of the Al nanoparticle is written as

2
SAI.exposed =S 27NV = A7l — 271V y 4.9
where
2 2
Vy =Fy —4/fy—a 4.10

a=vy(2r, —vy) 411

The radius of the Al nanoparticle is computed numerically by using conservation of

volume for the Al nanoparticle.
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Figure 4.3: a) Plot of exposed Ni and Al nanoparticle surface area as a function of
distance between nanoparticle centers. b) Plot of total exposed surface area as a
function of distance between nanoparticle centers. These results assume a Ni hano-
particle of radius 4.53 nm and an Al nanoparticle of 5.23 nm. Notice that the total

exposed surface area is monotonically decreasing, indicating that the surface energy
is also decreasing monotonically

The exposed surface area of each nanoparticle versus the center to center distance is
plotted in Figure 4.3a. Notice that although the surface area of the Al nanoparticle
increases during most of the coalescence process the combined total surface area of
the Ni and Al nanoparticles decreases monotonically throughout the entire coales-
cence process. In Figure 4.3 the center-to-center distance never reaches zero because
the coalescence is considered complete once the Ni nanoparticle is completely enve-
loped by the Al nanoparticle.

The second source of energy release, namely the reactive synthesis term is
considered by assuming a constant surface density of the Ni nanoparticle and the
transient contact area of the Ni-Al interface.

.V 412

bondenergy

Ereactive = pNi,surface : ainterface
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The surface density term, pnisurface, 1S proportional to the number of Ni-Al bonds at
the contact interface. The surface density and bond energy terms, Vpondenergy, €an be
combined into a single constant that defines the energy release per unit area of inter-
face.

4.13

:Bdensity = pNi,surface 'Vbondenergy
The interfacial contact area is a function of the distance between nanoparticle centers,

Figure 4.4.
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Figure 4.4: Contact or interface area as a function of center-to-center distance.
The contact area is increasing as the nanoparticles move closer together (right to
left on x-axis).

The interfacial area increases monotonically up until the Ni nanoparticle surface is
completely covered. This result is expected since the reactive energy term is negative,
or releases energy during the entire process, in addition to the minimization of surface
energy that is driven by the surface tension of Ni and Al. The interfacial area is writ-
ten as

Aerie = 2Ty 4.14

interface
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where v, is a function of gas given in equation 4.8.

The third energy term represents the viscous dissipation due to deformation of
the Al nanoparticle. This viscous dissipation is a function of the viscosity in the liquid
Al nanoparticle and the rate of deformation. The extent of the viscous flow can be
specified by the decrease in distance between the center of each nanoparticle, and the
surface of contact with the Ni nanoparticle. A velocity gradient, y, can be defined as

(dD/dt)/rp. The energy dissipated in the whole body per unit time is therefore approx-

imately
dEviscous _ e 2 2 _ 8 3 dD ’
—g= = [ pr =g on| S 4.15

where ;is the viscosity of liquid aluminum and r,, ,is the initial radius of the Al na-

noparticle.

By conservation of energy the rate of coalescence can now be computed.

dEviscous — dESU"f + dEreactive 4.16a
dt dt dt
dD)’ d_, d
%MASIOU(EJ :a[aNi : SNi,exposed +O-}-\I : SAl,e><posed ]+a[2ﬂ7NNi rNi] 4.16b

After writing equation 4.16b in terms of d6/dt and simplifying the right and left hand
sides we find that equation 4.16b is only linearly dependent on d6/dt. Even with this
simplification, equation 4.16b, is most easily solved numerically using an iterative
solver. In order to solve equation 4.16b we need some physical properties of Al, Ni,
and NiAl. The dynamic viscosity of bulk molten Al at the melting temperature is
about 7 =1.3-10"°Pa-s."® Based upon a comparison of the configurational energy in

MD simulations of separate nanoparticles and Al-coated Ni nanoparticles the energy
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release per unit area, g, i estimated to be 20.7¢V/ .. This number is computed by

subtracting the system energy of an Al coated Ni nanoparticle system from the energy
of a system with separate nanoparticles and dividing by the interfacial surface area.
This method results in the net change in energy during coating of the Ni surface with
Al since some Al-Al bonds are lost during the coating process while some Ni-Al
bonds are formed at the interface. By numerically solving equation 4.16b we are able
to compute the contact angle, 0, as a function of time and relate this to total exposed
surface area of the coalescing nanoparticles. This model result is presented in Figure

4.5 along with a comparison to the MD simulation results.

6004 e Surf. Area,MD
— [ ——— Surf. Area, Model

48020 40 60 80

Time (ps)

Figure 4.5: Total system surface area versus time from mathematical model and
MD simulations for the sintering of 10nm diameter nanoparticles, where the fi-
nal surface area of the NiAl nanoparticle is approximately 480 nm?.

Although qualitatively the results in Figure 4.5 show similar trends the abso-
lute rate of coalescence is slightly under predicted by the model. This difference can
be attributed to the obvious simplicity of the model and more specifically to the diffi-

culty in obtaining accurate material parameters. For instance, it is difficult to compare
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138 and since the coalescence time is

the viscosity of a nanoparticle to the bulk materia
linearly dependent upon the viscosity the modeled coalescence time is directly pro-
portional to the assumed viscosity. Additionally, the energy release per unit area term
assumes that the net change in energy due to the addition of Ni-Al bonds at the inter-
face is a constant value. This is likely not completely accurate since fewer Al bonds
must be broken to form new Ni-Al bonds during the initial contact of the nanopar-
ticles. However, the deviation in this energy release term is likely to be minimal. The
deviation of the model time from the simulation results at about 50 ps is due to the

1,52 dur-

switch from stage 1 to stage 2 in the coalescence. As described by Lewis et a
ing stage 2 or 50ps after contact, surface diffusion is the predominant factor in con-
tinued coalescence and is a much slower process than contact area maximization. The

actual simulation results, as compared with the illustration in Figure 4.1, of the ob-

served coalescence process are given in Figure 4.6.

Initial Stage 1 Stage 2 Completed
Fast (50 ps) Slow (450 ps) Slow (400+ ps)

Figure 4.6: Cross sectional view from MD simulations of Ni/Al nanoparticle sin-
tering process showing the start of the second stage of coalescence where diffu-
sion is the driving force as opposed to contact area maximization. Aluminum
atoms are blue and nickel atoms are red.

In Figure 4.6 each of the steps in the coalescence process are shown with plots

from an MD simulation of the coalescence of 10nm diameter Al and Ni nanoparticles.

83



The correlation of the sintering stages to the reaction temperature and time is illu-
strated in Figure 4.7 for the sintering of separate 10nm diameter nanoparticles. In the
initial step the liquid Al nanoparticle, blue atoms in Figure 4.6, has melted and is
spherical in shape. The solid Ni nanoparticle, red atoms, has large faceted sides and is
a single crystal, a typical configuration for a crystalline nanoparticle at low tempera-
tures. During stage 1 the Al nanoparticle is attracted to the Ni surface because of the
dual driving forces of surface energy minimization and Ni-Al bond formation. This
period lasts about 50 ps in this simulation as noted in Figure 4.6 and Figure 4.7. Be-
tween stages 1 and 2 the driving forces associated with the surface energy are counte-
racted by a resistance to flow in the Al nanoparticle, causing the coalescence process
to slow down dramatically. During stage 2, lasting about 450 ps, the surface area is
not changing perceptively so that energy release from the surface energy terms has
ceased to contribute to the change in system potential energy. The subsequent energy
release is entirely attributable to the formation of Ni-Al bonds. This stage lasts a
much longer time than the initial nanoparticle coalescence stage and is governed by
the material diffusion coefficients. Initially at stage 2 the Ni nanoparticle is still solid
and the formation of Ni-Al bonds is only possible by Al diffusing into the Ni core or
Ni on the surface of the core melting and diffusing away from the interface. This
process proceeds until the Ni core has reached its melting point and mixing of the re-
maining Ni and Al atoms occurs more rapidly, driven by the enthalpy of formation of
NiAl. Following stage 2 until complete alloying has occurred, taking approximately

400 ps, diffusion and mixing of Ni and Al atoms is the primary driving force.
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Figure 4.7: Time versus temperature plot for sintering of separate 10nm diame-
ter Al and Ni nanoparticles. The various stages if the coalescence processes are
denoted on the curve, including the final completion stage that occurs after the
Ni nanoparticle has melted.

4.6 MD Simulation Results of Separate Nanoparticle Reactivity

We have previously predicted the adiabatic temperature and sintering time for the
reactive sintering process of separate equimolar nanoparticles of Al and Ni. In Figure
4.8, the MD simulation results for the equimolar nanoparticles are plotted along with

the computed adiabatic temperature for each considered particle size.
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Figure 4.8: Temperature versus time in the sintering of nanoparticles with an
Ni:Al ratio of 1:1. The subscripts in the legend refer to the number of atoms of
each material and correspond to nanoparticles of diameter approximately 3nm,
5nm, and 10nm. The color coded dashed lines are the computed adiabatic tem-
perature from the thermodynamic analysis. The black dashed line is the pre-
dicted temperature for coalescence of bulk Al and Ni.

From Figure 4.8, it is apparent that the predicted adiabatic temperature is in
close agreement with the simulated temperature. Variability of the computed tem-
perature likely arises from the wide range of experimental results for the surface ten-
sion for liquid Al and solid Ni, the reported enthalpy of formation for NiAl, and the
assumed melting temperature for the Ni and NiAl materials at this scale. Each of
these experimental data points are used in the thermodynamic analysis and contribute
to the small inaccuracies in the predicted temperature.

The reaction time can be evaluated from the characteristic time for reactive

|105

synthesis defined by Zhao et al™ as t when

T(t)=T,+0.8(T,-T,) 4.17
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where T,is the initial temperature, T,is the maximum size dependent temperature

reached, and T(t)is the transient temperature. The computed reaction times are given

in Figure 4.9 and illustrate that the time required for separate nanoparticles to react
has a power law relationship that is between nanoparticle volume (radius to power of
3), and surface area (radius to power of 2). This implies that not only will the reaction
temperature be higher, but will occur more rapidly with decreases in particle size, to a
combined power of about 2.5. This is important because a high rate of energy release

is desirable for many applications.
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Figure 4.9: Reaction time versus Al nanoparticle diameter (a), Al nanoparticle
surface area (b), nd number of Al atoms (c). Note the nearly linear relationship
(dashed line) of reaction time between number of atoms (volume) and surface
area.
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By observing the MD simulation results and analyzing the shape of the curves
in Figure 4.8 for temperature versus time we have surmised that there are two reac-
tion rates to consider. The first is during the coalescence process (called the growth
rate (see 0 to 500 ps for Alsgsz3 curve in Figure 4.8)) and Ni nanoparticle melting, and
the second is the rapid formation of the NiAl alloy from mixing of liquid Al and Ni
(convergence rate (see 500 ps and later for the Alsgsps curve in Figure 4.8)). The tem-
perature at which the transition between the two reaction rates occurs is size depen-
dent because the melting temperature of the Ni nanoparticle is also size dependent. If
the reaction is not perfectly adiabatic, and some heat is lost to the surroundings it is
also possible that the first process would not precede far enough for the Ni nanopar-
ticle to melt and thus the reaction would halt. This would only occur with larger na-
noparticles that require longer reaction times during which some energy loss to the
surroundings is likely. This is an important consideration in real world applications
that are not perfectly adiabatic, but when complete alloying is desired. One reason for
this observed increase in reaction rate is because the heat generated from the forma-
tion of Ni-Al bonds will conduct into the core nanoparticle so that when the reaction
front reaches the inner atoms they will have a higher diffusion coefficient, which in

turn increases the reaction rate.

