
Optical Property Trends in Metal/Polymer (Ag/PVDF) Nanocomposites:

A Computational Study

by

Christopher Kenneth Rowan

B.Sc., University of Bristish Columbia, 2007

A Thesis Submitted in Partial Fulfillment of the

Requirements for the Degree of

MASTER OF SCIENCE

in the Department of Chemistry

c© Christopher Kenneth Rowan, 2011

University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by

photocopying or other means, without the permission of the author.



ii

Optical Property Trends in Metal/Polymer (Ag/PVDF) Nanocomposites:

A Computational Study

by

Christopher Kenneth Rowan

B.Sc., University of Bristish Columbia, 2007

Supervisory Committee

Dr. Irina Paci, Supervisor

(Department of Chemistry)

Dr. David Steuerman, Departmental Member

(Department of Chemistry)



iii

Supervisory Committee

Dr. Irina Paci, Supervisor

Department of Chemistry

Dr. David Steuerman, Departmental Member

Department of Chemistry

ABSTRACT

Metal-polymer nanocomposite materials were found to have highly tunable opti-

cal properties. Density functional theory-based calculations were employed to study

trends in Ag/polyvinylidene fluoride nanocomposite optical properties. The frequency-

dependent imaginary part of the dielectric constant was calculated from dipolar inter-

band transitions. The metallic inclusion introduced both occupied and unoccupied

states into the large polymer band gap. Thus, higher inclusion volume fractions

generally led to stronger composite optical response. Spectra from monodisperse sys-

tems correlated well with nanoparticle quantum confinement models. A polydisperse

system exhibited optical properties that correlated best with interparticle distances

along the field direction. Nanodisk and nanorod-shaped inclusions had tunable re-

sponse from field polarization, aspect ratio, crystallographic projections, and nanorod

end-cap morphology.
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Table C.25 Coordinates of NP X, Ag27 rod (111) (Å) . . . . . . . . . . . . 108
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Chapter 1

Introduction

1.1 Goals

This thesis studies metal/polymer (Ag/PVDF) nanocomposite (NC) materials, with

the aim of understanding trends in optical spectra. The large system sizes of NCs

and their complex quantum interactions has prevented the development of a simple

theoretical model. Here, density functional theory is applied to calculate optical

properties of model NC systems from interband transitions. This approach provides

a theoretical limit to the curent capabilities of simple quantum methods to calculate

optical response. Modeling larger systems will need to break away from strictly

quantum approaches, although with a corresponding loss of accuracy.

1.2 Metal/Polymer Nanocomposite Materials

Modern enthusiasm surrounding NCs and their multifunctional applications is a result

of the unusual and intriguing material properties that are not easily predicted from the

individual components. Nanoparticle (NP) inclusions are incorporated in only a few

percent by volume in a host matrix, resulting in enhanced chemical properties (e.g.

flammability [1]) or physical properties (e.g. acoustic, [2] mechanical, [3] electrical,

[4] thermal, [5] magnetic [6] and optical [7]). Nanocomposite applications are thus

widespread across many fields, such as: bio-medical, [8] bio-engineering, [9] dentistry,

[10] aerospace, [11] automotive, [12] electronics [13] and optics. [14]

Nanosized particles are drastically different from the bulk material, due to quan-

tum size effects. NPs may contain from tens to thousands of atoms, and their small

dimensions imply a large surface area to volume ratio. The large number of surface

atoms relative to bulk atoms implies increased surface energy, which is influential
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in forming interfacial zones that are not yet well-understood. [15–17] Often, surfac-

tant layers are added to NPs to increase their affinity for the matrix and reduce NP

agglomeration. [18]

Nanocomposite applications require specific electric field response properties. Poly-

mer-based NCs provide a medium which is highly versatile and easily processed. [19]

These systems form class I, blended or inter-granular NCs, where constituents interact

weakly with each other through non-covalent interactions, with no interpenetration of

one constituent into the other. A wide range of NPs have been investigated, includ-

ing: metals (e.g. Ni, [20] Au, [21] Ag [22] and Pd [23]); ceramics (e.g. BaTiO3 [24]);

clays (e.g. montmorillonite [25] and sepiolite [26]); elemental iodine [27]; carbon nan-

otubes [28] and various oxides (e.g. Nb2O5, [29] Al2O3, [30] SiO2, [31] TiO2, [32]

MgO [33] and ZnO [34]).

The use of electrically insulating NCs has motivated applications for capacitors or

dielectrics. [35–39] Capacitors generally use low frequency electric fields: 1Hz–1GHz,

or static (zero frequency) fields. In this low frequency range, interfacial polarization

dominates, where ions accumulate in trapping sites.

Where low-frequency material response is not well described with quantum the-

ory, optical response properties are largely determined by electronic excitations and

the band structure of the material, making this range of electrical response compu-

tationally accessible. The visible spectrum, as well as near-IR and near-UV, have

frequencies in the THz–PHz regime, and is more often discussed in terms of wave-

length or photon energy (0–5 eV). Further discussion will be limited to energy. In

this spectral region, the energy of the incident field is sufficient to excite electrons

into higher energy states, so that electronic excitations are the primary means of

polarization. Applications for polymeric NCs containing metals (metallodielectrics,

or metal-polymer NCs) abound, including: analytical sensors, [40] sensors for volatile

organic compounds, [41] thermochromic sensors, [42] high refractive index materi-

als, [43] photovoltaic cells (solar cells), [44] photo-luminescence, [45] field effect tran-

sistors, [46] bandpass filters, [47] nanophotonics, [48] waveguides, [49] antennas [50,51]

and (anti-)reflective coatings. [52]

Metal-polymer (NCs) can strongly absorb electromagnetic radiation in the optical

frequency range when the energy of the incident field induces electronic excitations.

[53] The visible absorption spectra of polymers can be enhanced by many orders of

magnitude through the incorporation of noble metal nanoparticles. [54] The enhanced

signal is due to NP electrons that collectively oscillate, known as localized surface

plasmon resonances (LSPR). [55] This effect is due to the wavelength of light being
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much longer than the dimension of the NP (< 40 nm), known as the quasi-static limit,

such that the NP uniformly experiences the field, with alternations in phase. [56]

The electronic structure of bulk material consists of a large number of degenerate

molecular orbitals that form continuous bands of energy, in contrast to NPs where

energy states are discrete. This implies that a bulk metal conductor (e.g. silver) can

be an insulator at the nanoscale. [57] When metal NPs are dispersed in an insulating

medium, electrons are confined to length scales that are shorter than the bulk mean

free path of electrons, resulting in quantum confinement. [54] Small, spherical particles

(quantum dots) have electrons confined in all three dimensions; rod-shaped particles

(quantum wires) have electrons confined in two dimensions; and planar structures

(quantum wells) have electrons confined in one dimension. The constrained electrons

cause energy-level spacings to spread out. Energy spacings increase with decreasing

length, as in the particle-in-a-box model.

Silver (Ag) NPs have electronic resonances in the visible range, and a variety of

shapes and sizes have been fabricated to tune the absorption band. Geometries have

included: spheres, [58] polyhedrals, [59] cubes, [60] hexapods, [61] prisms, [62] disks,

[63] sheets, [64] rods [63] and wires. [65] Particle size distribution can be narrowed to

produce near monodisperse systems through bottom-up reaction-driven approaches,

[66, 67] or top-down lithographic methods. [68, 69] Monodispersity is important to

produce specific absorption behaviour. Dispersion of NPs in a polymer matrix is

often limited to random distributions, except in 2-D lithographic arrays, but new

approaches are being developed. [70, 71]

Absorption of light by non-spherical NPs is dependent on the polarization of the

incident field and orientation of the NP. Metal NPs distributed in an electrically in-

sulating matrix experience quantum confinement, and electronic absorptions occur

at lower energies when polarized fields induce electronic resonances along longer NP

axes. [72] When a majority of NPs are oriented in the same direction, the material

response depends on the field polarization, resulting in dichroic or birefringent ma-

terials. [73, 74] For example, it has been shown that the colour of drawn Ag rods in

polyethylene is dependent on the polarization of incident light. [53,75] The ability to

control the orientation and alignment of NPs in a NC could see potential applications

in sensors, [76] broadband waveguide polarizers, [77] optical antennas [50] and optical

fibers that employ surface enhanced raman spectroscopy. [78,79] Aligned and oriented

Ag/polymer NCs have recently been reported with nanorods [80] and wires. [71, 80]

We are further motivated by the essential role that large interfacial areas play in

establishing NC properties. The interface is governed, in part, by interactions between
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the NP and the polymer. The NP surface can adopt different crystallographic projec-

tions which vary in surface energy and atomic density, thereby changing physisorption

sites. Ag and other face-centered-cubic crystals adopt primarily {111} facets, as these

are the most energetically stable, followed by {100} and {110} facets. [81,82] Experi-

ments have shown that Ag nanodisks often have {111} basal planes, [83–87] and have

tunable optical properties. [88, 89] Nanorods and wires frequently have pentagonal

cross sections, with sides consisting of 5 {100} planes connected with straight edges,

and pentagonal pyramidal end-caps each with five {111} interfacing planes. [90–98]

Experimental optical properties of these structures have been well-studied experimen-

tally [65, 79, 99–105] and theoretically. [106–108]

Fine tuning of NC material properties towards specific applications could be

achieved by adjusting numerous parameters. In addition to the type of polymer

and NP, modifications can be made to: NP size, shape (anisotropy), dispersity, in-

terparticle spacing, particle size distribution and volume fraction (loading). More-

over, oriented and aligned non-spherical NPs have directional-dependent excitations

that can be selectively induced from polarized electric fields. Engineering materials

for multifunctional applications therefore requires insight into the interplay between

these parameters.

1.3 Modeling Electronic Response Properties

Prediction of frequency-dependent polarization, complex dielectric constant (ǫ2) and

other optical properties of materials has proven difficult due to the large number of

atoms and the presence of nanoparticles where quantum effects dominate. Accurate

modeling of these properties require a description of excited states. Many theories

have described the frequency dependent dielectric constant, but none have predictive

power in modeling nanocomposites.

For mixtures of compounds, effective medium approximations (EMAs) have been

developed. If the system is homogeneous with a low filling fraction of randomly or

well-dispersed components in a host, the effective dielectric constant of the mixture

(ǫeff) can be considered as a function of ǫ of the individual constituents and their

respective volume fractions. There is assumed to be no interaction between particles

and therefore no interfacial effects. Briefly, the Clausius-Mossotti equation [109,110]

relates ǫeff to the dielectric constant of the host or environment (ǫe) and the atomic

polarizability of spherical atomic inclusions. The Lorentz-Lorenz equation [111–113] is

a variant, giving the effective index of refraction. Replacing the atomic polarizability
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with the dielectric constant of the inclusion has seen numerous models, including:

Maxwell-Garnett theory, [114] Bruggeman’s symmetric mixing model, [115] Power

Laws [116,117] and Lichtenecker’s Logarithmic Law. [118] While experimental results

can sometimes be fit to an EMA, it is often difficult to predict beforehand which model

is appropriate, and the parameters are usually non-transferable. [119] The interested

reader is referred to Ref. [120, 121].

The polarizability (microscopic response) and polarization (macroscopic response)

can be calculated from changes in the dipole moment of finite systems of atoms and

molecules from theoretically applied zero frequency (static) fields. When periodic

boundary conditions (PBC) are used to model infinitely extended systems, the cell is

replicated in one or more dimensions, and the dipole moment is ill-defined. Charge

is no longer able to accumulate at atomic or molecular boundaries, and a suitable

representative volume element cannot be defined. The geometric Berry phase is one

suitable circumvention, that calculates the change in polarization from electric field

perturbations. This approach is based on phase changes from cyclic processes, and

requires the system to be an insulator with an even number of electrons. [122, 123]

When the electric field frequency is such that the material response is dominated

by electronic excitations, ǫ2 can be calculated from direct, dipolar interband transi-

tions. [124–126] The Kramers-Kronig relations can then be used to calculate the real

part of the dielectric constant (ǫ1), and it is straightforward to calculate the conduc-

tivity (σ), complex index of refraction (n = n1 − in2), reflectance at normal incidence

(R) and absorption coefficient (α).

This optical method makes a number of approximations. Foremost is the ab-

sence of local field effects, in which the external field is assumed equal to the mi-

croscopic field acting on individual electrons. Indirect transitions, which occur when

the electron wave vector changes through coupling with a phonon, are ignored. Ex-

perimentally, they occur much less frequently than direct transitions. The calculated

absorption spectra only includes single-particle excitations, and does not model col-

lective oscillations. Variations in the effective mass of electrons (self-energy) and

electron-hole interactions are also neglected.

An approach based on quantum mechanics is required to accurately model ex-

cited electronic states. For systems containing a thousand atoms or more, density

functional theory (DFT) is a good option. It has been reasonably successful at sim-

ulating optical properties of atomic and molecular clusters, [127] periodic nanostruc-

tures [128, 129] and crystalline compounds, [130] despite its well-known tendency to

underestimate band gaps. [131,132] Results are also dependent on the choice of func-
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tional, which is known to affect the magnitude and position of absorption peaks. [133]

Nevertheless, more reliable methods are computationally intractable.

In the pages that follow, the sensitivity of the linear optical properties of a model

Ag/polyvinylidene fluoride (PVDF) NC exposed to a polarized electric field is exam-

ined. This is first modeled by varying NP loading (volume fraction) for different sizes

and shapes of nine geometrically-different Ag clusters. In addition, one polydisperse

system is modeled, constructed with two different inclusions. Although experimen-

tal monodispersity is not yet feasible, particle size distributions are narrowing in

Ag/polymer NCs. [67]

To model the effect of NP shape and structure on optical properties, simulations

are performed at constant loading, using one of twenty nanodisks and nanorods.

Nanostructures are varied in aspect ratio with the goal of elucidating its role on the

imaginary dielectric constant from polarized electric fields. The influence of crys-

tallographic projections in NPs is examined. Moreover, the end-cap morphology of

nanorods provides an additional adjustable parameter for spectral shape. In addition

to pentagonal pyramidal end-caps on nanorods, nanobars and nanorice have blunt or

hemispherical-like termini, respectively. [134] These three elongated forms are mod-

eled, along with the NCs, with the aim of understanding their properties through

electronic structure. One implication of using a fixed volume fraction of 4.2%vol is

the variation in interparticle separation between NP images, which is known to affect

absorption peak height and energy.

In all systems, simulation cells, augmented with PBC, had a single twelve to thirty-

one atom Ag NP enshrouded in 416 to 1250 atoms (69-208 monomers) of PVDF.

