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ABSTRACT
The photothermal effect of gold which depends on the excitation of the surface plasmon
has recently become an exciting area of research. However, due to their weak bonds to their
stabilizing ligands, and being a relatively soft metal leading to melting of the particles, which
causes instability under photothermal conditions relevant to chemical transformations. This leads
to the inability to conduct systematic studies which depend on surfactant identity or size effect.
However, Fe3O4 nanoparticles have been shown to exhibit a photothermal effect and offer an
attractive alternative to gold nanoparticles. Within this thesis, I show that Fe3O4 nanoparticles are
able to drive the high-barrier decomposition reaction of poly(propylene carbonate), near the
efficiently as gold nanoparticles. I also show that Fe3O4 nanoparticles exhibit exceptional
stability, even under the most extreme photothermal conditions studied. This offers the
opportunity to study how changing the size of the nanoparticle affects the photothermal
efficiency. I also study the efficiency of decomposition of poly(propylene carbonate) using 5.5,
10, and 15 nm Fe3O4 nanoparticles as the photothermal agent. We then offer insight into the size
dependence of the photothermal effect through the simulation of heating and cooling of the
nanoparticles, ultimately determining that the heat capacity of the particle is the factor which
predominantly controls the decomposition rate, and not properties such as absorption efficiency,
or surface area, etc. This work ultimately offers insight into how we can better study
photothermal agents other than gold to help obtain photothermal heating methods which are
stable, reusable, and more sustainable than their gold counterparts.
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Chapter 1
Developing a More Precise and Efficient Means to Deliver Thermal Energy to
Chemical Systems

The Importance and Utility of Heat
In the past century, the world has seen major advances in every field of technology. In
many cases, these advances were enabled by increased control over synthetic techniques For
example, the manufacturing of increasingly advanced and complex engines has allowed us to
travel by air across the world in a few hours, when a similar voyage would have taken days by
steamship at the turn of the 20th century. Lithography at smaller scales has allowed for
increasingly precise fabrication of transistors,1 which are the fundamental building block of
modern electronic devices. Since the discovery of the double helix structure of DNA in 1953 and
the completion of the Human Genome project in 2003, our understanding of genetics has
progressed even further to the point where the human genome can be sequenced and even altered
with techniques like CRISPR in order to remove detrimental genes.2,3,4 Even when we think about
how easy communication is today with e-mail, cell phones, and instant messaging, this represents
a major increase in precision in wireless communication from the humble origins of the first radio
station was not around until ~1920.
Many of these advances have been realized due to increased precision of synthetic and
manufacturing techniques aimed specifically at these products. At the same time, we can consider
one of the most general, important, and widely utilized synthetic tools: heat. Consider, for
example, the formation of ammonia from elemental nitrogen and hydrogen through the HaberBosch process requires temperatures in excess of 400 °C, and without it, industrial scale
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production of nitrogen based fertilizer would not be possible which is responsible for feeding
roughly one third of earth’s population. The Haber-Bosch process has remained relatively
unchanged since its development in 1913. Today, it is estimated to provide 100 million metric
tons of ammonia each year, and consumes over 1% of the world’s total energy.5
In contrast to the other examples of increased manufacturing precision, there has not
been a similar major breakthrough in the way at which chemists apply heat to reactions for over
500 years. We still employ bulk heating methods to drive thermal processes – that is, most of the
energy we supply to drive these reactions is actually used to heat the solvent and reaction vessels
while only a fraction of the energy heats the reactive species itself. Modern heating technology
such as digital temperature controllers allows us precise control of heating rates and minimizes
thermal fluctuations within the vessel, while the majority of energy being put into the system still
ends up as waste. If one wishes to be pithy, it seems that over the past several centuries of
technological advancement,
the largest change in the chemist tool box when it comes to controlling heat is a digital readout