4.6.1 Analysis of Alloy Formation

During the sintering of Ni and Al nanoparticles numerous mixtures may be formed
from the Ni-Al binary system.’9%1921% The most common compounds observed in-
clude Al3Ni, Al3Niy, NiAl, NisAlz, and NisAl corresponding to Ni fractions of 0.25,

0.40, 0.50, 0.625, and 0.75, respectively. A comprehensive analysis of the compounds
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formed during sintering of separate nanoparticles is summarized here. Figure 4.10a
and b show the normalized amount of each compound by Ni fraction through stage 2
and during stage 3, respectively. The atomic fraction of surrounding atoms are calcu-

lated within a radius of 4.0A.
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Figure 4.10: Fraction of all atoms in each compound versus fraction of Ni in
compound. i.e. a data point at (0.1, 0.25) corresponds to 10% of all atoms in the
system belong to the AlsNi compound.

During stage 1, from 0 ps to 50 ps for sintering of 10nm diameter particles, most of
the atoms remain in the pure metal phase, with only a small fraction forming some Ni
rich alloys such as NiszAl. This initial peak at about 50ps is likely due to the shorter
bond length of Ni-Ni so that near the contact interface each Al atom will bond with
multiple Ni atoms. During stage 2, the formation of Al rich alloys occurs at a rapid
rate, quickly depleting the amount of pure Al by the end of stage 2 (500 ps). In Figure
4.10a, at 500 ps, a small peak between 0.2 and 0.3 Ni fraction is observed, corres-
ponding to Al3Ni. The largest fraction of any compound at 500ps is still pure Ni. The
initial formation of Al rich alloys is supported by experimental observations.'®%
The reaction process that produces these Al rich alloys is explained by Al atoms mov-

ing into the pure Ni region forming regions of AlsNi which then separate from the

interface and dissolve into the Al phase eventually forming the eutectic mixture. Fig-
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ure 4.11b supports this process because small clusters of Al rich alloys that contain Ni

neighbors are clearly evident in the liquid Al.

Ni Fraction

- 1.00

0.750

Ni Fraction

. 0.500

50 ps 500 ps
Figure 4.11: Plot showing spatial distribution of Ni fractions during stages 1 and
2 of the sintering process.

The lines in Figure 4.10b for stage 3 indicate a rapid reduction in the amount
of pure Ni and the corresponding formation of NiAl. During stages 1 and 2 as ob-
served in Figure 4.8 the temperature of the system is rising monotonically. Subse-
quently, near the start of stage 3 the system temperature has reached the melting point
of Ni. At 700 ps, shortly after the Ni nanoparticle has completely melted, two peaks
are present in Figure 4.10b, near 40% Ni and 50% Ni, corresponding to Al;Ni, and
NiAl. Near completion of the energetic reaction, at 950 ps, the majority of atoms are

in the NiAl eutectic mixture with some temporary formation of other alloys.
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Figure 4.12: Plot showing spatial distribution of Ni fractions during stage 3 of
the sintering process.

Near the beginning of stage 3 and just prior to the profile in Figure 4.12a is observed
the system temperature has reached the melting point of Ni. In Figure 4.12a, shortly
after melting of the Ni nanoparticle, there is a Ni rich region visible. This region ra-

pidly disappears as the SHS reaction proceeds rapidly to form the final eutectic alloy.

4.7 Reactive Sintering of Core-Shell Nanoparticles

4.7.1 Aluminum Coated Nickel

In this section we will discuss the sintering process for an Al-coated Ni nanoparticle
followed by a discussion of a Ni-coated Al nanoparticle. Both of these systems can be
used as a model for highly compacted Ni and Al nanoparticles or one material serving
as a matrix for nanoaprticles of the other. In the first model system we assume that a
Ni nanoparticle has been coated with Al and equilibrated without the Ni melting, or
any further reaction occurring. Results for the reaction time and temperature will be

presented and a comparison with the separate nanoparticle case will be given. Here
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again we have considered three system sizes with 1289, 5635, and 36523 atoms each
of Al and Ni.

An initial estimate is that the coalescence process for the fully coated nanopar-
ticle system will be a truncated version of the separate nanoparticle case. In the
coated nanoparticle system we do not have the first stage of coalescence occurring
and only observe the second and third stages, namely diffusion of Ni and Al atoms to
form Ni-Al bonds. The sintering temperature versus time plot is given in Figure 4.13
and shows an interesting result. Whereas the maximum temperature reached increases
with decreasing nanoparticle size for coalescence of separate nanoparticles, the oppo-

site is true here, the temperature decreases with decreasing nanoparticle size.
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Figure 4.13: Temperature versus time in the sintering of Al-coated Ni nanopar-
ticles with an Ni:Al ratio of 1:1.

In Figure 4.13 the observed decrease in adiabatic temperature is due to the fact
that the ratio of atoms near the interfacial region to the atoms in the bulk nanoparticle

decreases as the nanoparticle size increases. Atoms in the interfacial region have al-
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ready formed Ni-Al bonds and are therefore already at a lower configurational energy
than if they were contained in a homogeneous nanoparticle of either pure Al or Ni. If
we extend the adiabatic temperature relationship to infinitely large particles we would
approach the result obtained from the analysis of separate nanoparticle as they in-
crease in size. The thermodynamic analysis for this case is similar to the previous one
except that the surface energy term is zero and the enthalpy of formation is lowered
by a factor proportional to the ratio of surface area to volume. The enthalpy of the

products, equation 4.5, modified for coated nanoparticles becomes

t- Asu ace T
H prod — (1_—rf]H form, NiAl + ICp,NiAI (T )ﬂ- + Hmelt,Ni 4.18

\ 298K

In equation 4.18 t is a computed thickness value for the interfacial layer, A, IS the

area of the interfacial region, and V is the volume of the Ni core. In order to deter-
mine the correct empirical thickness value, t , for equation 4.18 we have used the
adiabatic temperature computed in the MD simulation results for the Al-coated Ni
nanoparticle. These results indicate that an interface thickness of 0.07nm is able to
accurately predict the adiabatic temperature observed in the MD simulations, Figure

4.14.
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Figure 4.14: Comparison of thermodynamically determined adiabatic tempera-
ture for Al-coated Ni nanoparticle and results from MD simulation.

In Figure 4.14 it is apparent that the adiabatic combustion temperature is high-
ly size dependent for nanoparticles of less than 10nm in diameter. For very small na-
noparticles, less than 1nm diameter, there is little predicted change in temperature
from the initial temperature of 600K since most of the potential Ni-Al bonds have al-

ready been formed.
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Figure 4.15: Reaction time versus number of Al atoms in the Al-coated Ni nano-
particle system.
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The results for the Al-coated Ni nanoparticle indicate the trends that one
might expect from a material system that includes an Al matrix with embedded Ni
nanoparticles. From the results in Figure 4.14 and 4.15 there are two competing reac-
tion results, namely reaction time and maximum temperature. In Figure 4.15 we see
that as the Ni nanoparticle size decreases the reaction time decreases, causing the
energy release rate to increase. A second observation that can be made from Figure
4.14 is that the reaction temperature decreases with decreasing Ni nanoparticle size,
potentially minimizing the effect of the rapid energy release.

Looking more closely at the reaction time versus number of atoms for the sep-
arate nanoparticle and Al-coated Ni nanoparticle cases we observe a similar relation-
ship of reaction time to nanoparticle size as that found in separate nanoparticles. In
both cases the reaction time appears to have a power law relationship with radius,
with an exponent of 2.5. The accelerated temperature increase in Figure 4.13 after

about 900ps for the Alsgsps curve is the convergence rate discussed previously.

4.7.2 Nickel Coated Aluminum

The Ni-coated Al nanoparticle system has garnered some interest because when Al
melts there is an experimentally observed increase in volume of about 12%. This in-
crease in volume creates a large stress in the Ni coating and may result in catastrophic
failure and fragmentation of the nanoparticle.®* In the work by Delogu,™ the fragmen-
tation is only observed for a specific set of conditions including Ni shell thickness. In
this work, even with the appropriate Ni shell thickness, fragmentation of the nanopar-

ticle is not observed. With the empirical potentials and parameters considered here
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the SHS reaction is fast and results in a liquid NiAl nanoparticle without fragmenta-
tion.

In the first set of analyses the Ni shell contains the same number of atoms as
the Al core. This results in an Al core with a radius of 2.8 nm and a Ni shell of about
0.7 nm. Since the bond length of Ni is less than Al the shell is thinner and the contact
area is initially greater than observed in similarly sized Al-coated Ni nanoparticles.
As with the nanoparticle coalescence simulations, the temperature of the system is
raised to 600K at which time a constant energy simulation is used to analyze the
energy conversion rate and the adiabatic temperature rise of the system.

In the initial simulations with an atomic ratio of unity there are more Ni-Al
bonds in the Ni-coated nanoparticle than the Al-coated nanoparticle. It may therefore
be expected that the total system energy would initially be lower in the Ni-coated Al
nanoparticle system than the Al-coated Ni system. In fact, the opposite is true, be-
cause although there are more Ni-Al bonds in the Ni-coated system there are fewer
Ni-Ni bonds than in the Al-coated nanoparticle. Since Ni-Ni bonds are stronger than
Al-Al bonds the total initial energy is lower in the Al-coated Ni nanoparticle system.
Since the final configuration of both systems is a completely alloyed NiAl nanopar-
ticle, the system energy change for the Ni-coated nanoparticle is greater than the Al-
coated system. This greater change in potential energy, results in the computed adia-
batic temperature for the Ni-coated Al nanoparticle being higher than the Al-coated

nanoparticle, Figure 4.16, although the difference is not large.
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Figure 4.16: Comparison of combustion temperature for Ni-coated Al nanopar-
ticle versus Al-coated Ni nanoparticle.