Although the NPs we studied were limited to dimensions smaller than those typically

encountered experimentally, these models should provide significant physical insight.

The NPs are theoretical models that do not consider structural defects, silver oxide

formation or presence of adsorbed atmospheric molecules, like H2O.

The Ag/PVDF NC has been shown to have a large ǫ1 at low frequencies, [135–137]

and could, therefore, be used in capacitor applications. The polymer (H–[CH2–CF2]n–

H) is in widespread use, either by itself or in NCs, as a result of its range of exotic

properties: polymorphism, [138] poling, [139] piezoelectricity, [140] pyroelectricity

[141] and ferroelectricity. [142] Silver NPs are often incorporated in matrices without

surfactant layers. Thus, their use here makes it unnecessary to introduce additional

boundary atoms which would otherwise lead to more ambiguities in the unit cells.
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1.4 Overview

This thesis is organized as follows. Chapter 2 explains the design of simulation cells

and the levels of theory that were applied. These include force field methods and den-

sity functional theory. Chapter 3 presents and discusses the influence of NP volume

fraction on optical properties of Ag/PVDF. Spectra are related back to the density

of states, and a polydisperse system is also investigated. In Chapter 4, trends in

the imaginary dielectric constant from NCs with nanodisks and nanorods are exam-

ined. Structures are varied in aspect ratio, nanodisk crystallographic projections,

and nanorod end-cap morphology. Conclusions are given in Chapter 5. Appendix A

provides additional information on running simulations. Appendix B presents addi-

tional spectra. Appendix C lists simulation cell sizes, interparticle distances and NP

coordinates.
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Chapter 2

Models and Methods

This chapter explains our computational approach to model optical property trends in

NCs. In short, molecular systems were designed graphically, followed by compression

to bulk densities using classical molecular dynamics (MD). Density functional theory

(DFT) was then employed to calculate optical properties. In addition to explaining

procedural details in this chapter, theoretical background is briefly reviewed in order

to highlight the inherent approximations in the methods.

2.1 Construction of NC Systems

Two NC systems of PVDF with Ag inclusions were built using GaussView, both

with a 13 Ag atom cuboctahedron, and one with a PVDF chain of 416 atoms and

the other with 1250 atoms. Each Ag atom coordinate was input directly into the

list of simulated atoms, using crystalline face-centered-cubic (fcc) packing. A single

polymer chain was then designed and positioned with one tail end near the inclusion.

Individual polymer dihedral angles were then selected and bent in order to twist

and wrap the polymer around the Ag cluster while ensuring inter-atomic distances

of at least 3 Å. Thus, the NP was completely enshrouded in the polymer, forming

an almost spherical system. Large volumes of empty space throughout the polymer

matrix were inevitable with such an approach. These voids were removed by forcing

the system into a simulation box with periodic boundary conditions (PBC), using

molecular dynamics (see Subsection 2.2).

Due to the difficulty of compressing low-density systems from GaussView with

MD, additional systems with different sized inclusions and/or volume ratios were

made from already MD-compressed systems. Larger Ag inclusions were incorpo-

rated into the matrix by adding additional atoms to the pre-existing inclusions in
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the simulation cells, or simply replacing one NP with another, always followed by re-

equilibration with MD. Different volume fractions were made by removing monomer

units from the polymer chain and re-specifying terminal atoms.

A total of twenty-six silver inclusions were studied, and are presented in Figure 2.1.

Their dimensions and aspect ratio are presented in Table 2.1, and their coordinates

in Appendix C. The NPs considered here were built to model the effects of distinct

geometrical features, rather than as target inclusions in themselves, and have therefore

not been optimized geometrically as bare inclusions. NP spectra presented here are

meant to be compared qualitatively with the appropriate NC spectra, rather than

with literature spectra for optimized Ag clusters. For the amorphous minimum energy

clusters H and I, comparisons with experimental results [143] show good agreement

when a rigid 0.5 eV blue-shift (scissor operator) is applied to the NP spectra reported

here. Numerous studies have examined optical properties of Ag clusters and NPs

both experimentally [143–149] and theoretically with: DFT [150], time dependent-

DFT [108, 143, 151–154], Mie theory [155] and the discrete dipole approximation.

[59, 156–160]

Many of the crystalline NPs studied here are in the shape of disks and rods, as

included in Figure 2.1. Nanodisks consist of two atomic layers (a bilayer) in either

the {111} facet (NPs E, J–R) or {100} facet (NPs S–V). Nanorods consist of multiply

stacked layers (up to 7,) from the {111} facet (NPs X–Z) or {100} facet (NPs F and

W). Bilayer disks have recently been reported experimentally, [88] though with larger

diameters. In fact, absorption spectra of small atomic clusters in the range of 12–31

atoms (the size of our model clusters) have been studied experimentally, though with

(near) minimum energy geometries that differ from our NPs. [147, 161–165]

Polarized electric fields are directed along two symmetry axes of the NPs, as shown

in Fig. 2.2. For nanorods, fields are directed along the principal axis (longitudinal,

z-axis) and a perpendicular axis (transverse, x-axis). For nanodisks, normal mode

polarization is along the normal vector of the disk, and the transverse mode is incident

along the side.

In what follows, specific NC mixtures are referred as, e.g.: X/416, where the letter

indicates the inclusion size and geometry as shown in Figure 2.1, and the number

indicates the length of the polymer chain. The percent silver by volume (%vol) is

also included, in places in the discussion where it is relevant. Inclusion axes (as

explained in the figure caption) are oriented in line with the respective axes of the

simulation cells.
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(A) 13 (B) 19 (C) 15 (D) 17 (E) 15

(F) 22 (G) 28 (H) 12 (I) 13

(J) 12 (K) 13 (L) 16 (M) 17 (N) 19

(O) 20 (P) 22 (Q) 24 (R) 31

(S) 19 (T) 21 (U) 25 (V) 29

(W) 31 (X) 27 (Y) 25 (Z) 31

Figure 2.1: Silver NP inclusions. z-axis runs vertically from top to bottom of page;
x-axis runs horizontally from left to right of page. Numbers next to the panel labels
indicate the number of atoms in the NP.
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Table 2.1: NP dimensions (Å) and aspect ratio (A) (z/x). Inclusion diameters have
an additional 2.889Å added to the largest internuclear distances.

NP X Y Z A
A 8.670 8.670 6.980 0.81
B 8.670 8.680 11.070 1.28
C 8.670 8.670 11.070 1.28
D 8.670 8.660 6.970 0.80
E 8.670 8.730 5.250 1/1.65
F 8.670 8.670 11.060 1.28
G 9.020 9.020 9.020 1.00
H 7.470 7.280 9.835 1.32
I 8.210 8.260 9.210 1.12
J 8.670 9.570 5.250 1/1.65
K 8.670 8.730 5.250 1/1.65
L 11.230 8.670 5.250 1/2.14
M 8.720 11.550 5.250 1/1.66
N 11.560 10.390 5.250 1/2.20
O 11.050 8.540 5.200 1/2.13
P 11.230 11.550 5.250 1/2.14
Q 11.230 11.550 5.250 1/2.14
R 14.450 12.890 5.250 1/2.75
S 11.060 11.060 4.930 1/2.24
T 11.030 11.020 4.920 1/2.24
U 15.150 15.150 4.930 1/3.07
V 15.150 15.150 4.930 1/3.07
W 8.670 8.670 15.150 2.17
X 8.670 9.570 17.040 1.97
Y 8.670 9.570 12.330 1.42
Z 8.670 9.570 12.330 1.42

Transverse

Longitudinal

(a)

Transverse

Normal

(b)

Figure 2.2: Polarized field directions in nanorods and nanodisks. Panel (a) shows
longitudinal and transverse resonances in rods. Panel (b) shows normal and transverse
resonances in disks.
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2.2 Molecular Mechanics and Dynamics Simula-

tions

MD with pressure coupling was used to compress low-density systems, and molecular

mechanics (MM) was used to minimize the energy of the system into a local mini-

mum. Subsection 2.2.1 explains the physics behind these approaches as applied to

the current simulations, and Subsection 2.2.2 discusses the specific implementation.

2.2.1 MM/MD Theory

Classical MM and MD calculate the forces between atoms from a set of Newtonian

mechanics-based equations of motion that together form a force field. MM simu-

lations are run at zero Kelvin, and atomic movement is toward a minimum energy

structure. The simulation terminates when the specified minimum energy tolerance

is attained. MD simulations have temperature, with atomic velocities assigned based

on the Boltzmann distribution. Atoms continue moving over the specified duration

of time.

A force field consists of mathematical equations which describe both bonding and

non-bonding forces (or potential energy). Force (F ) has direction, indicating the path

to lower energy (V ). Energy is related to the force as:

F = −∇V. (2.1)

Further physical descriptions of force fields is limited here to that implemented in the

present simulations. (The interested reader is referred elsewhere, see e.g. Ref. [166].)

Atomic interactions were assigned for bond-stretching, bond-bending, electrostatic

van der Waals potentials and coulombic interactions between partially charged atoms.

The potential energy felt by a particular atom is the sum of these interactions.

Harmonic bond stretching is represented quadratically:

Vs(rij) =
1

2
ks

ij(rij − r0

ij)
2 (2.2)

where Vs is the bond-stretching potential, ks
ij is the bond-stretching constant between

two bonded atoms i and j, rij is the distance between the two atoms and r0
ij is the

equilibrium bond length between the two atoms.

Although angle bending is also frequently modeled with a harmonic potential,
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cosine functions are employerd which have increased numerical stability [167]:

Vb(θijk) =
1

2
kb

ijk

[

cos(θijk) − cos(θ0

ijk)
]2

(2.3)

where Vb is the angle bending potential, θijk is the angle formed between bonded

atoms i, j and k, kb
ijk is the angle-bending constant between the three atoms and θ0

ijk

is the equilibrium bond angle.

Electrostatics are calculated with the Lennard-Jones potential, accounting for

long-range attraction from induced-dipole–induced-dipole interactions and short-range

repulsion from orbital overlap:

VLJ,ij = 4ǫ

[

(

σij

rij

)12

−

(

σij

rij

)6
]

(2.4)

where VLJ,ij is the Lennard-Jones potential between atoms i and j, ǫ = ǫ0ǫr with ǫr as

the relative dielectric constant of the medium and ǫ0 as the permittivity of free space,

σij is the distance at which the interparticle potential is zero between two atoms and

ǫij is the depth of the potential well of attraction.

The Coulombic potential (VC) is given by:

VC =
qiqj

4πǫrij

(2.5)

where q is the partial atomic charge.

Force field methods, while adequate for simulations of large atomic systems where

bond-breaking or forming does not occur, suffer from the need of parameterization:

equilibrium geometries (e.g. bond lengths, angles, etc.) and force constants (e.g.

ks, kb, etc.) must be specified. These parameters are often system dependent, and

parameterized either from experimental data (semi-empirical) or high-level quantum

calculations (ab initio).

2.2.2 MM/MD Implementation

Gromacs 4.0.4 and 4.0.7 [168–171] was used for force field simulations that were nec-

essary to compress the structures to an approximate density, keeping silver atoms

frozen, and preserving orthorhombic cells under PBC. These runs were also used to

expand simulation cells whose density was too large – a result of incrementally in-

creasing NP size, as explained in Section 2.1. The target density was calculated using

the bulk densities of the two constituents (PVDF–1.77 g·cm−3, Ag–10.49 g·cm−3) and
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their respective volume ratios.

Structural compression was performed under constant number of atoms (N), pres-

sure (P) and temperature (T). The isotropic Parrinello-Rahman pressure coupling

algorithm [172] was used to keep the pressure constant. Nose-Hoover temperature

coupling [173,174] was used to maintain a constant temperature of 1000 K. The pres-

sure coupling parameters had to be manually increased and modified since such an

automated feature was not available. The compressibility factor was set at 0.1 bar−1.

Each time a run completed 50,000 steps, with step sizes of 0.001 ps, the pressure was

increased initially by increments of 102 bar, and later by 103 bar, until the correct

density was attained – near 30,000 bar. If the run failed, the time pressure coupling

parameter was increased (usually between 25 – 100 ps) until stability was reached

and the run could finish. Once the required density was attained, structures were

annealed for almost 1 µs from 1000K to 25K, followed by energy minimization using

the conjugate-gradient algorithm. Additional information on the use of Gromacs is

provided in Appendix A.

The force field parameters used in the current simulations are presented in Ta-

ble 2.2. Approximate bond lengths with very stiff harmonic stretching constants

were taken from Ref. [175] Harmonic angle bending terms were those of Chen and

Shew. [176] To access as many conformations as possible in the polymer, torsional

motion was assigned to be barrierless. Coulombic interactions were calculated from as-

signed partial atomic charges for all atoms. Parameters for C, H and F were based on

those in Ref. [176], but were modified slightly in order to form zero-charge groups. Sil-

ver atoms had zero charge. Non-bonding Lennard-Jones parameters were taken from

the Universal Force Field (UFF), [177] and were combined geometrically. Long-range

electrostatics were calculated with the Particle Mesh Ewald (PME) method, [178] and

the cutoff distances kept as large as possible, up to 0.9 nm, depending on the size of

the simulation box.

An MD-equilibrated simulation cell for the A/1250 NC (1.7%vol) is shown in

Figure 2.3. Atoms that appear dangling at the cell edges have their valencies satisfied

by the PBCs. Symmetric inclusions were oriented with their principal axes along a

lattice cell vector. Amorphous clusters were packed with their Cartesian coordinates

(as reported in Appendix C) in line with the respective lattice cell vectors. Simulation

cell dimensions for all the NCs are also reported in Appendix C.
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Table 2.2: Force field parameters

Bonda x0 ks · 10−5

C-C 1.53 5
C-H 1.09 5
C-F 1.36 5

Angle θ0 kb

C-C-C 118.2 900
C-C-H 109.3 900
C-C-F 107.7 900
H-C-H 109.3 900
F-C-F 105.3 900
F-C-H 108.0 900
Group qC qH ,qF

CH2 -0.36 0.18 , -
CF2 0.46 - , -0.23

Terminal CF2H 0.46 0.00 , -0.23
Starting CH3 -0.48 0.16 , -

Atom ǫ × 10−2 σ
H 4.40 2.571
C 10.50 3.431
F 5.00 2.997
Ag 3.60 2.805

aEquilibrium bond lengths (x0) are given in Å. Stretching (ks) and bending (kb)
force constants are given in kJ/(mol·nm). qX are partial charges (in units of electron
charge) on atoms of type X in the group indicated in the left column. ǫ is given in
kJ·mol−1 and σ in Å.
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Figure 2.3: Snapshot of a simulation cell with PBC with 1250 PVDF atoms and a
13 atom Ag cuboctahedron (A/1250). For clarity, silver atoms are grey, fluorine is
blue, carbon is red, and hydrogen is green. z-axis runs from top to bottom of page
and x-axis runs from left to right of page.
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2.3 Density Functional Theory Calculations

Density Functional Theory (DFT) was used to calculate optical properties of NPs and

NC systems. In addition, the density of states (DOS) and electronic band structure

were computed. A brief theoretical overview of DFT and the pertinent optical and

electronic properties are given in Subsection 2.3.1. DFT settings and implementation

are explained in Subsection 2.3.2.