Figure 1-1: Boltzmann energy distribution at several different temperatures. At higher
temperature, a higher proportion of collisions occur with enough energy to overcome Ea (shaded
area).
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and an automatic on/off switch. Despite heat’s utility, its application is difficult to scale down to
the chemically relevant molecular spatio-temporal scale.
Before addressing the downfalls of traditional heating methods, we first need to
understand why the use of heat is so widespread within chemical reactions. Every chemical
reaction requires the molecule to overcome an energy barrier, Ea, to proceed. Although the use of
a catalyst can decrease this barrier, catalysis often involves precious or toxic metals and
complexes. Many of these catalysts are extremely expensive. In addition, homogeneous catalysts
are nearly impossible to recover post-reaction for reuse. Thus, many reactions do not have
economically viable catalysts, and must be carried out in the absence.
In the absence of a catalyst, this barrier can be overcome thermally. As shown by the
Boltzmann distribution, at any given temperature, the ensemble of molecules exists in an energy
distribution. This is described in equation 1-1, where R is the gas constant in J mol-1 K-1, T is the
temperature of the reaction in kelvin, and E is the energy of the collision in joules. Therefore, at
any given temperature, there is a certain probability that a collision possesses enough energy to
overcome the activation barrier.

=

√

(1- 1 )

As temperature increases, the reaction probability also increases, due to a higher fraction
of collisions occurring with sufficient energy. As expected, as the probability of overcoming Ea
increases, the reaction rate also increases. According to the Arrhenius equation, the rate constant
is exponentially dependent on the temperature:
=

(1- 2 )
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where k is the rate constant, A is the reaction-dependent frequency factor, Ea is the activation
barrier of the reaction, R is the gas constant, and T is the temperature in Kelvin.6 Typically,
increasing the rate of thermal reactions through temperature control involves bulk heating. The
reaction vessel is heated, which contains reactants at relatively low concentrations surrounded by
an unreactive medium (solvent). The solvent acts as a heat transfer agent, as well as a bath to
maintain the bulk temperature. This method is extremely inefficient in terms of both energy and
materials, and could be improved simply by controlling how heat is applied to the system.
Consideration of the problem outlined here shows that the inefficiency of conventional heating
owes primarily due to the fact that the temporal and spatial scales of the reaction are grossly
mismatched to the heat added the system.

Spatio-Temporal Mismatch of Conventional Heating Methods to Chemical Reactions
The inefficiency of conventional heating can be quantified by considering the molar and
volume percent of reactants under typical synthetic conditions. Typical molecules range from 0.1
nm (water) to around 2 nm (a bulky inorganic catalyst) in size. Assuming spherical molecules
with these diameters, molecular volumes range roughly between 5 × 10-3 nm3 and 33 nm3. With
concentrations as low as 10-3 or 10-6 M for inorganic synthesis, we have a range from
approximately 2 % to 10-7 % by volume of reactive species to solvent. Additional heat is lost to
the reaction vessel as well as the surrounding atmosphere.6
In addition to the spatial considerations, there is also a temporal mismatch to be
considered. A typical reaction occurs in elementary steps on the order of femtoseconds to
picoseconds. However, we often apply heat on the order of minutes to days, resulting in a
temporal mismatch between thirteen and nineteen orders of magnitude.6 This staggering
mismatch in timescales is not only inconvenient, but also enables undesirable side reactions.
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Providing heat on an appropriate molecular timescale would potentially minimize the side
reactions, which would increases control of synthetic yield, or actively select one specific
pathway over others based on their reaction kinetics, without the use of catalysts. Certainly,
performing any daily manipulation with 7-13 orders of mismatch in time and space would be
unadvisable! Therefore, it is desirable to exert increased spatio-temporal control, applying heat on
the nanometer length scale, and on the picosecond to nanosecond timescale.
Of course, the need to increase the efficiency and efficacy of heating is an acknowledged
problem that others have addressed.7–9 To some extent, microwave heating has been one advance
that offers increased precision and efficiency.7 Microwave-assisted heating operates by dielectric
heating – incoming microwave radiation causes polar molecules to rotate such that their dipole
moments align with the oscillating electromagnetic field. Household microwave ovens selectively
heat the water present in food, causing the molecules to rotate, collide, and vibrate. The energy is
then dissipated as heat throughout the food. In scientific settings, microwave heating has been
used to synthesize molecular species as well as nanomaterials.7,10–13 By adding energy specifically
to molecular modes of the reactants, microwave heating appears to generate some benefits over a
traditional hotplate-based approach.
Although microwave heating technically produces heat on the molecular scale, the
microwave absorber which creates the heat is often the solvent – an aspect that resembles other
bulk scale heating techniques. Microwave heating is also limited to samples that contain polar
molecules. For thermal reactions that require nonpolar organic solvents, microwave radiation will
have minimal effect. Furthermore, due to the inherent diffraction limit of light, the focal point is
limited to ~ λ/2. For microwaves, the focal point is limited to approximately 0.5 mm, which is
still several orders of magnitude larger than the desired nanometer length scale. Therefore,
microwave assisted heating is unsuitable for obtaining the ultimate control: molecular-scale
heating. 14
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The goal for this thesis is to develop a stable, low-cost heat source that can be dispersed
in a wide variety of systems, provides localized heat on a scale relevant to molecules in both time
and space, and can be collected post reaction. We examine how to use the photothermal effect, in
which light is converted to heat, to provide such spatio-temporal localization of heat. Though
photothermally driven chemical reactions is an emerging field, there are several examples of
exciting reactions, such as the decomposition of molecules and polymers,15–17 plasmon assisted
chemical vapor deposition,18 regeneration of CO2,19 ablation of cancer cells,20–22 and the killing of
bacteria.9
In all of these examples, gold nanoparticles are considered the standard photothermal
agents, but numerous drawbacks prevent their implementation on industrial scales such as the
cost of gold, difficulty in recovery, and instability of the particle itself. It is the goal of this thesis
to find photothermal agents which are more advantageous than gold. To do this, we must first
understand why AuNPs have been popular in the past,23 how they are effective for photothermal
applications, and take a deeper look at the shortcomings that ultimately prevent their widespread
implementation.