In the two following simulations we simulated an approximately 5nm diame-
ter Al nanoparticle coated with either a 1 nm or a 2 nm thick Ni coating. For these
simulations the temperature was controlled using an NVT ensemble. This temperature
control was used in order to rapidly increase the temperature from about 300K to
above the melting point of the Al nanoparticle, at a rate of 0.1 K/ps. When the Al na-
noparticle melts and expands, a large sudden increase of stress in the Ni coating is
expected. For the 2nm thick Ni coating the increase in stress is not high enough to
cause failure of the coating. In this case the outer shell expands slightly but does not
crack. For the 1nm thick case the stress in the Ni shell is high enough to cause failure.
When the shell fails the Al begins to leak out onto the surface of the nanoparticle but
no fragmentation is observed. If the nanoparticle were surrounded by oxygen this
may initiate the Al oxidation reaction, releasing additional energy as Al oxides are

formed.
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b)

Figure 4.17: Cross sections of the Ni-coated Al nanoparticle simulation model
just after melting of the Al core for the 1nm (a) and 2nm (b) thick Ni shells.

The cracking and leaking of Al onto the surface of the Ni shell is very differ-
ent from the fragmentation observed in Delogu®™ observed using a semi-empirical
tight-binding (TB) potential. Another difference from the work by Delogu is the
choice of Al core radius. For both of the shell cases here the core has a radius of
2.8nm, this is in comparison to the core radii of 3.0nm and 2.0nm for the 1.0 nm and
2.0 nm shell cases, respectively used by Delogu.”* Since the 1nm shell case is the
most interesting and the radii are very close (2.8nm vs. 3.0nm) the choice of core size

is not expected to have had an appreciable effect on the results for this case.

4.8 Conclusions

We have analyzed two model systems for the energetic reaction of Ni and Al. In the
first case we considered the coalescence and sintering of separate nanoparticles and
found that the energy release from the change in surface area is only significant at
small, less that 10 nm diameter, nanoparticles. These separated nanoparticle reaction
simulations and thermodynamic analyses show that the reaction time will decrease

and the adiabatic reaction temperature will increase with decreasing nanoparticle siz-
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es. This may be important for applications where high energy release rates are de-
sired. The simulation data closely match a classical thermodynamic analysis.

In the second part of this work we considered the sintering of Al-coated Ni
nanoparticles and Ni-coated Al nanoparticles as a model material system for nanopar-
ticles embedded in a matrix of the other metal. This work revealed that the reaction
time is again inversely related to nanoparticle size but the adiabatic temperature de-
creases with decreasing nanoparticle size. Mechanically the Al-coated Ni nanoparticle
system is a model system for a light weight Al matrix with embedded Ni nanopar-
ticles, a system with relatively high strength compared to a loosely bonded powder of
Al and Ni nanoparticles. This Al matrix system could be used in systems where me-
chanical strength is important in addition to energy release from energetic sintering of
the Ni and Al atoms. In the Ni-coated Al nanoparticle system we investigated possi-
ble rupture and fragmentation of the Ni shell but were unable to observe any fragmen-

tation.
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5 On the Role of Built-in Electric Fields on Oxidation of
Oxide Coated NanoAluminum: ion mobility versus Fick-

ian Diffusion

5.1 Introduction

Much of the interest in nanoparticles is derived from an appreciation that chemi-
cal/physical properties often vary from that of the bulk material. For instance it is
known that catalytic activity can be significantly changed from that of the corres-
ponding bulk.*®" |t is also well known that metal nanoparticles are pyrophoric and
have enhanced energy release rates, which make them attractive in propulsion.”
Virtually all metal nanoparticles will nominally have a native oxide shell,
which for aluminum is ~ 2-3 nm thick. Thus any oxidative reaction or vigorous com-
bustion must proceed by transport of either the aluminum or oxidizer though the
oxide shell. The oxidation reaction of oxide coated aluminum nanoparticles has been
observed to occur at a lower temperature and a faster rate than micron sized particles,
suggesting to some a different oxidation mechanism than observed in larger particles.
In fact, nanoparticles have been experimentally shown to react at or near the melting
point of bulk aluminum, 933K,” whereas larger particles react closer to the melting
point of the oxide shell, namely 2327K. The closeness of the reaction temperature to
the melting point of pure aluminum indicates that the melting of the aluminum core is
the possible initiator of this reaction for nanoparticles.
It has previously been assumed that either the sudden decrease in density of the

108,109

aluminum upon melting or the lower melting temperature of the nanometer
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sized oxide shell*™ is the key to initiation of the oxidation process. However, in this
chapter we explore the possibility that built-in electric fields as opposed to Fickian
diffusion drive aluminum cations through the oxide shell to the nanoparticle surface
where it is possible for the oxidation process to proceed. Experimentally produced
hollow aluminum oxide nanoparticles provide support for this rapid diffusion hypo-
thesis."**? These observed hollow oxide shells are an indication that the oxidation
process is driven by the diffusion of aluminum cations. We will show that field me-
diated ion-transport is much faster than Fickian diffusion, and will be the dominant

transport process in the oxidation of nanoaluminum. Anecdotal support for this me-

|113,ll4 115,116

chanism comes from numerous numerica and experimental studies.

5.2 Simulation Approach

In this work we have chosen to use the ReaxFF (Reactive Force Field) empirical po-
tential from van Duin™*’ implemented within the GRASP (General Reactive Atomis-
tic Simulation Program) MD application. The ReaxFF potential has an advantage
over traditional empirical potentials in that it is able to accurately simulate the charge
transfer that occurs during metal oxidation. The other empirical potential commonly
used for this material system is the Streitz-Mintmire potential **® however we chose
to use the ReaxFF potential because it is available within GRASP which can be ex-
ecuted in parallel. The AI-O potential parameter set used in this work comes from a
previous effort that considered the sliding of Al,O5 coatings against Al and Al,03.*
The computational requirement of this software is high with the largest material sys-
tem considered here containing nearly 100,000 atoms and is efficiently simulated

with 96 Intel Woodcrest processor cores running at 3.0 GHz.
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5.3 Model Description

Two core sizes are considered here, the smaller of these consists of a 5.6nm diameter
core of aluminum with either a 1nm or 2nm thick shell of Alumina (Al,Os) as illu-
strated by the example systems in Figure 5.1. The second and larger model includes
an 8nm aluminum core with a 2nm thick crystalline oxide shell. This model is used to

consider scaling effects for the electric field and atomic diffusivity.

a) | b) c) d)

Figure 5.1: Cross sections of some of the oxide coated aluminum nanoparticle
models used in this work. a) 1nm thick, dense oxide shell. b) 1nm thick, crystal-
line oxide shell. ¢) 2nm thick, amorphous oxide shell. d) 2nm thick, dense oxide
shell with 2:2.7 Al:O ratio. Blue spheres represent oxygen atoms and yellow
spheres denote aluminum atoms.
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Figure 5.2: Cross section of an 8.2nm Al core with 2nm thick crystalline oxide
shell. Yellow denotes Al atoms and oxygen atoms are blue.

There are four shell configurations considered for each oxide shell thickness.
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1. A defect free crystalline shell that may result from extremely slow or high
temperature formation. This shell is modeled by coating a bare aluminum na-
noparticle with a crystalline shell made up of a-Al,O3. The alpha form is used
as a representative crystalline shell configuration.

2. A dense amorphous shell that has an atomic ratio of 2:3 aluminum to oxygen
atoms (i.e. Al,O3). This shell is formed in the simulation by heating a crystal-
line oxide shell above its melting temperature while holding the aluminum
core atom positions fixed. In this way the oxide layer melts and is subsequent-
ly cooled rapidly and trimmed in order to obtain a slightly amorphous oxide
layer with the desired thickness.

3. A dense amorphous shell 10% deficient in oxygen atoms, Al/O = 2:2.7. This
shell may form during a faster rate of formation or if the environment during
formation was oxygen lean. In the computer simulation this shell is formed by
removing 10% of the oxygen from the previous dense oxide shell that is at the
stoichiometric ratio of 2:3 aluminum to oxygen atoms.

4. Lastly, a porous amorphous shell with an atomic ratio of 2:3 aluminum to
oxygen atoms. This shell has approximately one half of the density of the pre-
viously described dense shell with the same atomic ratio. This more porous
amorphous shell represents oxide formation that may occur at a very fast rate
with a sufficient supply of oxygen. This oxide shell is formed in the computer
simulation similarly to the process used for the dense shell except that the
shell is repeatedly heated to a high temperature and rapidly cooled until a

much more amorphous configuration is achieved.

103



Following the creation and equilibration of the oxide shell, the model systems
were heated at rates of 10*'K/s, 10'?K/s, and 10**K/s in order to determine any rate
dependencies. We found, similarly to Puri and Yang,'*° that at rates below 10%K/s
the heating rate appears to have little effect on the simulation results. This is an im-
portant result, as lower heating rates would increase the number of MD simulation
time steps, which for this work was ~ 1fs to maintain energy conservation, to a level
that would be unreasonable with current computing capacities. The temperature of the
model systems was raised from 300K to 1000K and eventually up to 3000K, which is
much higher than the melting point of the oxide layer. From experimental data avail-
able in the literature’ it is expected that some reaction should be observed near the
melting point of the aluminum core. At the melting point of the core the aluminum
density decreases from, 2.7g/cm® to 2.4g/cm®, resulting in a volumetric expansion of
about 12%. Melting of the oxide shell requires heating the nanoparticle to above the
melting point of the oxide which is 2327K for the bulk material or somewhat less for
a nanoparticle shell because of the size affect. The results of each of these efforts are

detailed in the following sections.

5.4 Results of Rapid Heating Simulations

The simulations in this section were carried out in a vacuum so that as Al cations
move radially outward towards the oxide surface there are no oxygen molecules
available for oxidation reactions. In simulations discussed later we have found the
diffusivity of Al through the oxide layer to be more important than oxygen diffusion

towards the core. For this reason we are primarily concerned in this work with the
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mechanism by which Al cations reach the surface of the nanoparticle. Initially, the
nanoparticles were heated from 300K to about 1000K, which is above the core melt-
ing point but below the size dependent oxide melting point reported by Puri and

Yang.!'?

At around 900K, or slightly below the bulk melting temperature of the alu-
minum core, a rapid volumetric expansion of the core is observed indicating that the
aluminum core has begun to melt. At 1000K the oxide shell still remains intact, with
no cracking, even when maintained at that temperature for 100ps. We do see howev-

er, as illustrated in Figure 5.3, the initiation of aluminum cation diffusion to the par-

ticle surface.

900K 1000K, +0 ps 1000K, +100 ps

Figure 5.3: Plot showing diffusion of aluminum cations (blue) through the 1nm
thick oxide shell (red) as the temperature increases from 300K to 1000K and held
for 100 ps.