2.3.1 DFT Theory

Kohn-Sham DFT

The success of DFT is based on solving the Schrodinger equation using electron den-

sity (ρ(r)), which depends on only 3 spatial coordinates, instead of 3N coordinates

for a system of N electrons, as used in other quantum methods. This approach sub-

stantially reduces computation time, making quantum calculations feasible for larger

molecules. It is an exact method, founded on the Hohenberg and Kohn theorems, [179]

which state that the electronic ground state energy can be uniquely determined by

the electron density using the variational principle.

In the Kohn-Sham (KS) approach, [180] the electron density (ρ) is written as a

sum of N non-interacting orbitals (φi):

ρ =

N
∑

i

|φi(r)|
2, (2.6)

which would be exact if the orbitals were exact. The total energy is a sum of electro-

static and kinetic terms, which are functionals of the electron density:

E[ρ(r)] = Te[p(r)] + En−e[p(r)] + Ee−e[p(r)] + En−n[p(r)], (2.7)

where the square brackets indicate a functional, Te is the kinetic energy of the elec-

trons, En−e is the nucleus-electron attractive energy, Ee−e is the electron-electron

repulsive energy and En−n is the nucleus-nucleus repulsion. These terms have their

usual quantum forms, and details can be found in one of many standard texts (e.g.

Refs. [132, 166]). The KS wavefunction is constructed from single electron orbitals:

(

−~
2

2me

∇2 + νeff(r)

)

φi(r) = ǫiφi(r), (2.8)

where h is Planck’s constant and ~ = h/2π, me is the mass of the electron and νeff is
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the external effective potential (quantum electrostatic potentials including exchange

and correlation).

Optical Method in DFT

Once a self-consistent solution has been obtained, the frequency-dependent Lindhard

dielectric function (ǫ) may be calculated through dipolar interband transitions using

the random phase approximation, [124, 126,181] which is available with the SIESTA

software package. Electrons respond to an average electric potential, and their exci-

tations are modeled by a Lorentz oscillator: [182]

me

d2r

dt2
+ meΓ

dr

dt
+ meω

2

0
r = −eEloc(t). (2.9)

The dipoles at position (r) are driven by the electric field (Eloc), and return to their

ground state based on Hooke’s Law with a damping term Γ. ω0 is the resonant

angular frequency and the nuclei are assumed stationary. It can then be shown (see

e.g. [182]) that for a system of N electrons:

ǫr(ω) = 1 +
Ne2

ǫ0me

N
∑

j=1

1

ω2
j − ω2 − iΓjω

. (2.10)

For quantum mechanical systems, this becomes [124,126,181]:

ǫr(ω) = 1 −
e2

~
2

ǫ0m2
eV

∑

k

∑

i,j

|µi,j(k)|2

E2
i,j

f0(Ej(k)) − f0(Ei(k))

Ei,j − ~ω − ihΓ
, (2.11)

where V is the volume of the cell. The sum ranges over all k-points in reciprocal

space with a double sum over all electronic energy (E) values i and j. f0 is the Fermi

distribution function (which equals one if the state is populated and 0 if not) and

Eij = Ei(k) − Ej(k). The transition state dipole moment (µi,j(k)) represents the

probability of a transition, given by:

µi,j = 〈φi(r) | µ̂ | φj(r)〉 = 〈φi(r) | e · r | φj(r)〉, (2.12)

where µ̂ = er· is the dipole operator. Since an oscillating electric field sets electronic

dipoles into oscillatory motion, excitations from occupied to unoccupied states occur

only if the polarization of the field is able to produce the required change in dipole

moment. The probability of a transition is proportional to µi,j(k). Thus, not all

transitions necessarily occur between ground and excited states for a given polarized



19

field.

This method of calculating the imaginary relative dielectric constant from direct,

dipolar interband transitions from ground to excited states makes a number of ap-

proximations. Foremost is the absence of local field effects, in which the external

field is assumed equal to the microscopic field acting on individual electrons. Indirect

transitions, which occur when the electron wave vector changes through coupling with

a phonon, are ignored. Experimentally, they occur much less frequently than direct

transitions. The calculated absorption spectrum only includes single particle excita-

tions, and does not model collective oscillations. Variations in the effective mass of

electrons (self-energy), and electron-hole interactions are also neglected.

Given these approximations, the Kramers-Kronig relations then convert the imag-

inary part to the real part: [183]

ǫ1(ω) = 1 +
2

π
PV

∞
∫

0

ω′ǫ2(ω
′)

(ω′)2 − (ω)2
dω′, (2.13)

where PV is the Cauchy principal value. Similarly, ǫ2 can be calculated from ǫ1, as:

ǫ2(ω) = −
2ω

π
PV

∞
∫

0

ǫ1(ω
′)

(ω′)2 − (ω)2
, dω′. (2.14)

Optical Properties

The complex dielectric constant (ǫr = ǫ1 + iǫ2) is a measure of the ability of a ma-

terial to store electrical energy. A vacuum has by definition ǫ1 = 1, and increases

for materials that are able to hold an electric potential. The imaginary part (ǫ2)

represents energy loss, primarily through heat, as a result of electrical conduction.

The complex notation is convenient as it represents phase lag between the applied

field and the material response. A number of other optical properties can be easily

obtained through simple mathematical transformations. [182]

The electrical conductivity (σ) is given by:

σ(ω) = ǫ2(ω) ω. (2.15)

The real part of the refractive index (n1), or ratio of the speed of light through

the material (v) to the speed of light in vacuum (c), (n1 = v/c), can be calculated
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from the dielectric constant as:

n1(ω) =

√

√

ǫ1(ω)2 + ǫ2(ω)2 + ǫ1(ω)

2
. (2.16)

The imaginary part of the refractive index (extinction or absorption coefficient, κ

or n2) is also a measure of energy loss, as explained for ǫ2, and given by:

n2(ω) =

√

√

ǫ1(ω)2 + ǫ2(ω)2 − ǫ1(ω)

2
. (2.17)

Solving for the dielectric function reveals a simpler relation:

ǫ1(ω) = n2

1
(ω) − n2

2
(ω), (2.18)

ǫ2(ω) = 2n1(ω) n2(ω). (2.19)

The absorption coefficient (α) is a measure of the distance a wave travels before

its intensity is decreased by 1/e:

α(ω) =
4π n2(ω)

λ
=

ǫ2(ω) ω

n1(ω) c
. (2.20)

The reflectance at normal incidence (R) is the fraction of the field that is reflected

from the surface:

R(ω) =
(n1(ω) − 1)2 + n2

2
(ω)

(n1(ω) + 1)2 + n2
2(ω)

. (2.21)

Density of States and Band Structure Calculations

The energy of incident radiation required to produce an electronic excitation must

be equal to the energy difference between the unoccupied and occupied orbitals. The

density of states (DOS) describes the distribution of the number of occupied and

unoccupied states per unit of energy. Although these states are discrete, experimen-

tal spectra are often broadened due to temperature, which populates higher energy

vibrational and rotational states. In computational simulations, spectral broadening

is mimicked by applying user-defined Gaussian broadening terms.

The band gap can be visualized through a plot of the DOS, showing the position

of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-

ular orbital (LUMO). At zero Kelvin, the Fermi energy (EF ) is defined as the energy

of the highest occupied orbital. At non-zero temperatures, higher energy states are
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probabilistically populated according to the Boltzmann distribution, and for semi-

conductors and insulators EF shifts into the band gap. Additional information can

be found in Ref. [184]. DFT is well-known to underestimate the band gap in semi-

conductors and insulators as a result of poor treatment of exchange energy, [185] and

this is often corrected by applying a rigid shift (scissor operator) to all states above

EF . [185–187]

Electronic band structure calculations plot the energy eigenvalues as a function

of coordinate path in reciprocal space. Crystalline materials exhibit non-linear band

lines across the first Brillouin zone (BZ), while amorphous materials have orbital

energies that are constant throughout.

2.3.2 DFT Implementation

The software package, SIESTA: Spanish Initiative for Electronic Simulations with

Thousands of Atoms [188, 189] version 2.0.2 was used for all DFT calculations. The

Generalized Gradient Approximation (GGA) and the ab initio PBE functional [190]

were used to calculate the exchange-correlation energy. Pseudopotentials were used of

the norm-conserving Troullier-Martins [191] type, taken from the SIESTA website. A

DZP basis set was used for valence orbitals: H–1s1, C–2s22p2, F–2s22p5, Ag–5s14d10.

Calculations in reciprocal space used only the gamma point, justified since the cell

size was large and the system was not a conductor. The density matrix was solved

by diagonalization with a mesh cutoff of 500 Ry to ensure numerical convergence.

Additional information on run settings are provided in Appendix A.

ǫ2 was calculated with an optical mesh of 1×1×1, included all bands, and scanned

a large frequency range of 0.001–100.000 eV in order to ensure reliable conversion

using the Kramers-Kronig relations. Since experimental data was not available to fit

calculated results, a minimal peak broadening factor of 0.050 eV was used to ensure

minimally smooth curves. Likewise, a scissor operator was not used due to a lack of

comparable experimental data. Therefore, excitation energies should be considered

relative to one another, rather than as absolute values.

The optical subroutine available in the SIESTA package was used to apply the

Kramers-Kronig relations and convert ǫ2 to ǫ1, and back again to ǫ2 to ensure consis-

tency. This program also calculates the complex refractive index, absorption coeffi-

cient, conductance and reflectance.

Band structure calculations sampled reciprocal space trajectories between high-

symmetry points: L to Γ to X and back to Γ. The amorphous NC simulation cells

produced band structures that showed no dependence on position in reciprocal space:
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the bands were flat.

The DOS was computed using the eig2dos subroutine available in the SIESTA

package. This program takes all the eigenvalues and broadens them into Gaussian

functions of user-defined width. Both broad (0.05 eV) and narrow (0.001 eV) broad-

ening factors were used.

The stability of NPs was quantified through binding energy calculations:

Eb(Agn) = E(Ag) −
E(Agn)

n
, (2.22)

where Eb is the binding energy per atom, E(Agn) is the energy of Agn and n is

the number of atoms in the cluster. Larger binding energies correspond to increased

particle stability.

Computer Requirements

High performance computing was performed through the Western Canada Research

Grid (WestGrid), partner consortia to Compute Canada. Core speed averaged 2.4

GHz each with 1GB RAM and interconnected with Infiniband. The computational

demand for MM and MD calculations was minimal: with one core, energy minimiza-

tions (MM) took less than 1 minute; annealing or pressure coupling runs (MD) took

less than 1 hour. DFT calculations were intensive. While energy minimization was

barely feasible with a small system, it was not practical for the numerous systems of

increased size. Optical calculations required significant amounts of RAM that was

accessed in part by using additional cores. Up to 64 cores were used in parallel, taking

up to 7 days to complete a single-point optical calculation.

2.4 Effects of Energy Minimization & Spin Polar-

ization

A number of numerical checks were performed. For the A/416 MD-minimized struc-

tures, optical properties were recalculated after the cell was re-optimized using PBE/-

DZP, using both wavefunctions that allowed for the possibility that the electron spin

might become polarized, and wavefunctions that did not allow for this possibility.

(Spin-polarization is the use of different orbitals for different spin states. Non-spin-

polarized calculations have degenerate orbitals for both spins. [132]) As shown in

Figure 2.4, results from spin-polarized and non-spin-polarized systems were virtually

indistinguishable (compare panels (a) and (b), as well as (c) and (d)). As a result, all
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additional simulations were performed without allowing for spin-polarization in order

to minimize computation time. The calculated optical properties changed modestly

as a result of DFT energy minimization (compare panels (a) and (b) with (c) and

(d)). MD-minimized structures were used for the other models. PBE/DZP-based

minimizations quickly become computationally intractable for the system sizes in-

vestigated. Subsequent interpretations must be mindful of the level of uncertainty

implied by the results shown in this figure.
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Figure 2.4: Imaginary part of dielectric constant (ǫ2) from MM- and DFT-minimized
A/416 (5.1%vol) systems with and without spin-polarization from x-axis polarized
field. Panels show NC from (a) MM-minized, without spin-polarization, (b) MM-
minimized, with spin polarization, (c) DFT-minimized without spin-polarization and
(d) DFT-minimized with spin polarization. Black lines show a Gaussian energy broad-
ening of 0.05 eV, and the red lines illustrate the energies of specific transitions with
a finer broadening of 0.001 eV.
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Chapter 3

Results and Discussion:

Nanoparticle Volume Fraction

Effects

This chapter presents and discusses results pertaining to trends from Ag NP volume

fraction effects in PVDF. In Section 3.1, the NC density of states (DOS) is examined,

and compared to those of the individual constituents. Section 3.2 discusses all seven

frequency-dependent optical parameters for an isotropic NP inclusion and its NC

as a function of NP loading. The imaginary dielectric constant is compared from

anisotropic NPs and NCs in Section 3.3. Lastly, the influence of polydispersity is

examined using two different sized NPs in Section 3.4.

3.1 Density of States

The density of states (DOS) of pure PVDF, NP A in vacuum, A/416 NC (5.1%vol)

and A/836 NC (2.6%vol) are shown in Figure 3.1. The zero of energy on the DOS

graphs in all panels is the Fermi energy (EF ).

Pure PVDF was found to have a large band gap of almost 7 eV (see Figure 3.1(a)),

comparable to the 6.5 eV frequently cited in the experimental literature. [192–194]

NP A has a discrete spectrum, and is also an insulator (see Figure 3.1(b)), as are the

other NPs studied herein. However, the NP HOMO-LUMO gaps are much smaller

than that of PVDF, and they have many states within a few eV of the Fermi level.

When the Ag NPs were incorporated in PVDF, notable differences were seen in

the numbers and positions of energetic states (see Figure 3.1(c) and (d)). While

the states of the polymer and NP did not strongly interact, the presence of the NP
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Figure 3.1: Density of states (DOS) of (a) amorphous PVDF, (b) Ag NP A in vacuum,
(c) A/416 NC (5.1%vol) and (d) A/836 NC (2.6%vol). The zero on the Energy axis
is set at the Fermi energy of that particular material, and its location is thus not
consistent across the four graphs. Black lines show a Gaussian energy broadening of
0.05 eV, and the red lines illustrate the location of states with a finer broadening of
0.001 eV.

introduced many states into the polymer band gap. This not only provides additional

opportunities for transitions, but the high occupancy of the metallic NP states results

in a significant shift of the Fermi energy towards the conduction band of the polymer.

Thus, in the 0 to 3 eV region of the NC DOS, there were more states than in either

the NP or the polymer. These states contribute significantly to the optical response

of the material for the field energies considered here.

3.2 Optical Properties of Isotropic Ag13 NCs

The imaginary part of the dielectric constant (ǫ2) is directly related to the probability

of interband transitions, which are associated with the DOS. It, along with the real
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part of the dielectric constant (ǫ1), complex refractive index (n = n1−in2), absorption

coefficient (α), conductance (σ) and reflectance at normal incidence (R) are presented

in Figure 3.2 for PVDF over a large energy range. PVDF, having a large band gap,

only shows optical resonances in the UV.
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Figure 3.2: Optical properties of amorphous PVDF. Panel (a) shows the imaginary
dielectric constant (ǫ2) and imaginary refractive index (n2), with ordinate scales along
left and right sides, respectively. Panel (b) shows the real dielectric constant (ǫ2) and
real refractive index (n1), with ordinate scales along left and right sides, respectively.
Panel (c) shows the absorption coefficient (α) and conductivity (σ), with ordinate
scales along left and right sides, respectively. Panel (d) shows the reflectance at
normal incidence (R). Black lines correspond to the optical property labeled on the
left ordinate axis, and dashed red lines corespond to that on the right.

Spectra for NP A and its NCs are shown for excitations along the x- and z-axes of

the inclusions (as described in Figure 2.1) in Figures 3.3 and 3.4. Comparisons can be

made between the NP spectra in vacuum (subpanels (iii)), those of the pure polymer

(orange lines) and those of NCs with volume fractions between 1.7 and 5.1%vol.
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Figure 3.3: Influence of NP volume fraction and incident field polarization on the
complex dielectric function (ǫ = ǫ1 + iǫ2) of NP A (Ag13) and corresponding NC
materials. Panels (a) and (b) show the imaginary (ǫ2) and real parts (ǫ1) of the
dielectric function, respectively. In each graph, subpanels (i) and (ii) report optical
properties of NCs with incident field polarized along the z- and x-axes of the NP,
respectively. Subpanel (iii) presents the respective optical property of the NP in
vacuum, with incident fields along the z-axis (black line) and along the x-axis (dotted
red line). For the present plots, the optical properties of the pure NP do not depend
on field direction, and the lines in subpanels (iii) are superimposed. In subpanels
(i) and (ii), different lines correspond to different NC volume fractions, as follows:
solid black – A/1250 (1.7%vol), dotted red – A/740 (2.9%vol), dashed blue – A/536
(4.0%vol) and dot-dashed green – A/416 (5.1%vol). Horizontal solid orange lines
represent the pure amorphous PVDF polymer. Where the orange line is not visible,
it coincides with the graph’s abscissa.
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Figure 3.4: Influence of NP volume fraction and incident field polarization on the
absorption coefficient (α) and reflectance at normal incidence (R) of NP A (Ag13) and
corresponding NC materials. Panels (a) and (b) show the absorption coefficient and
reflectance, respectively. In each graph, subpanels (i) and (ii) report optical properties
of NCs with incident field polarized along the z- and x-axes of the NP, respectively.
Subpanel (iii) presents the respective optical property of the NP in vacuum, with
incident fields along the z-axis (black line) and along the x-axis (dotted red line).
For the present plots, the optical properties of the pure NP do not depend on field
direction, and the lines in subpanels (iii) are superimposed. In subpanels (i) and (ii),
different lines correspond to different NC volume fractions, as follows: solid black –
A/1250 (1.7%vol), dotted red – A/740 (2.9%vol), dashed blue – A/536 (4.0%vol) and
dot-dashed green – A/416 (5.1%vol). Horizontal solid orange lines represent the pure
amorphous PVDF polymer. Where the orange line is not visible, it coincides with
the graph’s abscissa.
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The ǫ2 spectrum of the pure polymer had no intensity within 7 eV of the Fermi

energy, because of its large band gap. The spectrum of the pure NP was independent

of excitation direction (subpanels (iii) of Figures 3.3–3.4). Although highly symmet-

rical, the Ag13 cuboctahedral NP has an aspect ratio (z/x) of 0.81, so the isotropy of

its spectrum is somewhat surprising. Of all the NPs investigated, only A, B and G

showed isotropic spectra.

When NP A was incorporated into matrix material, low-energy absorption peaks

broadened and slightly blue-shifted, while the high-energy peak remained relatively

unchanged (see Figure 3.3(a)). However, the NC spectra showed some dependence on

polarization direction. The two polarized fields along the x- and z-axes had changes in

peak intensities, both in overall magnitude, and in relative peak heights. These small

differences were attributed to a combination of small changes of the lattice constant of

the simulation cell in the two dimensions, and variations in polymer packing around

the inclusion as hydrogen and fluorine atoms were physisorbed at different sites on

the NP. The effect was observed for a second A/416 NC system that was constructed

with different polymer packing around the inclusion. Experimental spectra would

likely consist of an average over the various packing arrangements in different parts

of the bulk NC.

Higher volume fractions of the metallic NP led to stronger absorption peaks,

and sometimes to changes in peak positions and structures. Increased absorption

strengths with loading have indeed been reported experimentally for Ag/PVDF NCs,

[195] and are related to increases in conductivity, as would be expected for metallic

inclusions. In terms of excitations, as the volume fraction increased, relatively larger

numbers of NP states became available in the band gap, which led to larger absorption

probabilities. Changes in absorption energies were due to the slight repositioning of

EF (and thus of the relative location of the polymer conduction levels) when the

volume fraction changed (see e.g. Figure 3.1(c) and (d)).

Additional optical constants (ǫ1, α and R) are shown in Figures 3.3(b) and 3.4.

The complex refractive index and conductivity are omitted due to their similarities to

the complex dielectric constant and absorption coefficient, respectively, as depicted

in Figure 3.2. In general, larger NP volume fractions led to stronger optical response

of the material, with the exception of α and σ which were largely independent of

volume fraction.

PVDF was found to have a constant ǫ1 value of about 2.1 over the studied optical

range (see Figure 3.3(b)), unchanging as a result of the absence of any interband

transitions. Small volume fractions (up to 5%vol) of Ag NPs were seen to increase



30

the low energy dielectric constant up to about 3, and interband transitions between

2 and 3 eV cause ǫ1 values to approach 8.

The absorption coefficient (α, see Figure 3.4(a)) and conductivity (not shown)

of the polymer were modified significantly by incorporation of the inclusions. The

polymer is transparent to light propagation and does not conduct electricity in this

range. The spectrum of the NC is very similar to that of the NP for photon energies

above 1.6 eV. Below this threshold, however, αNC and σNC exhibit features specific to

the complex material. Very small NP absorption strengths in this excitation energy

range are present in Figure 3.3(a). These cause increased electrical conductivity that

is somewhat amplified and broadened in the NC, and lead to significant extinction of

the incident wave.

As shown in Figure 3.4(d), the NC could be made partially reflective (up to 40%)

to normal incident radiation for certain photon energies, whereas the bare polymer

was not reflective at all.

3.3 Effect of NP Shape and Size on NC Optical

Response

Most of the NPs studied exhibited absorption strengths that changed depending on

the incident field direction (NPs C–F, H and I in Figure 2.1). Plots showing the

influence of loading on ǫ2 of the NP and corresponding NCs are presented in Fig-

ures 3.5 for NPs C–F and 3.6 for NPs H and I. (Additional optical spectra of these

NPs are presented in Appendix B.) Although these plots are difficult to trace back to

wavefunction shapes because of the complex DOS in these systems, the directional-

ity dependence likely arises via distinct geometrical shapes of the molecular orbitals

involved in the relevant electronic transitions. Overall, absorption peaks were blue-

shifted in the direction in which the NP size was smaller, as expected from basic

quantum confinement models such as particle in a box.
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Figure 3.5: Influence of volume fraction and crystalline NP size and shape on the
imaginary dielectric constant (ǫ2) of Ag/PVDF NCs. NCs with NPs C–F (Fig. 2.1)
are represented in panels (a)–(d), respectively. In each graph, subpanels (i) and (ii)
report optical properties of NCs with incident fields polarized along the z- and x-axes
of the NP, respectively. Subpanel (iii) presents ǫ2 of the NP in vacuum, with incident
fields along the z-axis (black line) and along x (solid red line). In subpanels (i) and
(ii), different lines correspond to different NC volume fractions. Loading increases
from: solid black, solid red to dashed blue. Exact volume fractions for NCs are given
in Table 3.1.
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Figure 3.6: Influence of volume fraction and amorphous NP size and shape on the
imaginary dielectric constant (ǫ2) of Ag/PVDF NCs. NCs with NPs H and I (Fig. 2.1)
are represented in panels (a) and (b), respectively. In each graph, subpanels (i) and
(ii) report ǫ2 of NCs with incident fields polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents ǫ2 of the NP in vacuum, with incident fields
along the z-axis (black line) and along x (solid red line). In subpanels (i) and (ii),
different lines correspond to different NC volume fractions. Loading increases from:
solid black, solid red to dashed blue. Exact volume fractions for NCs are given in
Table 3.1.
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Table 3.1: Legend for Figures 3.5 and 3.6, listing polymer chain lengths and %vol of
NC systems with their respective line colours.

Figure System Line Colour/Type
3.5 C/1250 (2.0%vol) solid black
3.5 C/836 (3.0%vol) solid red
3.5 C/536 (4.6%vol) dashed blue
3.5 D/1250 (2.3%vol) solid black
3.5 D/836 (3.4%vol) solid red
3.5 D/536 (5.1%vol) dashed blue
3.5 E/1250 (2.0%vol) solid black
3.5 E/836 (3.0%vol) solid red
3.5 E/590 (4.2%vol) dashed blue
3.5 F/1250 (2.9%vol) solid black
3.5 F/836 (4.3%vol) solid red
3.5 F/416 (8.3%vol) dashed blue
3.6 H/1250 (1.6%vol) solid black
3.6 H/836 (2.4%vol) solid red
3.6 H/416 (4.7%vol) dashed blue
3.6 I/1250 (1.7%vol) solid black
3.6 I/836 (2.6%vol) solid red
3.6 I/416 (5.1%vol) dashed blue

The polarization-dependent trends were maintained in the NCs. Slight red-shifts

and additional structure were observed in the absorption spectra as the NP was placed

in the matrix material. Significant enhancement of absorption strengths was achieved

with higher NP loading in all systems.

Figure 3.6 presents the absorption spectrum of the amorphous Ag12 and Ag13,

(NPs H and I), and their NCs. The graphs illustrate the importance of NP crys-

tallinity to localization of excitation peaks: although the polymer itself was amor-

phous, absorption peaks of the NCs were localized roughly as much as those of the

respective NPs. In the case illustrated in Figure 3.6, the NP itself was amorphous,

absorption bands became broad, and the specificity of absorption was lost.

Clearly, for the ideal monodisperse systems discussed here, changing the particle

size and shape allowed tuning of optical properties, while significant dependence on

applied field directions indicates applicability for optical switches. Real experimental

systems, however, are often not monodisperse, and bulk optical properties become

averages over the various NP shapes and orientations. A simple polydispersity model

and its impact on theoretical optical response in these systems is discussed below.



34

3.4 Polydispersity

A system was designed with two different NPs within a large unit cell. Inclusions A

and C were placed roughly along a [111] diagonal of the unit cell, with a 1094-atom

long PVDF segment. Inclusion orientations were kept as in Figure 2.1. The optical

response of the AC/1094 composite is compared in Figure 3.7 with those of NCs based

on the constituent inclusions, as well as with the properties of a NC based on a single

28-atom inclusion (NP G in Figure 2.1). The dependence of the absorption spectrum

on the polarization direction is also shown in the figure.
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Figure 3.7: Influence of polydispersity and incident field polarization on the imag-
inary dielectric constant (ǫ2) of Ag/PVDF NCs. Panels (a) and (b) compare ǫ2 of
AC/1094 (4.2%vol) NC (solid black line) with the sum of ǫ2 from the monodisperse
systems A/1250 (1.7%vol) and C/1250 (2.0%vol) (dashed red lines) with incident
fields polarized along the (a) z-axis and (b) x-axis. Panel (c) shows ǫ2 from incident
fields polarized along [111], in line with both inclusions (solid black line), and [11̄0],
a perpendicular direction (dashed green line). Panel (d) shows ǫ2 from incident field
polarized along the x-axis for G/1094 (4.2%vol) (solid black line) and G in vacuum
(dashed red line), with ordinate scales along left and right sides, respectively.
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From the point of view of NP loading, the polydisperse system can be roughly

thought of as a mixture of NCs A/547 and C/547. Comparisons of the AC/1094

optical spectrum with the sum of the monodisperse A and C NCs with similar vol-

ume fractions showed more intensity in the sum spectrum than in the polydisperse

spectrum. Instead, as shown in Figure 3.7(a) and (b) for the z and x polarization

directions, the polydisperse spectrum was very similar to the sum spectrum of the

A and C NCs at about half loading. Examination of the interparticle spacings in

these systems points to the reason behind this somewhat unexpected observation:

edge to edge interparticle spacing in AC/1094 was about 16 Å between PBC image

NPs, similar to the ≈15 Å PBC interparticle spacing in both the A/1250 and C/1250

NCs. For comparison, the edge-to-edge interparticle spacing in A/536 is about 9 Å.

The data therefore suggests that the intensity of the optical response of the material

is better correlated with interparticle spacings along the polarization direction, than

with loading (although loading itself significantly impacts the absorption intensity).

Figure 3.8 presents a snapshot of the polydisperse simulation cell.

To examine the impact of NP dispersion at constant loading, we evaluated the

optical properties of high symmetry Ag28 NC (G/1094). The absorption spectrum

of G/1094 is presented in Figure 3.7(d). The plot shows broad absorption peaks

along a relatively narrow excitation energy interval, very different from the more

structured peaks, throughout a larger excitation energy range, exhibited by the poly-

disperse spectrum. This is well correlated to the DOS of the two systems (see Fig-

ure 3.9), which shows more band-like structure, with broader peaks at lower energies,

for G/1094, than for AC/1094, and consistent with quantum confinement energy

shifts. Figure 3.8 presents a snapshot of a polydisperse simulation cell.