The results in Figure 5.3 show a slightly inhomogeneous melting of the alu-
minum core, which is evident in the “1000K, +0ps” plot. Some of the less dense faces
of the core begin to melt while the top and bottom remain crystalline, giving the na-

noparticle a slightly elongated appearance. The plots in Figure 5.3 also show the me-
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chanism by which oxidation will proceed at elevated temperatures. The first observa-
tion is that the oxide shell does not crack as one might expect, if diffusion were ex-
tremely limited, or the shell were brittle. This suggests that the shell is more elastic at
this scale, or the expansion of the aluminum is insufficient to cause failure in the
shell, even at these elevated temperatures. One possible reason for the enhanced elas-
ticity is the lower coordination of the atoms in the oxide shell as compared to the bulk

material *°

which is incidentally also a contributing factor to the size dependent melt-
ing temperature observed in nanoparticles. In addition, we observe significant diffu-
sion of the core atoms through the oxide shell, thus relieving the potentially high in-
ternal pressures. The primary mechanism driving this diffusion is discussed in the fol-

lowing sections.

5.5  Aluminum Cation Diffusion through the Oxide Shell

As observed by us and by others,**

at temperatures below the melting point of the
oxide shell there is significant diffusion of aluminum cations through the oxide shell.
Computation of the diffusivity from the mean square displacement (MSD) of the
aluminum cations yields values typically found for liquids. This was unexpected be-
cause these measurements were taken at 600K, somewhat below the melting tempera-
ture of the relatively small 5.6nm aluminum nanoparticle core. Although the MSD
data is somewhat noisy because of the limited simulation time and small nanoparticle
sizes, there is an obvious trend of proportionally increasing diffusion rates radially

through the shell with increased temperature. To support this observation the effective

radial diffusivity is compared to the overall effective diffusivity in table 5.1.
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Table 5.1: Effective diffusion coefficients for core aluminum atoms with various
oxide shell configurations. The effective diffusion coefficients are for general dif-
fusion (Defr) and radial diffusion (Dyagiar).

Shell Thickness Type Temperature Desf Dradial
(cm?/s*107) | (cm?/s*107)
1nm Amorphous 600K 53 5.9
1nm Amorphous 1000K 420 300
1nm Amorphous 2000K 7100 8300
1nm Dense 600K 11 4.0
1nm Dense 1000K 340 280
1nm Dense 2000K 1300 1300
1nm Dense, Al,O,; 600K 2.6 2.1
1nm Dense, Al,O, 7 1000K 380 190
1nm Dense, Al,O, 7 2000K 6000 6700
1nm Crystalline 600K 31 6.7
1nm Crystalline 1000K 330 240
1nm Crystalline 2000K 1000 1300
2nm Amorphous 600K 23 4.6
2nm Amorphous 1000K 400 320
2nm Amorphous 2000K 770 660
2nm Dense 600K 8.1 6.9
2nm Dense 1000K 360 250
2nm Dense 2000K 490 520
2nm Dense, Al,O, 7 600K 4.2 3.3
2nm Dense, Al,O, 7 1000K 370 180
2nm Dense, Al,O, 7 2000K 270 100
2nm Crystalline 600K 8.3 7.8
2nm Crystalline 1000K 330 190
2nm Crystalline 2000K 490 520
2nm, 8nm Core Crystalline 600K 6.9 9.9
2nm, 8nm Core Crystalline 1000K 190 160
2nm, 8nm Core Crystalline 2000K 1300 920

The diffusion coefficients in Table 5.1 are computed using equation 5.1.

6‘<r3Z (t)>
ot

=2dD 5.1

In equation 1, the number of dimensions, d, available for atomic diffusion, is 3 for
overall diffusion, and 1 for radial diffusion.'®® The use of the bulk diffusion equation

is reasonable since during the time scales considered the movement of only the atoms
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initially on the surface are restricted by the particle boundary.*?* For radial diffusion
we are only concerned with the MSD directed radially from the center of the nanopar-
ticle. In equation 5.1, t is the elapsed time, and (r?(t)) is the MSD of the atoms being
tracked. The diffusion coefficients reported are for all of the core atoms including
those near the center of the nanoparticle. This is important since we would expect the
mechanical and electrostatic affects to be larger near the core/shell interface, but be-
cause of the small sample sizes available, computing a radial distribution of diffusivi-
ty is unreliable.

By comparing the radial and overall diffusivities in Table 5.1an interesting
trend is observed. As the temperature increases the radial diffusivity becomes a gen-
erally more important portion of the overall diffusivity of aluminum cations. This re-
sult indicates that once the aluminum core has melted the diffusion of aluminum ca-
tions is preferentially in the radial direction, as compared to the results prior to melt-
ing. This is possibly due to a high pressure gradient near the core/shell interface.
Another possibility is that once the core has melted the atoms are more mobile so in
addition to pressure, any other effects such as an electric field will increase diffusion.
The radial diffusion data that does not correlate with this observation at 600K is for
the 2nm thick crystalline oxide shells for both the 5.6nm and 8.2nm aluminum cores.
These configurations show diffusion rates that are on par with the overall diffusivity,
possibly indicating that one of the drivers of radial diffusion is proportionally stronger
for these shell configurations at 600K. We will show in the following sections that the

electric field is indeed strongest in the 2nm thick crystalline shells.
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Figure 5.4: Arrhenius plot of In(D) versus 1/T, where D is the diffusivity of the
core aluminum atoms. The slope of this plot is the activation energy required for
diffusion of aluminum cations and shows an expected decrease above the melting
point of the core, at approximately 0.001/K.

In Figure 5.4 an Arrhenius plot of the diffusivity versus temperature is given
for each of the oxide shell configurations used with the 5.6nm aluminum core in this
work. From Figure 5.4 we observe that a change in slope occurs near the melting
point of the aluminum core, namely 1000K. This indicates that for temperatures
above 1000K the activation energy required for cation diffusion is lower than for
temperatures below 1000K. The increase in activation energy for the 1nm amorphous
and dense oxygen poor shells in Figure 5.4, is likely due to a lower melting point for
these oxide shells. This is not the case, for thicker or more crystalline shells where the
oxide remains in the solid phase, and does not undergo any phase transformation. In
the remaining model systems the activation energy drops once the melting tempera-
ture is reached, indicating a change in diffusion mechanism. The primary change that
occurs at around 1000K is the melting of the aluminum core, the associated volume-
tric expansion, and increased mobility of the aluminum atoms. This expansion is ex-
pected to greatly increase the pressure inside of the core, and enhance the diffusion of

aluminum cations radially outward through the oxide shell.
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5.6 Induced Electric Field in Oxide Shell

One possible explanation for the computed rapid diffusion of aluminum atoms
through the oxide layer is that they are driven by an induced electric field near the
core/shell interface. The theory that oxidation growth proceeds via migration of
charged particles is not a new one. In fact Carl Wagner proposed this theory in
1933.™° In a 1948 paper by Cabrera and Mott™® the authors developed a theory fo-
cused on the growth of a thin oxide film on metal surfaces that is driven by an in-
duced electric field. This electric field causes metal ions to migrate to the surface, in-
creasing the oxide thickness until the induced field is prevented by the thickening sur-
face to cause further diffusion of metal cations. The maximum thickness of the oxide
layer that is formed with this process increases with temperature, up to a critical tem-
perature above which growth of the oxide layer will continue indefinitely.

Recent theoretical and experimental evidence points to the importance of the
induced electric field described by Cabrera and Mott in the oxidation of oxide coated
metal nanoparticles. Zhdanov and Kasemo'? recently performed an analysis of the
induced electric field in oxide coated nanoparticles. They found that by considering
the size and geometry effect of nanoparticles coated with oxide shells that the induced
electric field will be much stronger than observed in a flat surface, thus increasing the
associated oxidation rate exponentially in oxide coated nanoparticles. We have also
observed the formation of hollow particles [111, Figure 2] during the oxidation of
oxide coated aluminum, which we attributed to the faster diffusion of Al cations.

|112

Subsequently Nakamura et al™~“ also observed formation of hollow metal oxide nano-

particles from the oxidation of metals and attributed the rapid diffusion of metal ca-
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tions through the oxide shell to the induced electric field. In the following sections
we investigate the magnitude and effect of the induced electric field on the oxide
coated aluminum nanoparticle system.

In the current simulation effort, rapid diffusion of aluminum cations through
the oxide layer is observed. An indicator of the strength of the electric field is the
radial charge density. The radial charge density is computed through the nanoparticle
at 2A radial intervals. The computed charge density is averaged over 100ps of simula-
tion time. Although noisy, which is partially caused by atomic diffusion, it is apparent
that there is a negative charge gradient throughout the oxide shell. This charge gra-
dient contributes to the out flow of positive charges, and the mass flux of aluminum

cations at the core/shell interface.
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Figure 5.5: Radial charge distribution through the oxide shell for a 1nm (a) thick
shell and a 2nm (b) thick shell.

The difference in charge density between the inner and outer surfaces of the oxide
shell indicates that an electric field is induced which will drive aluminum cations near
the core/shell interface to the outer surface where they will be exposed to oxygen and

oxidize. An approximate interaction between an aluminum cation, with the core and
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shell can be computed using Gauss’s Law. By assuming the atomic charges to be dis-
tributed approximately homogeneously in the shell and the core, the electric field on
the surface of the core can be estimated as the field from a single point charge at the
center of the core, through equation 2. If we assume the charge to be evenly distri-
buted in the oxide shell then the electric field inside of the shell from the atoms in the

oxide shell is zero.

E — Qcore
drg,r?

5.2
In equation5.2, Qcore is the total charge of the core, r is the radial position of the inter-
facial aluminum atom of interest, and & is the permittivity of a vacuum. Using equa-

tion 5.2 the electric fields from the various oxide coated models are computed in Ta-

ble 5.2.

Al ion near

Positively charged
core surface

core, Qcore

For simple model
assume radially
distributed charge
between shell and
core

Negatively charged
shell

Figure 5.6: Schematic of assumed charge distributions affecting electric field
around core surface aluminum atoms.

In Figure 5.6 the volume between the core surface and outer surface of the oxide shell
is assumed to be a vacuum. For the purpose of computing the electric field, this as-

sumption is valid so long as the charges in the oxide shell are distributed radially on-
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ly. With a radially distributed charge the electric field due to the oxide shell is zero

everywhere for atoms at the core/shell interface or inside of the aluminum core.

Table 5.2: Total charge of aluminum core and associated electric field are given
here for all of the core/shell configurations considered. Note on electric field
units, N/C = 0.01 V/m.