A final point examined in relation to polydispersity is the dependence on the po-

larization (or incident field) direction. Figures 3.7(b) and (c) show the absorption

spectrum of AC/1094 along z and x, respectively. The blue shift of the x-polarized

spectrum is consistent with quantum confinement for NP C, as discussed in some

length in relation to Figure 3.5. The other type of inclusion, NP A, exhibited no

polarization dependence in its vacuum spectrum (Figures 3.3 and 3.4). The direc-

tional dependence in the polydisperse system, however, is more complex than just

along the replication directions of the PBCs: the inclusions are placed along a unit

cell diagonal, thus this polarization direction will exhibit distinct periodicity with the

two inclusions alternating. Figure 3.7(c) describes these new polarization directions,

along the unit cell diagonal that includes the two NPs (direction [111]) and also along

a perpendicular direction ([11̄0]). When the two NPs alternate in the polarization
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Figure 3.8: Snapshot of a simulation cell with PBC with 1094 PVDF atoms and both
15 and 13 atom Ag NPs (AC/1094). NPs are positioned at opposite vertices of the
cell. For clarity, silver atoms are grey, fluorine is blue, carbon is red, and hydrogen
is green. z-axis runs approximately from top to bottom of page and x-axis runs from
left to right of page. Cell is tilted slightly to show three-dimensionality.

direction, the resulting spectrum is an average of the x and z polarization directions.

When the field is applied along the perpendicular direction [11̄0], the x-polarization

spectrum is mostly found. Both results correlate well with the directionality of the

fields in relation to the anisotropic inclusion C: field lines along [111] make about a

55◦ angle with the long axis of the NP, while field lines along [11̄0] are in the xy plane

and thus along the short NP axis.
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Figure 3.9: Influence of polydispersity on the density of states (DOS) of Ag/PVDF
NC. Panel (a) presents the DOS of polydisperse AC/1094. Panel (b) presents the
DOS of (i) G/1094 and (ii) NP G. The zero on the Energy axis is set at the Fermi
energy. Black lines show a Gaussian energy broadening of 0.05 eV, and the red lines
illustrate the location of states with a finer broadening of 0.001 eV.
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3.5 Summary

The presence of small volume fractions of Ag NPs in PVDF significantly altered the

electronic band structure and density of states. A wide range of optical properties are

affected, which can be modified by the volume fraction and NP shape. Monodisperse

systems are important in producing unique optical spectra from the NP: polydis-

perse spectra are superpositions of the monodisperse systems. The following chapter

examines the role of Ag nanodisk and nanorod structures in PVDF.
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Chapter 4

Results and Discussion:

Nanoparticle Morphology and

Aspect Ratio Effects

This chapter presents and discusses results from Ag/PVDF NCs with rod and disk-

shaped inclusions. The influence of nanodisk and nanorod aspect ratio on ǫ2 is inves-

tigated. Nanodisk inclusions are constructed with either {111} or {100} basal planes,

and the effect of crystallographic projections on the optical spectra are examined.

Lastly, the influence of structural changes to nanorod termini are discussed.

Electronic structures of NPs are clearly determined by the cluster’s stability, even

away from the ultra-stable magic number clusters that are due to electronic shell

closings within the nanostructure. [120, 154, 162, 196–198] The binding energies of

the various NP structures quantify their relative stability (see Equation 2.22 and

Figure 4.1), and are used to examine its effect on optical spectra in the following

sections. From the figure, and as confirmed by previous theoretical calculations,

[197, 199, 200] larger clusters were overall more stable. The presence of {111} basal

planes also led to tighter binding in both disk and rod-shaped NPs, in a trend that

was expected from crystal plane surface energies. Not unexpectedly, given their small

sizes, all of the NPs considered here exhibit strong finite size effects. For comparison,

the PBE/DZP binding energy for bulk Ag was 5.03 eV.
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Figure 4.1: Influence of NP aspect ratio, shape and basal plane structure on binding
energy. Black circles – {111} disks (NPs E, J–R). Red squares – {100} disks (NPs
S–V). Green diamonds – {100} rods (NPs A, F and W). Blue triangles – {111} rods
(NPs X–Z).

4.1 Nanodisk Aspect Ratio Effects

Disk-shaped inclusions consisted of two layers of Ag atoms, with surfaces in the {111}

or {100} planes. A sample NC simulation cell with NP V is shown in Figure 4.2.

Changes in the horizontal size of these atomic layers led simultaneously to changes

in cluster size, aspect ratio and horizontal interparticle distance in the corresponding

NCs. Spectra for normal and transverse excitations for NCs of three {111} facet

disks are presented in Figure 4.3, and their DOS plots for the relevant NPs and

NCs in Figure 4.4. (Absorption spectra and DOS plots for additional {111} facet

nanodisks and NCs are provided in Appendix B.) As expected from confinement

models, absorption for both the NPs and their NCs occurred at higher energies for

excitations along the shorter normal direction (Figure 4.3(a)), than along the longer

transverse direction (panel (b)).

A pervasive feature in the disk-based NC spectra was that the high-energy absorp-

tion peaks of the inclusions were shifted to lower energies and broadened in the NCs.

This is due to a combination of two effects: firstly, the conduction bands originating

from the pure matrix become involved in electronic transitions at these higher photon
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Figure 4.2: Snapshot of a simulation cell with PBC with 1130 PVDF atoms and 29
atom nanodisk (V/1130). For clarity, silver atoms are grey, fluorine is blue, carbon is
red, and hydrogen is green. z-axis runs approximately from top to bottom of page and
x-axis from left to right of page – cell is tilted slightly to show three-dimensionality.

energies; and secondly, high-energy NP virtual states are broadened in the NC due to

interaction with the matrix conduction band. Both effects can be seen, for example,

by comparison of the NP and NC DOS plots in Figures 4.4(a) and (b), respectively,

in the 2-4 eV range.

Overall, as nanodisk size increased, NP and NC spectra broadened for {111}

clusters, regardless of polarization direction. NCs with 12-15 atom inclusions (NPs

J,K and E) had few, discrete absorption peaks (see Figure 4.3a(i)). Increasing NP

size caused first coalescence of peaks, (as, for example, in N/740 – Figure 4.3a(ii));

then, for the larger inclusions considered here, an overall extension of the absorption

energy range (see, for example, the spectrum of O/782 – Figure 4.3a(iii)). These
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spectral changes generally arose due to the broadening of wavefunction bands in

the DOS plots with increasing particle sizes. A small red-shift of the absorption

spectrum with increasing inclusion size was observed for NCs polarized along the x

direction (Figure 4.3(b)), in agreement with experiments [201] and discrete dipole

approximation simulations. [160] Low energy peaks also appeared in the spectra of

some of the larger NPs and their NCs, when a few electronic wavefunctions with

similar energies formed small bands in the vicinity of the Fermi energy and upwards

of about 1 eV. This was the case for NCs O/782 (subpanels (iii) in Figure 4.3b

and Figure 4.4c and d), P/860 and Q/938, and, to a lesser extent, D/626. The

spectral location of the absorption of z-polarized light was independent of inclusion

sizes (Figure 4.3a).
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Figure 4.3: Optical response for NCs with disk-shaped inclusions from {111} basal
planes. Normal and transverse polarization for the NPs and NCs are shown in panels
(a) and (b), respectively. Solid black lines are from NCs and dashed red are from
NPs in vacuum, with ordinate scales along left and right sides, respectively. Subpanels
(i)–(iii) present NCs J/470, N/740 and O/782, respectively.
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Figure 4.4: Density of states (DOS) plots for NCs with disk-shaped inclusions from
{111} basal planes. Panel (a) presents DOS for NPs J, N and O in subpanels (i)–(iii),
respectively. Panel (b) presents DOS for NCs J/470, N/740 and O/782, respectively.
Curves for Gaussian energy broadening of 0.05 eV (black lines) and 0.001 eV (red
lines) are shown.
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4.2 Nanodisk Crystal Facet Effects

The crystallographic profile of NP basal planes impacted NC absorption spectra in

a number of ways. Figure 4.5 shows ǫ2 for three {100} nanodisks (NPs S, T and U)

and their NCs, from normal and transverse field polarizations (panels (a) and (b),

respectively). Figure 4.6 shows DOS plots for the NPs and their NCs (panels (a) and

(b), respectively). (Appendix B includes ǫ2 and DOS plots of NP U and U/980.) First,

spectra of these less stable {100} disk NPs and their NCs were broadened relative

to their {111} counterparts. {100} disk spectra were also slightly blue-shifted in

normal fields, and red-shifted in transverse fields. The former shifts are likely due

to the slightly smaller height of these disks (see Table 2.1), while the latter can be

attributed to the reduced stability of the {100} disk NPs, and correspondingly lower

HOMO-LUMO gap. The gap difference is clearly observed by comparing the NC

DOS in Figures 4.4 and 4.6.

The spectral broadening in NCs based on {100} inclusions correlated well with the

extent of polymer involvement in the optical response of the material: high-energy

NC spectra for normal polarization were broadened as the matrix conduction band

participated in these transitions (for example, NCs S/740 and T/818 in Figure 4.5a(i)

and (ii)). In fact, examination of the spectral behaviour of NCs based on {111} and

{100} facet disks provides the best support to the suggested mechanism for matrix-

inclusion interactions in these systems, through a contrasting case: that of U/980.

This system exhibits, in normal polarizations, an ǫ2 spectrum very similar to that of

the vacuum inclusion (see Figure 4.5a(iii)). A comparison of DOS plots for the NP

and the NC, given in Figure 4.6a(iii) and b(iii), respectively, reveals a peculiarity in

the high-energy region. High degeneracy below the Fermi energy in NP U led to a

low Fermi energy in the NC, and thus a relatively high location of the matrix-based

conduction band. Orbitals involved in transitions up to and over 3.5 eV in this system

belong largely to the NP, thus the similarity of the two spectra.

A further example showing the importance of crystallographic projections in NP

and NC absorption spectra is provided from NPs N and S. They have the same number

of atoms, nearly equal aspect ratios and interparticle distances between PBC images

(see Table 2.1), but differ in their surface structure. Prominently, NP N with {111}

surfaces exhibits a narrower range of transitions from both x and z polarized fields

(subpanels (ii) in Figure 4.3(a) and (b)) than NP S with {100} surfaces (subpanels

(i) in Figure 4.5(a) and (b)). The DOS of NP S (Figure 4.6a(i)) shows degenerate

states both at the Fermi energy as well as slightly below it. The presence of the

matrix acts by splitting these states into a narrow band (Figure 4.6b(i)), which acts
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Figure 4.5: Optical response for NCs with disk-shaped inclusions from {100} basal
planes. Normal and transverse polarization for the NPs and NCs are shown in panels
(a) and (b), respectively. Solid black lines are from NCs and dashed red are from
NPs in vacuum, with ordinate scales along left and right sides, respectively. Subpanels
(i)–(iii) present NCs S/740, T/818 and U/980, respectively.

by broadening the energetic range of ǫ2. No such interactions are observed from the

DOS of NP N and N/740 (subpanels (ii) in Figure 4.4).
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Figure 4.6: Density of states (DOS) plots for NCs with disk-shaped inclusions from
{100} basal planes. Panel (a) presents DOS for NPs S, T and U in subpanels (i)–(iii),
respectively. Panel (b) presents DOS for NCs S/740, T/818 and U/980, respectively.
Curves for Gaussian energy broadening of 0.05 eV (black lines) and 0.001 eV (red
lines) are shown.
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4.3 Nanorod Aspect Ratio Effects

Nanorod aspect ratio predominantly affects longitudinal polarization response by red-

shifting ǫ2 with increasing nanorod length. The material response from rods (NPs F

and W) are compared to that of an almost spherical cluster (NP A) in Figure 4.7.

Longitudinal polarization (panel (a)) was found to linearly shift the NP and NC

wavelength (or energy) of maximum absorption to lower energy as the nanoparticle

increased in length. This quantum confinement effect also agrees with experimental

results, [65, 202] and TD-DFT calculations. [203] Moreover, the NP spectral shapes

reported here are similar to those reported by others [203], but suggest a scissor

operator of ≈1.5 eV may be required. These similarities, provided that interband

transitions provide a sufficient model of optical absorption, further validate the less

computationally intensive time-independent formalism.

Longitudinal excitations in NCs became more intense and more numerous with

increasing nanorod length. The integral area under the longitudinal absorption curves

between 0–5 eV also increased linearly with both aspect ratio and number of atoms,

indicating that more transitions become available with longer nanoparticle length. In

contrast, the number of transitions from transverse polarized fields (panel (b)) did

not change between the three NCs, because the NP width was constant, in agreement

with experimental results. [103]
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Figure 4.7: Influence of incident field polarization and nanorod aspect ratio on imag-
inary dielectric constant (ǫ2) of Ag NPs and NCs. Panels (a) and (b) present optical
response from longitudinal and transverse polarization, respectively. Subpanels (i)–
(iii) show different NC systems as follows: A/512, F/860 and W/1214, respectively.
Solid black is from NC and dashed red is from NP in vacuum, with ordinate scales
along left and right sides, respectively.
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4.4 Nanorod End-Cap Structural Effects

The end-cap structure of nanorods predominantly affected the range of transitions

from the longitudinally polarized absorption spectra. NPs were designed having

three different end-caps: trigonal pyramidal with {111} facets (NP X); hemispherical

(nanorice structures) (NP Y); and a blunt {111} plane (NP Z). The central region

of the rod preserved the same structural features across the three NPs. A simulation

cell snapshot of X/1052 is shown in Figure 4.8. Figure 4.9(a) shows the longitudinal

absorption spectra, where a narrow transition range from X/1052 (subpanel (i)) is

evident. Subpanels (ii) and (iii) show increasingly broader and discrete spectra from

Y/980 and Z/1214, respectively. This sequential broadening can be traced back to

the DOS of the NPs and NCs (see Figure 4.10). NP X and X/1052 both have a

narrow range of occupied states near the Fermi energy (subpanels (i) in panels (a)

and (b), respectively). For NPs Y and Z (and NCs Y/980 and Z/1214), states are

observed to split off from the Fermi level and move to lower energies (subpanels (ii)

and (iii)), thus broadening transition energy ranges.