Shell Thickness Type Temperature | Qe (C*10™%) | E (N/C*10™)
1nm Amorphous 600K 8.28 1.10
1nm Amorphous 1000K 5.67 0.75
1nm Amorphous 2000K 1.47 0.20
1nm Dense 600K 11.4 1.52
1nm Dense 1000K 8.86 1.18
1nm Dense 2000K 4.01 0.53
1nm Dense, Al,O, 7 600K 7.91 1.05
1nm Dense, Al,O, 7 1000K 6.38 0.85
1nm Dense, Al,O,; 2000K 1.09 0.14
1nm Crystalline 600K 12.7 1.69
1nm Crystalline 1000K 10.8 1.44
1nm Crystalline 2000K 3.04 0.40
2nm Amorphous 600K 13.3 1.77
2nm Amorphous 1000K 11.9 1.58
2nm Amorphous 2000K 4.61 0.61
2nm Dense 600K 13.8 1.83
2nm Dense 1000K 12.7 1.69
2nm Dense 2000K 4.21 0.56
2nm Dense, Al,O, 7 600K 11.6 1.54
2nm Dense, Al,O,; 1000K 11.1 1.47
2nm Dense, Al,O, 7 2000K 7.80 1.04
2nm Crystalline 600K 15.6 2.08
2nm Crystalline 1000K 13.9 1.85
2nm Crystalline 2000K 4.39 0.58
2nm, 8nm Core Crystalline 600K 43.9 2.47
2nm, 8nm Core Crystalline 1000K 42.6 2.40
2nm, 8nm Core Crystalline 2000K 30.4 1.71

The most obvious trend observed in Table 5.2 is that of the decreasing core charge

and electric field strength with increasing temperature. This is likely due to the fact

that as shown in Table 5.1, diffusivity increases as temperature increases, and smears

the boundary between the core and shell. Another observed trend, albeit weaker, is an

increase in the electric field as the shell becomes thicker, and more organized. So in
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going from an amorphous 1nm thick shell to a 2nm thick crystalline shell we observe
a 100% increase in the electric field strength. This observation is supported by the
analysis of Zhdanov and Kasemo.'?

A more accurate method of computing the electric field at each ion in the core
and shell is to use Coulomb’s Law and to sum the discrete contribution from all the
neighboring charges. Using this method is straight forward since there are a finite
number of discrete charge carrying atoms. In Figure 5.7 the computed electric field,

using equation 5.3, is plotted at each of the core aluminum atoms.

q N
E= e 5.3
47zgor2 '

In equation 5.3 ér is the radial unit vector coming from the neighboring atom and q is

the charge associated with the neighboring atom. Summing each of these vectors for
all of the core atoms gives the results as shown in Figure 5.7 for 600K, 1000K, and

2000K.

E Finkd Mogrifude

-SMGN}

A.75e+010
2.50e+010 J .?':l_; ~

1.25e+010

Figure 5.7: Electric field (N/C) at each of the core Al atoms in the nanoparticle
core computed using Coulomb’s Law. These results are for the 5.6nm core with
a 2nm thick crystalline shell. Note the generally radial direction of the field.
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The electric field plotted in Figure 5.7 is within an order of magnitude of the
simple model results, tabulated in Table 5.2, which assumes a homogeneous charge
distribution in the core and oxide shell. The direction of the computed electric field
indicates that the mass flux due to the electric field is directed out through the oxide
shell rather than acting to randomly rearrange the atoms. The positively charged core
aluminum atoms will therefore be preferentially directed towards the outer surface of
the oxide shell, where they will come into contact with oxygen ions and oxidize.

With the diffusion coefficients previously computed and the electric field re-
sults computed here it is possible to analyze the mass flux due to concentration gra-
dients (Jg), the electric field (Je), and the internal pressure (Jc). The relative magnitude
of the effect of the electric field on Al ion diffusion can be computed using the

Nernst-Planck equation. The Nernst-Plank equation is given in equation 5.4.'%

j-_pdc _zFDCd4 ., 5.4a
dx RT dx
J=J,+J.+J, 5.4b

If we assume a zero molar concentration of Al cations in the shell and the bulk con-

centration at the core/shell interface then the parameters for equation 5.4a are given as

the following.

C=0.1m) .

dC, 6

—M =1.0-10" mo}/ ,
dx Ve

R =8.3140Y/
F =96485¢/,, 55

The electric field computed in Table 5.2 is the negative of the charge gradient, do/dx.
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The convective flux, J. in equation 5.4 is the drift velocity of metal ions
through the core/shell interface due to constant force acting on the ions. The force on
these ions comes from the pressure gradient which is due to the expanding aluminum
melt. When computing the radial drift velocity, and therefore the radial pressure gra-
dient, J. in equation 5.4a can be rewritten as C (Df,/kgT), where f; is defined as

oV
fr z—E:—VpVAl 56

In equation 5.6, Vpis the pressure gradient in the radial direction and vy is the solu-
bility of Al in the Al,O3 network.®* The maximum pressure gradients observed in
these simulations range from less than 1GPa/nm at 600K to 2GPa/nm at 1000K and
above. For the solubility of Al in Al,O; we have assumed a value that comes from
previous analysis of oxygen and aluminum diffusion through Al,O3 and should there-
fore be a reasonable value. Assuming a value of about 0.02nm? for the solubility of
Al (va) it is possible to estimate the mass flux due to each term in equation 5.4. The
diffusivity due to the drift velocity is directly proportional to va but variations here by

less than one order of magnitude would have little effect on the results in Table 5.3.
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Table 5.3: Diffusion coefficient and mass flux computed at 600K, 1000K, and
2000K for all shell configurations with the 5.6nm core unless noted. The last col-
umn labeled Ratio Je to J, is the fraction of the total mass flux due to the induced
electric field, with the balance due to the concentration gradient and drift veloci-

ties.

Shell Thick- | Configuration | Temperature J D Ratio
ness (mol/cm?s) | (cm?/s *10®) | J.to J

1nm Amorphous 600K 4.20 1.97 0.98

1nm Amorphous 1000K 11.97 13.6 0.96

1nm Amorphous 2000K 53.45 424.0 0.83

1nm Dense 600K 3.03 1.03 0.99

1nm Dense 1000K 11.49 8.33 0.97

1nm Dense 2000K 35.18 110.8 0.93

1nm Dense, Al,O; 600K 2.13 1.03 0.98

1nm Dense, Al,O, 7 1000K 8.06 7.88 0.96

1nm Dense, Al,O, 7 2000K 46.27 426.0 0.78

1nm Crystalline 600K 5.08 1.55 0.99

1nm Crystalline 1000K 14.72 8.75 0.98

1nm Crystalline 2000K 35.58 147.0 0.91

2nm Amorphous 600K 3.31 0.97 0.99

2nm Amorphous 1000K 18.49 10.0 0.98

2nm Amorphous 2000K 23.73 65.2 0.94

2nm Dense 600K 1.26 0.35 0.99

2nm Dense 1000K 6.13 3.11 0.98

2nm Dense 2000K 11.34 33.8 0.93

2nm Dense, Al,O, 600K 3.69 1.23 0.99

2nm Dense, Al,O, 7 1000K 7.99 4.58 0.98

2nm Dense, Al,O, 2000K 5.27 8.38 0.96

2nm Crystalline 600K 7.83 1.94 0.99

2nm Crystalline 1000K 15.06 6.98 0.98

2nm Crystalline 2000K 6.81 19.6 0.93
2nm, 8nm Core Crystalline 600K 17.27 3.59 0.99
2nm, 8nm Core Crystalline 1000K 24.31 8.61 0.99
2nm, 8nm Core Crystalline 2000K 31.27 30.8 0.98

From the final column in Table 5.3, listing the ratio of J to J, it is apparent

that in all cases except for two, over 90% of the mass flux through the oxide shell is

due to the induced electric field present at the core/shell interface. The exceptions to

this 90% observation are the 1nm amorphous and 1nm dense Al,O, 7 shells at 2000K,

which from previous analysis appear to have undergone a phase change at this tem-
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perature. This result illustrates the importance of considering the electric field in the
nanoparticle for any oxidation analysis of the oxide coated aluminum nanoparticle
system. Another interesting trend is that the importance of the electric field in diffu-
sion increases, as both the shell thickens and the temperature decreases. The trend
associated with temperature is expected since diffusion without an electric field is
strongly temperature and pressure dependent, and at low temperatures diffusion
would be very slow without an electric field. The trend associated with shell thickness
requires some more thoughtful analysis. By considering the computed electric fields
in Table 5.2, we observe that the magnitude does indeed increase with shell thickness

while the overall mass flux decreases, Table 5.2 and Figure 5.8.
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Figure 5.8: Plot of mass flux versus temperature and shell configuration.

Figure 5.4 is a plot of the mass flux versus oxide shell configuration and tem-
perature. In Figure 5.8 we observe some interesting trends not necessarily apparent in

Table 5.3. For nanoparticle systems at 600K and 1000K the degree of crystallinity in
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the oxide shell does not appear to have a noticeable effect on the mass flux of the
aluminum cations through the oxide shell. This result is interesting because we can
conclude that the reaction rate for oxide coated aluminum nanoparticles in this size
range will not be dependent on how the coating was formed or upon its thickness, up
to 2nm.

The most apparent trend in Figure 5.8 is that the mass flux of aluminum atoms
through the shell at 2000K decreases with increasing shell crystallinity and thickness.
This result is likely due to the increased dependence of total mass flux on the concen-
tration gradient and drift velocity terms in equation 5.4 as opposed to being solely due
to the electric field. This is observed as lower values in the last column in Table 3 for
2000K versus 600K and 1000K for more crystalline and thicker oxide shells. Since
the heating rate required to reach 2000K before an appreciable amount of the core has
diffused into the shell is so high, greater than 10*K/s, we would not expect this to be

an experimentally observable result without some sort of very rapid heating method.

5.7 Formation of Hollow Aluminum Oxide Shells

I*'! and Nakamura et al**? have both observed

Recent experimental efforts by Rai et a
the formation of hollow aluminum oxide nanoparticles as a result of the oxidation of
oxide coated aluminum nanoparticles. In the work by Rai et al*** we observed the
formation of hollow spheres of aluminum oxide subsequent to the oxidation of alumi-
num nanoparticles at about 727K. We expected that these hollow oxide shells are

produced by the outward diffusion of aluminum through the oxide shell as opposed to

inward diffusion of oxygen. This observation is supported here by the high measured
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diffusion coefficients for aluminum cations and mass flux due to the electric field in
the nanoparticle.

In order to better compare the inward diffusion of oxygen versus the outward
diffusion of aluminum we have simulated a 5.6nm aluminum core with a 2nm crystal-
line oxide shell in a high density oxygen gas as shown in Figure 5.9. The diffusion of
oxygen ions through the shell has the potential to limit the mass flux of aluminum
cations emanating from the core, resulting in reactions inside of the oxide shell and at
the core/shell interface as opposed to on the nanoparticle surface. Oxidation in the
core would potentially increase the internal pressure of the nanoparticle from volume-
tric expansion resulting in mechanical failure of the oxide shell, but be unlikely to
result in the hollow shells observed by Rai et al.***

In Figure 5.9 it is apparent that the diffusivity of aluminum cations through
the oxide shell is observably higher than the diffusion rate of oxygen anions towards
the core. This result indicates that oxidation will occur on or near the outer surface of
the oxide shell rather than at or near the core/shell interface. By the oxidation reaction
occurring on the outer shell surface, an outward growth of the oxide shell is observed
which ultimately results in a hollow aluminum oxide shell as observed experimental-
ly.***112 One effect that may limit the mass flux of oxygen atoms into the oxide shell
is that at higher temperatures the sticking probability of the gas molecules is lower

than for temperatures <623K.*%
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Figure 5.9: Cross section of oxide (green) coated aluminum core (blue) showing
surrounding oxygen (red) atoms. Higher rates of diffusion for aluminum cations
is observed by aluminum atoms moving radially outward into the oxide shell
atoms while adsorbed oxygen atoms remain on the outer surface or desorb from
the shell. Figures a and b are at 600K and represent 10ps and 100ps of simula-
tion time, respectively. Figures ¢ and d are at 1000K, after 10ps and 100ps, re-
spectively.

5.8 Conclusions

For small oxide coated aluminum nanoparticles we have found that the oxida-
tion process is likely to occur by rapid diffusion of aluminum cations through the
oxide shell as opposed to mechanical failure or melting of the shell, for heating rates
as high as 10"K/s. The high level of measured aluminum cation diffusivity is driven
not only by the volumetric expansion of the aluminum core, but primarily by the in-

duced electric field in the oxide shell. This enhanced diffusivity due to the induced
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electric field is supported by theoretical analysis of the Cabrera-Mott effect for oxide

coated nanoparticles.'??

Oxidation by rapid diffusion of aluminum ions to the nano-
particle surface is also in agreement with published experimental efforts that have ob-
served the formation of hollow aluminum oxide nanoparticles."***** Diffusion of

oxygen ions into the shell has also been considered but does not contribute apprecia-

bly when compared to the flux of aluminum to the nanoparticle surface.
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6 Computer Simulation of the Mechano-Chemical Beha-

viour of Oxide Coated Aluminum Nanoparticles

6.1 Introduction

In this chapter | investigate the chemical and mechanical response of oxide coated
aluminum nanoparticles to heating via homogeneous flame and heterogeneous laser
methods. The current body of literature for oxidation of oxide coated aluminum na-
noparticles focuses on melting or mechanical failure (cracking) of the oxide shell as
the initiator of the reaction mechanism. Examples of this theory are the melt disper-

sion mechanism presented by Levitas et al,'%'%

and the cracking and reduced tem-
perature melting of the oxide shell by Puri and Yang.'*

In the reaction described by Levitas et al the oxide shell ruptures violently
from the internal pressure exerted on it due to the expansion of the aluminum core
upon melting. This scenario, the so-called melt dispersion mechanism, makes some
assumptions about mechanical properties which may have temperature or size depen-
dencies and that the diffusion coefficient of the aluminum cations must be below 107

109

cm?/s 1% or more specifically around 10™ cm?/s for the melt dispersion mechanism to

198109 the authors also state that for rupture to occur the ratio of

occur. In Levitas et a
the oxide shell thickness to the nanoparticle radius must be larger than 5 for an as-
sumed shell strength of about */, to /5 of the theoretical strength for Al,O3 or a ratio

of over 20 for shells approaching the theoretical strength of Al,O3s. This maximum

nanoparticle size falls outside of the range of nanoparticles analyzed in this work and
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will be considered in a future effort. In this work we have investigated core radius to
shell thickness ratios of between 1.3 and 5.3, and comment on the trends observed. In
addition to the so-called melt dispersion mechanism Puri and Yang''® have theorized
that the oxidation process does not proceed until the oxide shell has melted. The melt-
ing temperature of the oxide shell is lower than the bulk melting temperature and is
predicted to melt at around 1100K,*° a much lower temperature than that observed in
bulk Al,O3, namely 2327K, and is relatively close to the melting temperature of bulk
aluminum.

Molecular dynamics (MD) simulations performed here show another possible
mechanism for oxidation of oxide coated aluminum nanoparticles, namely rapid dif-
fusion driven by an induced electric field. The flux of aluminum cations driven by
this electric field through the oxide shell limits the internal pressure buildup during
melting of the aluminum core by removing atoms from the core. Experimentally pro-
duced hollow aluminum oxide nanoparticles provide support for this rapid diffusion
hypothesis™***? by demonstrating that undamaged hollow oxide shells are observed
under laboratory conditions. The primary discrepancy between this experimental
work and the computer simulations performed here is that the temperatures consi-
dered in the experiments were held below the melting point of the aluminum core.
We will show here that field mediated ion-transport is much faster than Fickian diffu-
sion and will be the dominant transport process in the oxidation of nanoaluminum.

Additional support for this transport mechanism comes from numerous numeri-

113,114 115,116
cal

and experimental studies.
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In this work we explore the pressure generated in the core and oxide shell dur-
ing melting of the aluminum core and compare results for three sizes of aluminum
cores, namely 5.6nm, 8.2nm, and 21nm. The oxide shell thicknesses considered are
1nm and 2nm, with various configurations from amorphous to crystalline. The results
of these simulations are used to compare with the oxidation mechanisms reported
elsewhere.®®*° we will also provide comment on expected size dependent trends,
providing clues as to the mechanisms expected in nanoparticles larger than those ex-

plicitly considered here.

6.2 Simulation Approach

For this effort we have again chosen to use the ReaxFF empirical potential from van
Duin'*” implemented within the GRASP MD application. The computational re-
quirement of this software is high with the largest system here containing nearly 600k
atoms and is simulated efficiently with 2048 AMD processor cores running at 2.3

GHz.

6.3 Model Description

The first model system considered here consists of a 5.6nm diameter core of alumi-
num with either a 1nm or 2nm thick shell of Alumina (Al,Os) as illustrated with the
example systems in Figure 6.1. The larger models used in this effort include an 8.2nm
aluminum core and a 21nm aluminum core with a 2nm thick crystalline oxide shell as

shown in Figure 6.2.
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a) b) c) d)

Figure 6.1: Cross sections of some of the oxide coated aluminum nanopatrticle
models used in this work. a) 1nm thick, dense oxide shell. b) 1nm thick, crystal-
line oxide shell. ¢) 2nm thick, amorphous oxide shell. d) 2nm thick, dense oxide
shell with 2:2.7 Al:O ratio. Blue spheres represent oxygen atoms and yellow
spheres denote aluminum atoms.

Figure 6.2: Configuration of atoms for larger (8.2nm, left) and (21.0nm, right)
nanoparticle cores. Yellow denotes aluminum atoms and oxygen atoms are blue.

The same four shell configurations are considered here for the 5.6nm core as are used
in the previous chapter.

After formation and equilibration of the oxide shells, the model systems were
heated at rates of 10'K/s, 10*K/s, and 10"*K/s in order to determine any rate depen-

dencies. We found, similarly to Puri and Yang,''° that at rates below 10*?K/s the heat-
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ing rate appears to have little effect on the simulation results. Using a heating rate of
3.5.10"?K /s the temperature of the model systems was raised from 300K to 1000K
and eventually up to 3000K. This maximum temperature is used to simulate the laser
heating process which rapidly heats the nanoparticle core to temperatures up to and

above 3000K.

6.4 Results of Homogeneous Heating Simulation

The initial simulations in this work were carried out in a vacuum so that as Al ions
reach the outer surface of the oxide shell they will not be exposed to oxygen mole-
cules for further oxidation reactions. This assumption is made to limit the size of the
simulations and increase the time and nanoparticle sizes that can be simulated. Simu-
lations performed elsewhere indicate that this approximation is valid because the dif-
fusivity of the aluminum cations through the oxide layer is much higher than the dif-
fusivity of the oxygen anions towards the core.'?® Therefore we are primarily con-
cerned with the mechanism by which Al cations reach the surface of the nanoparticle.

In order to compare the proposed oxidation mechanism, namely electric field
driven diffusion of aluminum ions, with published theories the nanoparticle models
were heated from 300K to about 1000K, which is above the core melting point but
below the size dependent oxide shell melting temperature reported by Puri and
Yang.™® Beginning at about 900K, or slightly below the bulk melting temperature of
the aluminum core, a rapid volumetric expansion of the core is observed, indicating
that the aluminum core has melted. After reaching 1000K the oxide shell is still in-

tact, even after holding at this temperature for up to 100ps we do not observe cracking
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of the shell. Instead we observe a large number of the aluminum cations from the core

beginning to diffuse to the surface of the nanoparticle, Figure 6.3.

300K 800K

900K 1000K, +0 ps 1000K, +100 ps

Figure 6.3: Plot showing diffusion of aluminum cations (blue) through the oxide shell
(yellow) as the temperature increases from 300K to 1000K and held for 100 ps.

These simulation results in Figure 6.3 offer some insight into the mechanism
by which oxidation proceeds at elevated temperatures for homogeneously heated na-
noparticles. The first observation is that the oxide shell does not crack as one might
expect if diffusion were extremely limited or the shell were brittle and stress in the
oxide shell due to core expansion was high. This suggests that the shell is more elastic
at this scale than observed in the bulk material, the expansion of the aluminum is in-
sufficient to cause failure in the shell, or diffusion of aluminum ions through the
oxide shell mitigates the pressure build up in the core. One possible reason for the

lack of mechanical failure is an increased elasticity due the lower configuration of the
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atoms in the oxide shell as compared to the bulk material. This same mechanism also
contributes to the size dependent melting temperature observed in nanoparticles. The
high diffusivity of aluminum cations is primarily driven by an induced electric field at
the interface of the aluminum core and oxide shell. The source and magnitude of this

electric field has been discussed previously.'?°

6.5 Heterogeneous Laser Heating

As a comparison to experimental efforts'?’ 1%

we consider the heterogeneous heating
that occurs during single particle mass spectrometry analysis. Particle heating in this
experimental process is achieved by using a laser to rapidly heat the nanoparticle,
eventually ionizing the atoms thus allowing for an analysis of particle mass and com-
position. However, when a laser is used to heat an oxide coated aluminum nanopar-
ticle a heterogeneous heating of the various materials is observed. Heating is achieved
through adsorption of energy from the laser but the amount of energy absorbed by
each material depends upon the characteristics of the material. In the case of an alu-
minum oxide (Al,O3) coated aluminum nanoparticle the oxide coating adsorbs much
less energy than the aluminum core. This causes the bulk of the laser’s energy to be
absorbed by the aluminum core resulting in a hot core with a cool oxide shell. When
the core reaches its melting temperature the expected volumetric expansion is ob-
served, possibly generating large stresses in the oxide shell which is still at a relative-
ly low temperature. This differs from the previous simulations where homogeneous
flame heating was assumed and the core and shell were at the same temperature

throughout. This temperature difference in laser heating has the potential of resulting

in a more brittle and highly structured oxide shell than when the higher homogeneous
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temperature is assumed for the oxide shell and core. It is anticipated that if failure of
the oxide shell is observed that it will occur under these conditions.