End-cap structure was also influential on the optical absorption from transverse

polarized fields, though to a lesser extent than from longitudinal fields. These tran-

sitions occur at higher energies, such that transitions starting near the Fermi energy

are placed into states near the polymer conduction band (between 1.5–3.0 eV) shown

in the DOS (Figure 4.10). NP states in this range increase in breadth and density

from NP Y to X to Z, correlating with the optical absorption ranges exhibited by the

NPs and NCs (Figure 4.9(b)). NC spectra follow the same spectral broadening trend

as their respective NPs, where a lower energy onset of the polymer conduction band

leads to broader spectra.
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Figure 4.8: Snapshot of a simulation cell with PBC with 1052 PVDF atoms and 27
atom nanorod (X/1052). For clarity, silver atoms are grey, fluorine is blue, carbon is
red, and hydrogen is green. x-axis runs approximately from top to bottom of page and
x-axis from left to right of page – cell is tilted slightly to show three-dimensionality.
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Figure 4.9: Influence of incident field polarization and nanorod end-cap structure on
imaginary dielectric constant (ǫ2) of Ag NPs and NCs. Panels (a) and (b) present op-
tical response from longitudinal and transverse polarization, respectively. Subpanels
(i)–(iii) show different NC spectra as follows: X/1052, Y/980 and Z/1214, respec-
tively. Solid black is from NC and dotted red is from NP in vacuum, with ordinate
scales along left and right sides, respectively.
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Figure 4.10: Influence of nanorod end-cap morphology on the density of states (DOS)
of (a) NPs and (b) their NCs. Subpanels (i)–(iii) present spectra from NPs X, Y and
Z, respectively, and their NCs. The zero on the Energy axis is set at the Fermi energy
of that particular material. Black lines show a Gaussian energy broadening of 0.05eV,
and the red lines illustrate the location of states with a finer broadening of 0.001eV.
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4.5 Summary

In summary, NC optical properties can be tuned using nanodisks and nanorods which

have different field response properties. Not only does aspect ratio affect the shape

and intensity of absorption spectra, but crystallographic planes in nanodisks and the

capping morphology in nanorods are also influential.
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Chapter 5

Conclusions

Optical properties of model Ag/PVDF nanocomposites were calculated from dipolar

interband transitions using the DFT implementation in SIESTA. This is the high-

est level of theory that is applicable to these types of systems, with simulation cells

comprising over a thousand atoms. The resulting properties would be appropriately

defined as ideal or theoretical limits, as the methodology assumes monodisperse sys-

tems, or systems with limited polydispersity, ignores local field effects and indirect

transitions and is only applicable for high-frequency (optical regime) applied fields.

Bulk amorphous PVDF has a large band gap of almost 7 eV. The inclusions

placed a large number of levels, and also many electrons, in the band gap. This had

the double effect of providing levels for excitations in the optical range where pure

PVDF had no response, and of shifting the Fermi energy much closer to the polymer

conduction band. In this fashion, although calculations showed very small interactions

between the electronic states of the mixed material components, the resulting optical

properties were strongly impacted by both.

Photon energy ranges for the NC absorption followed those of the bare NP spec-

trum. Depending on the relative positions of the conduction band and the Fermi

energy in a given NC system, small (about 0.2 eV) red- and blue-shifts were observed

for the NC. The presence of the matrix also provided additional structure in the spec-

trum, while larger volume fractions of the metallic inclusions led to stronger optical

response of the bulk material.

For all but three of the NCs studied here, the excitation energies depended on the

direction of the applied field. This dependence likely arose from the geometrical fea-

tures of orbitals involved in transitions, and was particularly significant for crystalline

NPs with strong shape anisotropies. This directionality dependence is a feature that

is unlikely to be found in experimentally synthesized NCs with strong polydispersities
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and uneven NP alignment. However, directionally dependent absorption could have

applications in optical switches, similar to those of optical crystals.

A simple polydisperse system with two NPs per unit cell: one a high-symmetry

NP and the other an anisotropic NP, provided further insight into the dispersion and

directional dependence of NC optical properties. Optical response in the polydisperse

NC was significantly different from the monodisperse NC with the same number of

Ag atoms per cell. In terms of the effect of polarization direction, optical response

correlated well with the interparticle spacing along the applied field, and also with

the orientation of the anisotropic inclusion with respect to the field direction.

NC simulations with nanodisks and nanorods were sensitive to the polarization

of the incident electric field. Fields directed along the longitudinal axis of nanorod

NCs produced absorption spectra (ǫ2) that red-shifted with increasing aspect ratio.

This was also seen in NCs with nanodisks from transverse polarized fields. Although

such results from quantum confinement are well-known in the literature, this trend

potentially validates the use of interband transition calculations within DFT to model

optical properties of certain insulating materials.

Small aspect ratio nanodisks had discrete spectra, while those with larger aspect

ratios formed agglomerated energy bands. Such structure could be traced back to

the DOS, where larger disks showed increased degeneracy and more states positioned

closer together. These energy “bands” broadened for larger NPs as more states be-

came available for population. This is due to a greater number of atoms, resulting

in increased atomic coordination. For disks with increasing aspect ratio, absorp-

tion peaks were seen to coalesce and subsequently widen from transverse polarized

fields. Normal polarized fields were largely unaffected because the thickness did not

change across nanodisks with the same crystallographic basal planes. This direction-

dependent field response shows a high level of tunability for optical switches.

The importance of NP stability is exemplified in {111} and {100} nanodisk com-

posites. Their spectra are distinct, indicating the importance of atomic packing and

coordination. Polarized spectra from normal fields were slightly blue-shifted in {100}

basal plane disks compared to {111} disks, due to small differences in disk thickness.

The increased stability of {111} surfaces also led to a blue-shifting of transverse fields.

Therefore, crystallographic projections are important factors in optical tuning.

In the case of nanorods, increasing aspect ratio linearly red-shifted NC longitu-

dinal absorption spectra, without significantly changing the spectral features. The

number of transitions also increased linearly with aspect ratio from longitudinally

polarized fields, but was relatively unaffected from transverse polarization. Nanorod
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end-cap structure was found to affect the breadth of transitions from both longitudi-

nal and transverse fields. These findings provide further design parameters for optical

response features of nanomaterials.

Our findings suggest that DFT is a viable method to model optical property

trends in Ag/PVDF NCs. Pervasive throughout this work was the tunability of

optical spectra with NP volume fraction, shape, size and polarization of the applied

electric field.
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Appendix A

Method development

The design of NC systems and simulation cells was overviewed in Chapter 2. Pre-

sented below is a detailed account of the specific methods undertaken to construct

simulation cells and run classical and DFT simulations.

A.1 MM/MD Simulations

Ag NP coordinates were obtained from home-built FORTRAN programs that gener-

ated atomic coordinates based on the fcc lattice constant of Ag (4.086 Å). Distances

between neighboring atoms were calculated from trigonometry. Specific NP shapes

were generated by replicating atomic coordinates.

For the two systems designed in GaussView, Ag13 (NP A) coordinates were in-

put by hand into GaussView. The polymer chain, built as a fragment molecule in

GaussView, was then twisted about the inclusion, forming an almost spherical shape.

Since PVDF was not one of the available parameterized molecules in Gromacs,

the topology file describing the atomic connectivity had to be constructed. This

consisted of generating three lists. The first provided a numerical listing of atoms that

corresponded to the order of atoms given in the coordinate file. The atomic index was

also assigned an atom type, elemental symbol, mass, partial charge and charge group.

The second list specified the connectivity between atoms, with the equilibrium bond

lengths and stretching constants. The third provided bond angles between atoms with

equilibrium bond lengths and constants. Since atoms are referred to by number in the

topology file, it was important to ensure that the polymer constructed in GaussView

had a sequential and patterned assignment of atom ordering in the coordinate file.

This organization facilitated writing a FORTRAN program to generate each of the

three lists for a given polymer chain length and number of silver atoms.
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Coordinate files from GaussView had to be transformed into the protein databank

format (.pdb) which Gromacs could interpret. The Gaussian file format (.gjf) from

GaussView was converted to .xyz format using vim, the Linux-based text editor. The

.xyz format was then converted into protein databank format (.pdb) using a home-

built FORTRAN program. The simulation cell lattice constants were specified using

the editconf subroutine in Gromacs.

Force field files, with bonding and non-bonding parameters taken from the lit-

erature, were formatted to be read by Gromacs. An index file was generated using

the make ndx subroutine in Gromacs, so that relative Ag atom coordinates could be

frozen and not scaled by pressure coupling runs. Systems were minimized using the

conjugate gradient (CG) algorithm, as it was the only energy minimization algorithm

available in Gromacs which respected frozen atoms. Minimization was performed by

sequentially decreasing the maximum force tolerance from 100 to 0.1 kJ ·mol−1 ·nm−1.

A script file was written to fully automate this procedure. This was necessary be-

cause a small maximum force tolerance did not necessarily provide the lowest energy

structure. The output files were read to select that with the lowest maximum force.

MD pressure coupling runs were performed incrementally. Compression occurred

very slowly, and MD runs would terminate unexpectedly. When this occurred, the

time constant was increased, which often resolved the issue. When this failed to

provide a stable pressure coupling run that would complete 50,000 steps, a number

of options were attempted: a different system geometry and coordinates were taken

from a previous MD run; MD runs were performed with no pressure coupling (under

constant volume) in effort to obtain a stable starting geometry; geometries were

relaxed; or any combination of the above.

After each successful pressure coupling run, the step with the lowest volume was

selected for subsequent compression. This was done using the g energy subroutine

in Gromacs, which printed cell volumes at every 100th step. Specific run coordinates

were then extracted using the trjconv subroutine.

Although Ag atoms were frozen, pressure coupling did scale NP coordinates.

When the final cell volume and density were obtained, NP coordinates were regener-

ated from the FORTRAN program, and reincorporated into the coordinate file. This

system was then annealed from 1000–25K over 780,000 steps with 0.001 ps step sizes,

followed by sequential energy minimization using CG.

Additional NC systems were designed from previously compacted structures. Dif-

ferent NP coordinates were placed into the volume of space formed by the previous

NP. In extreme cases, where the NP was so large as to overlap with polymer atoms,
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selected NP atoms were excluded until additional MD simulations provided sufficient

space around the silver cluster.

In the polydisperse system, the second inclusion was grown by first placing a single

Ag atom amongst polymer atoms. With subsequent MD runs, more space was formed

around the atom, enabling additional atoms to be placed. The two inclusions were

then gradually translated to opposite vertices through additional MD runs until the

NPs were roughly equidistant from each other, both through the cell and across PBC

images. Coordinate files from Gromacs were converted into the coordinate file format

of SIESTA using vim.

A.2 DFT Simulations

DFT simulations used input parameters as exemplified in the sample input file in

Figure A.2. DM.NumberPulay and DM.MixingWeight values were not optimized for

SCF convergence. For spin-polarized calculations, SCF convergence was achieved

by setting DM.NumberPulay to zero, and DM.MixingWeight to 0.1. DirectPhi and

SaveMemory were set to true to reduce the large memory requirement in optical

calculations of large systems. A large MeshCutoff of 500 Ry was used to ensure

numerical convergence. A minimal optical.Mesh sampling of 1×1×1 was used, since

larger sampling sizes caused the run to crash – likely a result of insufficient memory.
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Figure A.2: Sample DFT (SIESTA) input file.
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Appendix B

Additional Spectra

Additional optical spectra and densities of states are presented here for NPs and

NCs. Figures B.1–8 show the complex dielectric constant (ǫ = ǫ1 + ǫ2), reflectance

at normal incidence (R) and absorption coefficient (α) of NPs B–I along with the

NC spectra, showing the influence of NP loading. Densities of states and imaginary

dielectric constant are shown in Figures B.9–14 for all NPs and selected NCs, where

not present in the discussion.



75

0

1

2

0

7

0 1 2 3 4 5
0

6

ǫ 2

Photon Energy (eV)

(a)

(i)

(ii)

(iii)

0 1 2 3 4 5
-5

0

5

-5

0

5

0

1

2

3

ǫ 1

Photon Energy (eV)

(b)

(i)

(ii)

(iii)

0

0.1

0.2

0

0.2

0.4

0.6

0 1 2 3 4 5
0

0.2

0.4

0.6

R

Photon Energy (eV)

(c)

(i)

(ii)

(iii)

1

100

10000

1e+06

1

100

10000

0 1 2 3 4 5
1

100

10000

α
(c

m
−

1
)

Photon Energy (eV)

(d)

(i)

(ii)

(iii)