1127128 the heating rate by laser is esti-

In the experimental work of Zhou et a
mated to be around 10™® K/s, or close to the rate used in much of this work, namely
10" K/s for laser heating simulations and 3.5-10% K/s for flame heating. The final
temperature observed prior to ionization is approximately 3000K. In the following

simulations the shell has been held at a constant temperature of around 440K while

the core is heated from 440K up to a final temperature of 3000K.

1800K 2400K 3000K

Figure 6.4: Time elapsed simulation results of laser heating experiments with the
2nm thick crystalline shell at 440K and the 5.6nm core heated from 440K to
3000K.
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In Figure 6.4 we have plotted a cross section of the laser heated 5.6nm nanoparticle at
core temperatures from 440K to 3000K. From these plotted results it is apparent that
for nanoparticles of this size, i.e. core diameter of 5.6nm, the stress induced within
the oxide shell is not sufficient to cause mechanical failure. Even though in contrast
to the flame heated nanoparticles where the diffusivity of aluminum ions through the
oxide shell was high, diffusion is severely restricted here. This restriction of alumi-
num cation diffusion can be observed by the lack of core aluminum ions in the oxide
shell even for a core temperature of 3000K.

In addition to volumetric expansion, the ratio of the size of the aluminum core
to the thickness of the oxide shell is expected to affect core pressure and failure of the
oxide shell. An analysis of the required core size for a 2nm thick oxide shell is per-
formed by considering 5.6nm, 8.2nm, and 21nm core sizes with homogeneous flame

heating.

6.6 Aluminum lon Diffusion through the Oxide Shell

As observed and discussed elsewhere,"*%°

at temperatures below the melting point
of the oxide shell there is noticeable diffusion of aluminum cations through the oxide
shell. In addition, during this simulation effort we have observed increasing radial
diffusion rates through the shell with increases in temperature. To support this obser-

vation the ratio of the effective radial diffusivity is compared to the overall effective

diffusivity in Figure 6.5.
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Figure 6.5: Ratio of effective radial diffusivity to the overall effective diffusivity.

In Figure 6.5 the ratio of effective radial diffusivity to effective total diffusivi-
ty increases with temperature. This is interpreted as an indication that as the alumi-
num core melts and heats up the diffusion of aluminum ions through the oxide shell
towards the exposed surface is increasing more rapidly that the overall diffusion rate.
Note that if all of the diffusion were in the radial direction, a maximum ratio of 3
would be reached"® in Figure 6.5.

With the diffusion coefficients and the induced electric field results computed

elsewhere'?®

it is possible to compare the mass flux due to concentration gradients
(Jg), the electric field (Je), and the internal pressure (J¢). The relative magnitude of the

effect of the electric field on Al ion diffusion can be computed using the Nernst-

Planck equation. The Nernst-Plank equation is given in equation 6.1.%®

j-_pdc_zDCdg (6.1a)
dx RT dx

J=J,+J3.+J, (6.1b)
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A comprehensive explanation of the Nernst-Plank equation with the parameters used

here is given elsewhere.*®
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Figure 6.6: In (a) we have plotted the diffusion coefficient for aluminum cations
versus 1000-T* and in (b) the computed mass flux of aluminum cations through
the core/shell interface is plotted versus temperature. This data is from the
5.6nm core model system and averaged over all shell configurations for a specific
thickness.

In Figure 6.6a an Arrhenius plot of In(D) versus 1000/T is plotted using the
diffusion coefficient from the Nernst-Plank equation, equation 6.1a. The data in Fig-
ure 6.6 is averaged across all shell configurations since we did not observe a large
difference between the amorphous, dense, and crystalline structures for each shell
thickness simulated. Previous analysis'®® shows that the relative magnitude of the
mass flux due to the induced electric field is much greater than either pressure driven
diffusion or Fickian diffusion. This result in combination with the experimental ob-

servations elsewhere, 2

showing the intact oxide shell after oxidation of the alu-
minum core, indicates that initiation of the oxidation process for oxide coated alumi-

num nanoparticles is primarily diffusion driven from the induced electric field.
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6.7 Computed Stress in Oxide Shell

When aluminum undergoes a phase change from solid to liquid it experiences a vo-
lumetric expansion of about 12%, i.e. the density decreases from 2.7g/cm® to
2.4g/cm>. Due to this volumetric expansion of the aluminum in the nanoparticle core
it is expected that large tensile stresses (negative pressure) in the oxide shell will be
observed. Other factors that will affect the stress in the shell include compression of
the core due to surface tension, the bulk modulus of the liquid aluminum, differences
in thermal expansion coefficients between the core and shell, and any plastic defor-
mation of the shell that may occur prior to rupture.

A parametric analysis of the pressure and fraction of melt in the aluminum
core was performed previously by Levitas et al.*® From the authors’ analysis, frac-
ture of the shell is not expected to occur for ratios of core radius to shell thickness
below 5, even for shell strengths approaching 50% of ideal. Using the thinnest shell
considered by Levitas et al,*®® i.e. 2nm, requires a core of radius 10nm and result in a
model with on the order of 10° atoms. When considering charge equilibration, such as
in the ReaxFF empirical potential, this becomes a very expensive computation. For a
direct comparison with this analysis we have simulated a 21nm diameter aluminum
core coated by a crystalline 2nm thick oxide shell with over 600,000 atoms.

In order to compute the pressure in the nanoparticle core and shell model the
virial stress***® formulation is required because of the numerous multibody terms in
the ReaxFF empirical potential. When computing the virial stress formulation a stress
tensor and pressure value at each of the atoms in the nanoparticle core and shell is

evaluated. The result of the virial stress formulation in GRASP is a complete stress
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tensor at each atom multiplied by the atomic volume. By computing the trace of each
of these tensors it is possible to obtain a pressure value at each atom. This pressure is
then averaged over a period of 1ps-10ps. In Figure 6.7 the pressure is computed for
the 5.6nm nanoparticle core model with a 2nm thick, dense oxide shell. The pressure

values are averaged within 0.4nm shells and over 10ps time periods.
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Figure 6.7: Radial pressure distribution for 5.6nm diameter aluminum core at
600K and at 1000K with 2nm thick dense oxide shell and a non-stoichiometric
ratio of aluminum to oxygen.

In Figure 6.7 a positive pressure value for a core temperature of 1000K is ob-
served inside of the nanoparticle core, up to a radius of about 2nm (20A). At the na-
noparticle core/shell interface there is a rapid fluctuation in the pressure profile with a
negative pressure in the remainder of the shell, indicating a tensile stress. Reasons for
some of the noise observed in the pressure data include diffusion of atoms, particular-
ly near the core/shell interface, lattice mismatch between core and shell, and a rela-
tively small sampling size due to the number of simulated atoms. At the core/shell
interface there is also the possibility of residual stresses due to mismatches in coeffi-

cients of thermal expansion. However, the overall trend is obvious, that there is a

135



compressive stress in the aluminum core and a tensile stress in the shell. Additionally,
the pressure in the core increases appreciably when the system temperature is above
the melting point of aluminum.

The question then becomes; is the tensile stress in the shell high enough to
cause failure, even cracking as some researchers have suggested may occur?'%%1%°
From these simulations and the mechanical analysis performed by Levitas et al*® the
shell is not expected to rupture at these nanoparticle sizes. Furthermore we observe
that the oxide shell does not crack but rather aluminum ions diffuse through the shell
to the oxide surface prior to oxidizing. For small nanoparticles Puri and Yang"*° sug-
gest that complete oxidation occurs after the shell has melted, but from this effort and

experimental observations™***?

it appears clear that the induced electric field gene-
rates a diffusion rate sufficient to cause complete oxidation before melting of the shell
if the temperature is controlled. This process is expected to proceed with a high pres-
sure gradient and electric field driving forces until enough of the core atoms have dif-
fused out through the shell to lower the pressure gradient sufficiently at which time
only the electric field will drive diffusion. Once the induced electric field of the core
and shell is too weak to contribute significantly to diffusion the process halts and will
result in the hollow shells observed experimentally by Rai et al."'* With the electric
field driven diffusion and higher predicted elasticity of the oxide shell at these small
sizes it is probable that the nanoparticle size at which mechanical failure of the oxide
shell occurs is larger than suggested by previous efforts.'%%

The pressure profile in Figure 6.8 is a result of the homogeneous flame heat-

ing of the 8.2nm core model. In Figure 6.8 the pressure in the core and shell do not
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rise above approximately 1GPa, indicating that a homogeneously heated nanoparticle
will not experience the high pressures necessary for rupture of the oxide shell. The
low pressures observed in both model sizes, Figure 6.7 and Figure 6.8, indicates that
homogeneous heating is unlikely to produce the high pressure melt dispersion me-

chanism discussed elsewhere. %1%
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Figure 6.8: Radial pressure distribution for 8.2nm diameter aluminum core at
1000K with a 2nm crystalline oxide shell.

In the next section the same nanoparticle systems have been heated by laser
heating in order to provide a heterogeneous radial temperature profile. It is expected
that since the oxide shell will be at a lower temperature than in the homogeneous
flame heating simulations that the mobility of the Al ions through the shell will be

affected, resulting in a higher pressure gradient at the core/shell interface.

6.8 Laser Heating Simulations

Laser heating is used in mass spectrometry analysis to rapidly heat a material sample
until the atoms are ionized. This heating process is considered here for oxide coated

aluminum nanoparticles. We are interested in determining if the laser heating me-
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chanism will cause a different failure mechanism than the diffusion driven oxidation
observed with homogeneous flame heating of the nanoparticle core and shell. The
laser heating method causes marginal heating in the oxide shell because the oxide
shell absorbs energy inefficiently from the laser resulting in a slow heating rate whe-
reas the Al core is more efficient at absorbing the laser energy and is conversely
heated very rapidly. The expected result of this heating method is a more brittle shell
compared to what is observed in the previous section where homogeneous heating of
the oxide coated aluminum nanoparticle is considered. It is anticipated that this heter-
geneous heating process is more likely to result in mechanical failure of the oxide
shell, or at least a higher internal pressure.

In Figure 6.9 we have plotted cross sections for a homogeneously and hetero-
geneously heated nanoparticle with a 8.2nm core and a 2nm thick crystalline shell
after 100ps at 1000K. The cross section shown in Figure 6.9a is for the homogeneous
heating process whereas Figure 6.9b is for the heterogeneous laser heating process
with the oxide shell held at 440K as assumed in the complete laser heating simula-

tion.
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a) b)

Figure 6.9: Plot of an 8.2nm aluminum core with a oxide shell at 1000K after
100ps (a), and the same nanoparticle heated using a laser resulting in a 1000K
core and a 440K oxide shell after 100ps (b).

In Figure 6.9 we observe that for the laser heated nanoparticle the amount of alumi-
num that has begun to diffuse through the oxide shell at 100ps is visibly lower than
for the homogeneously heated nanoparticle. This comparison illustrates that the diffu-
sivity of Al ions is lower with the heterogeneous laser heating process than when us-
ing the homogeneous heating process and is therefore more dependent upon the pres-
sure gradient for diffusion, equation 4.1 The lower observed diffusivity is also ex-
pected to increase the pressure values computed in the core and oxide shell. Higher
pressure values are more likely to result in rupture of the oxide shell. In Figure 6.10
the pressure profiles for the laser heating and homogeneous heating process are com-

pared.
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Figure 6.10: Pressure profile averaged over 8ps at 1000K for ambient heating
and laser heating of 5.6nm core with 2nm crystalline oxide shell.

In Figure 6.10 a comparison of the radial pressure profiles for a homoge-
neously and heterogeneously heated oxide coated nanoparticle reveals a dramatic in-
crease in the pressure magnitudes in the nanoparticle when laser heating is used to
heat the nanoparticle. A compressive pressure in the nanoparticle core of about 3GPa
is three times higher than that observed in the homogeneously heated core, likely due
to the limited diffusion of core atoms and lower elasticity of the low temperature
shell. The higher tensile stress, or negative pressure, in the oxide shell combined with
the lower aluminum ion diffusivity discussed previously gives a clear indication that
mechanical failure during the laser heating process is more likely than in the homo-
geneous heating process.

In order to investigate how the core and shell pressure results scale with core
size we have computed the radial pressure distribution in the 8.2nm core model

heated homogeneously and by laser heating, Figure 6.11, as was previously done with
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the 5.6nm core. Most notable in these pressure results is the difference in pressure
between the two systems. As the core size increases for the laser heating simulations
the pressure also increases noticeably. For the homogeneously heated nanoparticle
case we do not observe the same high pressures present in the laser heating heated
particle. In addition, for the homogeneously heated nanoparticle there is not an appar-
ent trend of higher pressures with increased core size as is observed in Figure 6.13.
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Figure 6.11: Pressure profile averaged over 8ps at 1000K for ambient heating
and laser heating of 8.2nm core with 2nm crystalline oxide shell.
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Figure 6.12: Cross section of 8.2nm core and oxide shell heated to 1000K by laser
heating. Pressure units are MPa.

In order to visualize the steep pressure gradient at the core/shell interface we
have computed the virial stress within 0.6nm voxels over 2ps intervals*?® for the
8.2nm core model. In Figure 6.12 a cross section of the 8.2nm core heated to 1000K
by laser heating with a 2nm crystalline shell is shown. The abrupt change in pressure
at the core/shell interface reflects the large pressure gradient observed in Figure 6.11.
The core is experiencing high pressures because of the volumetric expansion upon

melting while the oxide shell is under high negative pressure (tensile stress).

6.9 Analysis of the Size Dependency of Core Pressure

Here we have simulated the homogeneous flame heating of 5.6nm, 8.2nm, and 21nm
aluminum cores with 2nm thick crystalline oxide shells. In Figure 6.13 the radial

pressure results for these simulations are plotted.
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Figure 6.13: Plot of radial pressure for aluminum core sizes of 5.6nm, 8.2nm,
and 21nm with 2nm crystalline aluminum oxide shells.

In Figure 6.13 a trend of either increasing or decreasing pressure is not apparent but
in all cases the pressure values are much lower than those computed with the hetero-

geneous heating simulations, additionally mechanical failure is not observed.

6.10 Conclusions

For oxide coated aluminum nanoparticles with core radius to shell thickness ratios of
up to 5 we have found that the oxidation process occurs by rapid diffusion of alumi-
num cations through the oxide shell as opposed to mechanical failure or melting of
the oxide. For the range of nanoparticle sizes investigated here the results agree well
with Levitas’s mechanical analysis, i.e. shell failure does not occur for very small na-
noparticles. Although the size at which diffusion is an important factor is not explicit-
ly determined here the core size to shell thickness ratio required before mechanical

failure of the oxide shell is determined to be over 5. The high computed diffusion
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rates are not driven primarily by the volumetric expansion of the aluminum core but
rather by the induced electric field in the oxide shell.'?°

From the data collected here for core to shell ratios (Reore/dspen) of 1.3 to 5.3 it
is possible to make some observations. First, for homogeneously heated nanopar-
ticles an extrapolation of the core size results would suggest that mechanical failure
of the oxide is mitigated by fast diffusion of aluminum ions for core size larger than
predicted by Levitas et al.'®®'® Secondly, heterogeneous laser heating of oxide
coated aluminum nanoparticles produces much higher pressures than observed by
homogeneous flame heating of the oxide coated metal nanoparticle system. Finally,
for thin shell oxide coated aluminum nanoparticles initial oxidation of the aluminum
will likely occur by diffusion driven by an induced electric field as opposed to high

pressures associated with the expansion of the aluminum melt and associated result-

ing mechanical failure of the oxide shell.
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7 Conclusions and Future Work

7.1 Conclusions

The goal of this work was to investigate various metallic nanoparticle systems
using computer simulation methods. Many interesting results were revealed including
the effect of self-assembled monolayers on gold nanoparticles, quantification of the
surface energy effect on sintering temperature for aluminum and nickel nanoparticles,
and the magnitude of the induced electric field in oxide coated aluminum nanopar-
ticles. Each of these findings resulted in a published contribution in their specific are-
nas.

In chapter 3 we found that the alkanethiolate coated gold nanoparticle system is
metastable due to the negative surface tension at the gold/thiol interface. Even with
the simulation limitations of short times and small particle sizes this result is impor-
tant because we observed that the stability of the gold nanoparticle was more depen-
dent upon the strength of the chain-chain interactions than the chain-gold interactions.
This qualitative result may be used by experimentalists in planning experiments by
helping to explain observations.

In chapter 4 the SHS reaction of Ni and Al nanoparticles was investigated and
although the size of the reacting particles was determined to have some affect on the
adiabatic combustion temperature. Although the nanoparticle size must be less than
10nm in order to increase the energy release from mixing alone by more than 10%.
Reaction time was found to be exponentially dependent upon nanoparticle size with

smaller nanoparticles whether initially separated or coated to react much faster than
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larger nanoparticles. Another important observation during this investigation is the
slow heating that occurs during stage two prior to melting of the nickel nanoparticle
that is dependent upon particle size and gives way to rapid heating once the system
temperature is high enough to melt the nickel core.

In chapters 5 and 6 we have determined that it is the self-induced electric field
in oxide coated aluminum nanoparticles which explains why hollow aluminum oxide
shells are formed during the controlled temperature oxidation of aluminum nanopar-
ticles. This electric field and aluminum ion diffusion through the oxide shell is also
predicted to limit the maximum stress in the oxide shell upon melting, therefore pre-
venting mechanical failure of the oxide shell.

More generally | was able to make some conclusions about the use of MD si-
mulations to study metallic nanoparticle systems undergoing environmental changes
and chemical reactions. MD simulations allow users to investigate systems containing
hundreds of thousands to millions of atoms with currently available commodity com-
puter hardware, whereas more accurate methods such as ab initio can only support
hundreds of atoms over even shorter time intervals. One of the greatest difficulties in
applying MD simulations to metallic nanoparticle systems is determining the empiri-
cal potential forms to be used such as EAM, FS EAM, or ReaxFF. In addition, the
parameter set used for a particular potential can affect the accuracy of the simulation
results. The empirical potential parameters are fit to data sets obtained from experi-
mental or ab initio simulation results. A researcher must be mindful of these limita-
tions when considering the model and data to use for a simulation and in interpreting

the simulation results.
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7.2 Future Work

Each of the systems investigated in this dissertation have resulted in providing
some answers while other questions were left unanswered due to computational limi-
tations or because of time constraints. The first of these unanswered questions is the
issue of the interaction of multiple alkanethiolate coated gold nanoparticles. It is con-
ceivable that by using a more coarse-grained model of the gold core we could simu-
late many more nanoparticles in a single simulation but as we have shown, for small
nanoparticles the gold core is appreciably affected by the coating itself, therefore a
more accurate all atom model of the gold core is warranted. In addition, simulating a
solvent such as water surrounding the gold nanoparticles would provide useful data
on dispersion of gold nanoparticles coated with hydrophilic and hydrophobic coat-
ings. The primary computational problem here is that accurately simulating water mo-
lecules would require much larger numbers of particles and more expensive empirical
potentials possibly involving long range forces such as columbic interactions. | am
currently investigating using an implicit solvent to solve this problem scale problem
but the addition of Coulombic interactions would still increase the computational
complexity of the problem considerably.

In the SHS reaction of aluminum and nickel, ambient oxygen was ignored be-
cause of model limitations. Currently, there is not an accurate empirical potential,
such as ReaxFF, for the complete material system of nickel, aluminum, and oxygen.
Even once this empirical potential is available the computational complexity will be
much higher than the simple Ni/Al system because of the charge transfer involved

during the oxidation reaction of Ni and Al. Reaching this goal is an important future
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effort because SHS reactions typically occur under ambient conditions which includes
atmospheric oxygen and even more likely oxide coated particles. The oxidation reac-
tion is also expected to have a very large affect on the reaction rate and temperature
due to the high enthalpy of oxidation for nickel and aluminum compared to the en-
thalpy of formation for NiAl.

Of immediate interest in the oxide coated aluminum arena is how the effect of
the induced electric field scales with particle size. For instance, we do not know for
certain how important the mass flux due to the electric field compared with the mass
flux due to the internal pressures developed from melting of the aluminum core are.
In order to make a direct comparison of our results with the melt dispersion mechan-
ism'%%1% would require simulating much larger nanoparticles. This direct comparison
would require simulating nanoparticles of at least 10nm to 20nm in diameter with a
2nm or more thick oxide shell. Since the number of atoms scales with volume we
would quickly reach over 10° atoms in a single model. This investigation is ongoing
at this time.

In order to increase the applicability of MD simulations to ever increasing
numbers of atoms | am currently investigating methods that hold the promise of high-
er computational capabilities beyond those provided by Moore’s Law.*** These me-
thods include code optimizations and porting to nontraditional hardware such as
GPGPUs (General Purpose Graphical Processing Units) and the Cell processor. From
preliminary efforts, GPGPUs appear to hold the most promise of improved perfor-
mance. Simply by porting the empirical potential computation in MD simulations

such as the Lennard-Jones calculation to the GPGPU the overall simulation time was
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cut by a factor of almost 5. Code optimizations have also been able to improve per-
formance by 30%."! A combination of these performance enhancing methods should

give us the capabilities to achieve the simulation goals listed here.
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