Figure B.1: Influence of NP volume fraction and incident field polarization on the
optical properties of NP B and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP
in vacuum, with incident fields along the z-axis (black line) and along x (dotted red
line). For the present plot, the optical properties of pure NP do not depend on field
direction, and the lines in subpanels (iii) are superimposed. In subpanels (i) and (ii),
different lines correspond to different NC volume fractions, as follows: solid black
– B/1250 (2.5%vol), dotted red – B/836 (3.7%vol), dashed blue – B/644 (4.8%vol),
dot-dashed green – B/536 (5.7%vol). Horizontal solid orange lines represent the pure
amorphous PVDF polymer. Where the orange line is not visible, it coincides with
the graph’s abscissa.
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Figure B.2: Influence of NP volume fraction and incident field polarization on the
optical properties of NP C and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP
in vacuum, with incident fields along the z-axis (black line) and along x (dotted red
line). In subpanels (i) and (ii), different lines correspond to different NC volume
fractions, as follows: solid black – C/1250 (2.0%vol), dotted red – C/836 (3.0%vol),
dashed blue – C/644 (3.8%vol), dot-dashed green – C/536 (4.6%vol), solid maroon –
C/416 (5.8%vol). Horizontal solid orange lines represent the pure amorphous PVDF
polymer. Where the orange line is not visible, it coincides with the graph’s abscissa.
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Figure B.3: Influence of NP volume fraction and incident field polarization on the
optical properties of NP D and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP
in vacuum, with incident fields along the z-axis (black line) and along x (dotted red
line). In subpanels (i) and (ii), different lines correspond to different NC volume
fractions, as follows: solid black – D/1250 (2.3%vol), dotted red – D/836 (3.4%vol),
dashed blue – D/644 (4.3%vol), dot-dashed green – D/536 (5.1%vol), solid maroon –
D/416 (6.5%vol). Horizontal solid orange lines represent the pure amorphous PVDF
polymer. Where the orange line is not visible, it coincides with the graph’s abscissa.
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Figure B.4: Influence of NP volume fraction and incident field polarization on the
optical properties of NP E and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP in
vacuum, with incident fields along the z-axis (black line) and along x (dotted red line).
In subpanels (i) and (ii), different lines correspond to different NC volume fractions,
as follows: solid black – E/1250 (2.0%vol), dotted red – E/836 (3.0%vol), dashed
blue – E/590 (4.2%vol). Horizontal solid orange lines represent the pure amorphous
PVDF polymer. Where the orange line is not visible, it coincides with the graph’s
abscissa.
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Figure B.5: Influence of NP volume fraction and incident field polarization on the
optical properties of NP F and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP in
vacuum, with incident fields along the z-axis (black line) and along x (dotted red line).
In subpanels (i) and (ii), different lines correspond to different NC volume fractions,
as follows: solid black – F/1250 (2.9%vol), dotted red – F/836 (4.3%vol), dashed
blue – F/416 (8.3%vol). Horizontal solid orange lines represent the pure amorphous
PVDF polymer. Where the orange line is not visible, it coincides with the graph’s
abscissa.
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Figure B.6: Influence of NP volume fraction and incident field polarization on the
optical properties of NP G and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP
in vacuum, with incident fields along the z-axis (black line) and along x (dotted red
line). For the present plot, the optical properties of pure NP do not depend on field
direction, and the lines in subpanels (iii) are superimposed. In subpanels (i) and (ii),
different lines correspond to different NC volume fractions, as follows: solid black
– G/1250 (3.7%vol), dashed blue – G/836 (5.4%vol). Horizontal solid orange lines
represent the pure amorphous PVDF polymer. Where the orange line is not visible,
it coincides with the graph’s abscissa.
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Figure B.7: Influence of NP volume fraction and incident field polarization on the
optical properties of NP H and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP in
vacuum, with incident fields along the z-axis (black line) and along x (dotted red line).
In subpanels (i) and (ii), different lines correspond to different NC volume fractions,
as follows: solid black – H/1250 (1.6%vol), dotted red – H/836 (2.4%vol), dashed
blue – H/416 (4.7%vol). Horizontal solid orange lines represent the pure amorphous
PVDF polymer. Where the orange line is not visible, it coincides with the graph’s
abscissa.
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Figure B.8: Influence of NP volume fraction and incident field polarization on the
optical properties of NP I and corresponding NC materials. Imaginary permittivity
(ǫ2), real permittivity (ǫ1), normal reflectance (R) and absorption coefficient (α) are
presented in panels (a)-(d), respectively. In each graph, subpanels (i) and (ii) report
optical properties of NC with incident light polarized along the z- and x-axes of the
NP, respectively. Subpanel (iii) presents the respective optical property of the NP in
vacuum, with incident fields along the z-axis (black line) and along x (dotted red line).
In subpanels (i) and (ii), different lines correspond to different NC volume fractions,
as follows: solid black – I/1250 (1.7%vol), dotted red – I/836 (2.6%vol), dashed blue
– I/416 (5.1%vol). Horizontal solid orange lines represent the pure amorphous PVDF
polymer. Where the orange line is not visible, it coincides with the graph’s abscissa.
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Figure B.9: Influence of NP shape on the density of states (DOS) of (a) NPs and (b)
their NCs. Subpanels (i)–(v) present spectra from NPs B, C, D, H and I, respectively,
and their NCs with 4.2%vol loading (B/740, C/590, D/668, H/470, and I/512). The
zero on the Energy axis is set at the Fermi energy of that particular material. Black
lines show a Gaussian energy broadening of 0.05eV, and the red lines illustrate the
location of states with a finer broadening of 0.001eV.
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Figure B.10: Influence of {111} basal plane nanodisk aspect ratio on the density of
states of (a) NPs and (b) their NCs with 4.2%vol loading. Subpanels (i)–(x) present
spectra from NPs J, K, E, L–R, respectively, and their NCs. The zero on the Energy
axis is set at the Fermi energy of that particular material. Black lines show a Gaussian
energy broadening of 0.05eV, and the red lines illustrate the location of states with a
finer broadening of 0.001eV.
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Figure B.11: Influence of {111} basal plane nanodisk aspect ratio on the imaginary
dielectric constant (ǫ2) of (a) NPs and (b) their NCs. Subpanels (i)–(x) present
spectra from NPs J, K, E, L–R, respectively, and their NCs at 4.2%vol. Solid black
is from NC and dashed red is from NP in vacuum, with ordinate scales along left and
right sides, respectively.
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Figure B.12: Influence of {100} basal plane nanodisk aspect ratio on the density of
states (DOS) of (a) NPs and (b) their NCs. Subpanels (i)–(iv) present spectra from
NPs S–V, respectively, and their NCs. The zero on the Energy axis is set at the Fermi
energy of that particular material. Black lines show a Gaussian energy broadening of
0.05eV, and the red lines illustrate the location of states with a finer broadening of
0.001eV.
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Figure B.13: Imaginary dielectric constant of {100} basal plane disk (NP V) and NC
(V/1130). Panels (a) and (b) show polarization along z- and x-axes, respectively.
Solid black is from NC and dashed red is from NP in vacuum, with ordinate scales
along left and right sides, respectively.
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Figure B.14: Influence of nanorod aspect ratio on the density of states (DOS) of
(a) NPs and (b) their NCs. Subpanels (i)–(iii) present spectra from NPs A, F and
W, respectively, and their nanocomposites. The zero on the Energy axis is set at
the Fermi energy of that particular material. Black lines show a Gaussian energy
broadening of 0.05eV, and the red lines illustrate the location of states with a finer
broadening of 0.001eV.
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Appendix C

Simulation Cells and NPs

In what follows, data tables are provided with information about simulation cells and

NPs. Table C.1 lists all NC systems that were designed and studied: providing the

NP and number of polymer atoms, the calculated volume fraction, dimensions of the

simulation cells and distances between inclusions across PBC images. Tables C.2–

C.27 give the nuclear Cartesian coordinates of the NPs.

Table C.1: NC interparticle distances across PBC images and simulation cell lattice

constants (Å). Inclusion sizes have an additional Lennard-Jones diameter of 2.889 Å

added to the largest internuclear distances. For polydisperse AC/1094, interparticle

separation is given along [111]

Particle Separation Cell Dimensions

NC System X Y Z X Y Z

A/1250 (1.7%vol) 13.674 15.596 16.470 22.344 24.266 23.450

A/740 (2.9%vol) 8.712 11.632 14.594 17.382 20.302 21.574

A/536 (4.0%vol) 6.993 9.625 12.460 15.663 18.295 19.440

A/512 (4.2%vol) 6.766 9.360 12.179 15.436 18.030 19.159

A/416 (5.1%vol) 6.479 7.920 10.405 15.149 16.590 17.385

B/1250 (2.5%vol) 13.740 15.658 12.449 22.410 24.338 23.519

B/836 (3.7%vol) 9.486 12.526 11.465 18.156 21.206 22.535

B/740 (4.2%vol) 8.789 11.710 10.598 17.459 20.390 21.668

B/644 (4.8%vol) 8.034 10.828 9.661 16.704 19.508 20.731

B/536 (5.7%vol) 7.091 9.725 8.490 15.761 18.405 19.560

C/1250 (2.0%vol) 13.698 15.622 12.405 22.368 24.292 23.475

C/836 (3.0%vol) 9.462 12.482 11.374 18.132 21.152 22.444

Table C.1: continued...
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Particle Separation Cell Dimensions

NC System X Y Z X Y Z

C/644 (3.8%vol) 7.976 10.772 9.589 16.646 19.442 20.659

C/590 (4.2%vol) 7.512 10.230 9.014 16.182 18.900 20.084

C/536 (4.6%vol) 7.025 9.663 8.410 15.695 18.333 19.480

C/416 (5.8%vol) 6.518 7.963 6.360 15.188 16.633 17.430

D/1250 (2.3%vol) 13.717 15.653 16.525 22.387 24.313 23.495

D/836 (3.4%vol) 9.463 12.519 15.536 18.133 21.179 22.506

D/668 (4.2%vol) 8.201 11.044 13.969 16.871 19.704 20.939

D/644 (4.3%vol) 8.004 10.813 13.724 16.674 19.473 20.694

D/536 (5.1%vol) 7.057 9.706 12.548 15.727 18.366 19.518

D/416 (6.5%vol) 5.855 8.303 11.056 14.525 16.963 18.026

E/1250 (2.0%vol) 13.657 15.518 18.181 22.327 24.248 23.431

E/836 (3.0%vol) 9.437 12.419 17.225 18.107 21.149 22.475

E/590 (4.2%vol) 7.514 10.173 14.838 16.184 18.903 20.088

F/1250 (2.9%vol) 13.761 15.691 12.481 22.431 24.361 23.541

F/860 (4.2%vol) 11.223 12.935 9.818 19.893 21.605 20.878

F/836 (4.3%vol) 9.522 12.578 11.520 18.192 21.248 22.580

F/416 (8.3%vol) 5.945 8.398 7.077 14.615 17.068 18.137

G/1250 (3.7%vol) 22.499 24.435 23.613 13.479 15.415 14.593

G/1094 (4.2%vol) 12.531 14.385 13.598 21.551 23.405 22.618

G/836 (5.4%vol) 18.263 21.330 22.667 9.243 12.310 13.647

H/1250 (1.6%vol) 14.870 16.982 13.610 22.340 24.262 23.445

H/836 (2.4%vol) 10.602 13.828 12.596 18.072 21.108 22.431

H/470 (4.2%vol) 7.531 10.241 8.784 15.001 17.521 18.619

H/416 (4.7%vol) 6.958 9.570 8.071 14.428 16.850 17.906

I/1250 (1.7%vol) 14.139 16.012 14.245 22.349 24.272 23.455

I/836 (2.6%vol) 9.875 12.863 13.236 18.085 21.123 22.446

I/512 (4.2%vol) 7.226 9.769 9.949 15.436 18.029 19.159

I/416 (5.1%vol) 6.235 8.611 8.717 14.445 16.871 17.927

J/470 (4.2%vol) 6.332 7.952 13.370 15.002 17.521 18.620

K/512 (4.2%vol) 6.780 9.293 13.875 15.450 18.023 19.125

L/626 (4.2%vol) 5.280 10.614 15.243 16.510 19.284 20.493

M/668 (4.2%vol) 8.153 8.157 15.692 16.873 19.707 20.942

N/740 (4.2%vol) 8.830 7.069 16.418 20.390 17.459 21.668

Table C.1: continued...
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Particle Separation Cell Dimensions

NC System X Y Z X Y Z

O/782 (4.2%vol) 6.734 12.232 16.874 17.784 20.772 22.074

P/860 (4.2%vol) 8.662 10.053 15.626 19.892 21.603 20.876

Q/938 (4.2%vol) 9.980 11.451 16.445 20.474 22.236 21.487

R/1214 (4.2%vol) 7.865 11.345 18.169 22.315 24.235 23.419

S/740 (4.2%vol) 6.399 9.330 16.738 17.459 20.390 21.668

T/818 (4.2%vol) 7.024 10.067 17.489 18.054 21.087 22.409

U/980 (4.2%vol) 6.547 8.337 17.035 20.784 22.574 21.813

V/1130 (4.2%vol) 6.614 8.515 17.938 21.791 23.665 22.868

W/1214 (4.2%v) 13.652 15.572 8.276 22.322 24.242 23.426

X/1052 (4.2%vol) 12.604 13.533 5.286 21.274 23.103 22.326

Y/980 (4.2%vol) 12.105 12.992 9.473 20.775 22.562 21.803

Z/1214 (4.2%vol) 13.647 14.666 11.091 22.317 24.236 23.421

AC/1094 (4.2%vol) 11.410 21.555 23.410 22.623
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Table C.2: Coordinates of NP A, Ag13 (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
0.000 2.889 0.000
0.000 -2.889 0.000
1.445 1.445 2.043
1.445 -1.445 2.043

-1.445 1.445 2.043
-1.445 -1.445 2.043
1.445 1.445 -2.043

-1.445 1.445 -2.043
1.445 -1.445 -2.043

-1.445 -1.445 -2.043
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Table C.3: Coordinates of NP B, Ag19 (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
0.000 2.889 0.000
0.000 -2.889 0.000
1.445 1.445 2.043
1.445 -1.445 2.043

-1.445 1.445 2.043
-1.445 -1.445 2.043
1.445 1.445 -2.043

-1.445 1.445 -2.043
1.445 -1.445 -2.043

-1.445 -1.445 -2.043
2.889 2.889 0.000

-2.889 -2.889 0.000
-2.889 2.889 0.000
2.889 -2.889 0.000
0.000 0.000 -4.086
0.000 0.000 4.086

Table C.4: Coordinates of NP C, Ag15 (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
0.000 2.889 0.000
0.000 -2.889 0.000
1.445 1.445 2.043
1.445 -1.445 2.043

-1.445 -1.445 2.043
-1.445 1.445 2.043
1.445 1.445 -2.043
1.445 -1.445 -2.043

-1.445 1.445 -2.043
-1.445 -1.445 -2.043
0.000 0.000 4.086
0.000 0.000 -4.086



92

Table C.5: Coordinates of NP D, Ag17 (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
0.000 2.889 0.000
0.000 -2.889 0.000
1.445 1.445 2.043
1.445 -1.445 2.043

-1.445 1.445 2.043
-1.445 -1.445 2.043
1.445 1.445 -2.043

-1.445 1.445 -2.043
1.445 -1.445 -2.043

-1.445 -1.445 -2.043
2.889 2.889 0.000

-2.889 -2.889 0.000
-2.889 2.889 0.000
2.889 -2.889 0.000

Table C.6: Coordinates of NP E, Ag15 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000
1.445 2.502 0.000

-1.445 2.502 0.000
-2.889 0.000 0.000
-1.445 -2.502 0.000
1.445 -2.502 0.000
2.889 1.668 2.359
0.000 1.668 2.359

-2.889 1.668 2.359
-1.445 -0.834 2.359
-2.889 -3.336 2.359
0.000 -3.336 2.359
2.889 -3.336 2.359
1.445 -0.834 2.359
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Table C.7: Coordinates of NP F, Ag22 rod (100) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
0.000 2.889 0.000
0.000 -2.889 0.000
1.445 1.445 2.043
1.445 -1.445 2.043

-1.445 1.445 2.043
-1.445 -1.445 2.043
1.445 1.445 -2.043

-1.445 1.445 -2.043
1.445 -1.445 -2.043

-1.445 -1.445 -2.043
2.889 0.000 4.086

-2.889 0.000 4.086
0.000 2.889 4.086
0.000 -2.889 4.086
0.000 0.000 4.086
1.445 1.445 6.129
1.445 -1.445 6.129

-1.445 1.445 6.129
-1.445 -1.445 6.129
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Table C.8: Coordinates of NP G, Ag28 sphere (Å)

X Y Z
2. 043 0.000 0.000
0. 000 2.043 0.000
2. 043 4.086 0.000
6. 129 4.086 0.000
4. 086 2.043 0.000
4. 086 6.129 0.000
0. 000 0.000 2.043
4. 086 0.000 2.043
4. 086 0.000 6.129
2. 043 0.000 4.086
6. 129 0.000 4.086
0. 000 4.086 2.043
0. 000 4.086 6.129
0. 000 2.043 4.086
0. 000 6.129 4.086
2. 043 2.043 2.043
2. 043 2.043 6.129
2. 043 6.129 2.043
2. 043 6.129 6.129
6. 129 2.043 2.043
6. 129 2.043 6.129
6. 129 6.129 2.043
4. 086 4.086 2.043
4. 086 4.086 6.129
2. 043 4.086 4.086
6. 129 4.086 4.086
4. 086 2.043 4.086
4. 086 6.129 4.086
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Table C.9: Coordinates of NP H, amorphous Ag12 (Å)

X Y Z
1.256 -0.096 3.559

-0.346 -1.570 1.894
-1.542 0.075 3.847
-0.235 1.427 1.703
-0.377 0.979 -3.098
1.865 -0.393 -2.052

-1.851 1.772 -0.840
1.987 -0.073 0.844
1.249 -2.493 -0.217

-0.619 -0.587 -0.747
-2.593 0.081 1.297
0.957 1.897 -0.817

Table C.10: Coordinates of NP I, amorphous Ag13 (Å)

X Y Z
1.249 -0.552 2.646

-0.209 -2.905 2.376
-1.557 -0.377 2.800
-0.069 1.247 0.942
-0.822 -0.218 -1.515
1.864 -0.368 -2.226

-1.399 2.469 -1.362
2.602 0.393 0.373
0.931 -1.782 0.087

-1.855 -1.884 0.496
-2.724 0.711 0.495
1.399 2.230 -1.230
0.208 1.425 -3.521



96

Table C.11: Coordinates of NP J, Ag12 disk (111) (Å)

X Y Z
0.000 1.668 2.359
0.000 -3.336 2.359
1.445 -0.834 2.359

-1.445 -0.834 2.359
2.889 1.668 2.359

-2.889 1.668 2.359
1.445 0.834 4.718

-1.445 0.834 4.718
0.000 -1.668 4.718
0.000 3.336 4.718

-2.889 -1.668 4.718
2.889 -1.668 4.718

Table C.12: Coordinates of NP K, Ag13 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
1.445 2.502 0.000
1.445 -2.502 0.000

-1.445 2.502 0.000
-1.445 -2.502 0.000
0.000 1.668 2.359
0.000 -3.336 2.359
1.445 -0.834 2.359

-1.445 -0.834 2.359
2.889 1.668 2.359

-2.889 1.668 2.359
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Table C.13: Coordinates of NP L, Ag16 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.502 1.445 0.000
0.000 2.889 0.000

-2.502 1.445 0.000
-5.004 0.000 0.000
-2.502 -1.445 0.000
0.000 -2.889 0.000
2.502 -1.445 0.000
1.668 0.000 2.359

-0.834 1.445 2.359
-3.336 2.889 2.359
-5.838 1.445 2.359
-3.336 0.000 2.359
-5.838 -1.445 2.359
-3.336 -2.889 2.359
-0.834 -1.445 2.359

Table C.14: Coordinates of NP M, Ag17 disk (111) (Å)

X Y Z
0.000 0.000 0.000
0.000 2.889 0.000

-2.502 1.445 0.000
-2.502 4.334 0.000
-5.004 2.889 0.000
-5.004 0.000 0.000
-2.502 -1.445 0.000
-5.004 -2.889 0.000
-2.502 -4.334 0.000
0.000 -2.889 0.000
0.834 1.445 2.359

-1.668 2.889 2.359
-4.170 1.445 2.359
-1.668 0.000 2.359
-4.170 -1.445 2.359
-1.668 -2.889 2.359
0.834 -1.445 2.359
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Table C.15: Coordinates of NP N, Ag19 disk (111) (Å)

X Y Z
0.000 0.000 0.000
1.445 2.502 0.000
2.889 0.000 0.000
1.445 -2.502 0.000
4.334 -2.502 0.000
2.889 -5.004 0.000
0.000 -5.004 0.000

-1.445 -2.502 0.000
-2.889 -5.004 0.000
-4.334 -2.502 0.000
-2.889 0.000 0.000
-1.445 2.502 0.000
1.445 0.834 2.359
2.889 -1.668 2.359
1.445 -4.170 2.359
0.000 -1.668 2.359

-1.445 -4.170 2.359
-2.889 -1.668 2.359
-1.445 0.834 2.359
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Table C.16: Coordinates of NP O, Ag20 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.502 1.445 0.000
0.000 2.889 0.000

-2.502 1.445 0.000
-5.004 2.889 0.000
-5.004 0.000 0.000
-2.502 -1.445 0.000
-5.004 -2.889 0.000
0.000 -2.889 0.000
2.502 -1.445 0.000
1.668 0.000 2.359
1.668 2.889 2.359

-0.834 1.445 2.359
-3.336 2.889 2.359
-5.838 1.445 2.359
-3.336 0.000 2.359
-5.838 -1.445 2.359
-3.336 -2.889 2.359
-0.834 -1.445 2.359
1.668 -2.889 2.359
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Table C.17: Coordinates of NP P, Ag22 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.502 1.445 0.000
0.000 2.889 0.000

-2.502 1.445 0.000
-2.502 4.334 0.000
-5.004 2.889 0.000
-5.004 0.000 0.000
-2.502 -1.445 0.000
-5.004 -2.889 0.000
-2.502 -4.334 0.000
0.000 -2.889 0.000
2.502 -1.445 0.000
0.834 1.445 2.359

-1.668 2.889 2.359
-4.170 1.445 2.359
-1.668 0.000 2.359
-4.170 -1.445 2.359
-1.668 -2.889 2.359
0.834 -1.445 2.359
3.336 0.000 2.359

-4.170 3.723 2.359
-4.170 -3.723 2.359
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Table C.18: Coordinates of NP Q, Ag24 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.502 1.445 0.000
0.000 2.889 0.000

-2.502 1.445 0.000
-2.502 4.334 0.000
-5.004 2.889 0.000
-5.004 0.000 0.000
-2.502 -1.445 0.000
-5.004 -2.889 0.000
-2.502 -4.334 0.000
0.000 -2.889 0.000
2.502 -1.445 0.000
1.668 0.000 2.359
1.668 2.889 2.359

-0.834 1.445 2.359
-0.834 4.334 2.359
-3.336 2.889 2.359
-5.838 1.445 2.359
-3.336 0.000 2.359
-5.838 -1.445 2.359
-3.336 -2.889 2.359
-0.834 -1.445 2.359
-0.834 -4.334 2.359
1.668 -2.889 2.359



102

Table C.19: Coordinates of NP R, Ag31 disk (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000
1.445 2.502 0.000

-1.445 2.502 0.000
-2.889 0.000 0.000
-1.445 -2.502 0.000
1.445 -2.502 0.000
5.778 0.000 0.000
4.334 2.502 0.000
2.889 5.004 0.000
0.000 5.004 0.000

-2.889 5.004 0.000
-4.334 2.502 0.000
-5.778 0.000 0.000
-4.334 -2.502 0.000
-2.889 -5.004 0.000
0.000 -5.004 0.000
2.889 -5.004 0.000
4.334 -2.502 0.000
2.889 1.668 2.359
0.000 1.668 2.359

-2.889 1.668 2.359
-1.445 -0.834 2.359
-2.889 -3.336 2.359
0.000 -3.336 2.359
2.889 -3.336 2.359
1.445 -0.834 2.359
1.445 4.170 2.359

-1.445 4.170 2.359
4.334 -0.834 2.359

-4.334 -0.834 2.359
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Table C.20: Coordinates of NP S, Ag19 disk (100) (Å)

X Y Z
0.000 0.000 0.000
4.086 0.000 0.000
2.043 2.043 0.000

-2.043 2.043 0.000
-4.086 0.000 0.000
-2.043 -2.043 0.000
2.043 -2.043 0.000
2.043 0.000 2.043
4.086 2.043 2.043
2.043 4.086 2.043
0.000 2.043 2.043

-2.043 4.086 2.043
-4.086 2.043 2.043
-2.043 0.000 2.043
-4.086 -2.043 2.043
-2.043 -4.086 2.043
0.000 -2.043 2.043
2.043 -4.086 2.043
4.086 -2.043 2.043
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Table C.21: Coordinates of NP T, Ag21 disk (100) (Å)

X Y Z
0.000 0.000 0.000
4.086 0.000 0.000
2.043 2.043 0.000

-2.043 2.043 0.000
-4.086 0.000 0.000
-2.043 -2.043 0.000
2.043 -2.043 0.000
0.000 4.086 0.000
0.000 -4.086 0.000
2.043 0.000 2.043
4.086 2.043 2.043
2.043 4.086 2.043
0.000 2.043 2.043

-2.043 4.086 2.043
-4.086 2.043 2.043
-2.043 0.000 2.043
-4.086 -2.043 2.043
-2.043 -4.086 2.043
0.000 -2.043 2.043
2.043 -4.086 2.043
4.086 -2.043 2.043
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Table C.22: Coordinates of NP U, Ag25 disk (100) (Å)

X Y Z
0.000 0.000 0.000
4.086 0.000 0.000
2.043 2.043 0.000

-2.043 2.043 0.000
-4.086 0.000 0.000
-2.043 -2.043 0.000
2.043 -2.043 0.000
0.000 4.086 0.000
0.000 -4.086 0.000
2.043 0.000 2.043

-2.043 0.000 2.043
0.000 2.043 2.043
0.000 -2.043 2.043
6.129 0.000 2.043

-6.129 0.000 2.043
0.000 6.129 2.043
0.000 -6.129 2.043
4.086 2.043 2.043
2.043 4.086 2.043

-4.086 -2.043 2.043
-2.043 -4.086 2.043
-2.043 4.086 2.043
-4.086 2.043 2.043
4.086 -2.043 2.043
2.043 -4.086 2.043



106

Table C.23: Coordinates of NP V, Ag29 disk (100) (Å)

X Y Z
0.000 0.000 0.000
4.086 0.000 0.000
2.043 2.043 0.000

-2.043 2.043 0.000
-4.086 0.000 0.000
-2.043 -2.043 0.000
2.043 -2.043 0.000
0.000 4.086 0.000
0.000 -4.086 0.000
4.086 4.086 0.000
4.086 -4.086 0.000

-4.086 -4.086 0.000
-4.086 4.086 0.000
2.043 0.000 2.043

-2.043 0.000 2.043
0.000 2.043 2.043
0.000 -2.043 2.043
6.129 0.000 2.043

-6.129 0.000 2.043
0.000 6.129 2.043
0.000 -6.129 2.043
4.086 2.043 2.043
2.043 4.086 2.043

-4.086 -2.043 2.043
-2.043 -4.086 2.043
-2.043 4.086 2.043
-4.086 2.043 2.043
4.086 -2.043 2.043
2.043 -4.086 2.043
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Table C.24: Coordinates of NP W, Ag31 rod (100) (Å)

X Y Z
2.043 0.000 0 .000
0.000 2.043 0 .000
-2.043 0.000 0 .000
0.000 -2.043 0 .000
2.043 2.043 2 .043
2.043 -2.043 2 .043
-2.043 2.043 2 .043
-2.043 -2.043 2 .043
0.000 0.000 2 .043
2.043 0.000 4 .086
0.000 2.043 4 .086
0.000 -2.043 4 .086
-2.043 0.000 4 .086
2.043 2.043 6 .129
-2.043 -2.043 6 .129
-2.043 2.043 6 .129
2.043 -2.043 6 .129
0.000 0.000 6 .129
2.043 0.000 8 .172
0.000 2.043 8 .172
-2.043 0.000 8 .172
0.000 -2.043 8 .172
2.043 2.043 10.215
-2.043 -2.043 10.215
2.043 -2.043 10.215
-2.043 2.043 10.215
0.000 0.000 10.215
2.043 0.000 12.258
0.000 2.043 12.258
-2.043 0.000 12.258
0.000 -2.043 12.258
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Table C.25: Coordinates of NP X, Ag27 rod (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
1.445 2.502 0.000
1.445 -2.502 0.000

-1.445 2.502 0.000
-1.445 -2.502 0.000
0.000 1.668 2.359
0.000 -3.336 2.359
1.445 -0.834 2.359

-1.445 -0.834 2.359
2.889 1.668 2.359

-2.889 1.668 2.359
1.445 0.834 -2.359

-1.445 0.834 -2.359
0.000 -1.668 -2.359
0.000 3.336 -2.359

-2.889 -1.668 -2.359
2.889 -1.668 -2.359
0.000 1.668 -4.718
1.445 -0.834 -4.718

-1.445 -0.834 -4.718
1.445 0.834 4.718

-1.445 0.834 4.718
0.000 -1.668 4.718
0.000 0.000 -7.077
0.000 0.000 7.077
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Table C.26: Coordinates of NP Y, Ag25 rod (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
1.445 2.502 0.000
1.445 -2.502 0.000

-1.445 2.502 0.000
-1.445 -2.502 0.000
0.000 1.668 2.359
0.000 -3.336 2.359
1.445 -0.834 2.359

-1.445 -0.834 2.359
2.889 1.668 2.359

-2.889 1.668 2.359
1.445 0.834 -2.359

-1.445 0.834 -2.359
0.000 -1.668 -2.359
0.000 3.336 -2.359

-2.889 -1.668 -2.359
2.889 -1.668 -2.359
0.000 1.668 -4.718
1.445 -0.834 -4.718

-1.445 -0.834 -4.718
1.445 0.834 4.718

-1.445 0.834 4.718
0.000 -1.668 4.718
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Table C.27: Coordinates of NP Z, Ag31 rod (111) (Å)

X Y Z
0.000 0.000 0.000
2.889 0.000 0.000

-2.889 0.000 0.000
1.445 2.502 0.000
1.445 -2.502 0.000

-1.445 2.502 0.000
-1.445 -2.502 0.000
0.000 1.668 2.359
0.000 -3.336 2.359
1.445 -0.834 2.359

-1.445 -0.834 2.359
2.889 1.668 2.359

-2.889 1.668 2.359
1.445 0.834 4.718

-1.445 0.834 4.718
0.000 -1.668 4.718
0.000 3.336 4.718

-2.889 -1.668 4.718
2.889 -1.668 4.718
1.445 0.834 -2.359

-1.445 0.834 -2.359
0.000 -1.668 -2.359
0.000 3.336 -2.359

-2.889 -1.668 -2.359
2.889 -1.668 -2.359
0.000 1.668 -4.718
0.000 -3.336 -4.718
1.445 -0.834 -4.718

-1.445 -0.834 -4.718
2.889 1.668 -4.718

-2.889 1.668 -4.718