Spatio-Temporal Control via the Confinement of Light to Subwavelengths
Since ~1990, nanomaterials have garnered increasing interest due to their unique
characteristics arising from quantum confinement.24–28 Various nanomaterials have been
employed for many applications, including quantum dots for electronic displays,29 metal-organicframeworks for gas storage and catalysis,30,31 and nanoparticles for renewable energy such as
batteries and solar cells.32 Many different types of nanomaterials have been synthesized, but gold
nanoparticles (AuNPs) are one of the most widely studied. The first controlled nanoparticle
syntheses were published by Turkevich and Burst in 1951 and 1990s respectively, who described
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the synthesis of AuNPs in aqueous and organice media.33,34 Since then, research into
nanomaterials has proceeded at a phenomenal pace. Thanks to them being relatively chemical
stabile, possessing advantageous and tunable optical properties, they have been utilized in various
applications such as photocatalysis,35,36 photovoltaics,37 surface enhanced Raman spectroscopy

Figure 1-2: Pictorial representation of a surface plasmon polariton.86
(SERS),38–40 drug delivery,41,42 and most importantly for this thesis, photothermal heat sources
that convert incident light into thermal energy.9,43–45 All of these applications, as well as their
photothermal properties, are ultimately due to AuNPs’ localized surface plasmon resonance
(SPR).
Surface plasmon-polaritons (SPPs) are a well understood phenomenon in which
electromagnetic waves that propagates along a metal surface.46–48 The interaction between
incident light and the electrons of the metal causes a collective oscillation of the free electrons.
This, in turn, forms an electric field normal to the surface of the metal. The coulombic attraction
between the metal nuclei and the displaced electrons then acts as a restorative force, while the
electric field to act as a wave which propagates along the X-axis. (Figure 1-2). The SPP’s
frequency is dependent on the metal’s dielectric constant (εm) as well as the dielectric constant of
the surrounding medium (εd). The decay length of the oscillating electrons (δm) and the electric
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field (δd) decays in an evanescent fashion which is on the order of half of the incident lights
wavelength for the dielectric, and dependent on the thickness of the metal. This essentially allows
us to confine light to the interface of the metal and the dielectric and can act as waveguides. SPPs

Figure 1-3: Localized surface plasmon of a gold nanoparticle.

are a well-understood phenomenon and have been used for optical applications beyond the
diffraction limit.28,47,49,50
However, when the plasmonic material’s dimensions are on the nanoscale (1-100 nm),
instead of a 1-dimensional wire, the electronic oscillations are confined to the particle, as there is
no direction for the wave to propagate.51,52 This phenomenon is called the localized SPR and is a
much more confined version of a SPP in which an intense electric field to be localized at the
surface of the particle, shown in Figure 1-3. This increased and extremely localized electric field
has been a major driving factor in the development of Surface Enhanced Raman Scattering
(SERS), which has increased the power of Raman spectroscopy by allowing extremely low
detection of analytes previously unavailable. However, the SPR is also an extremely lossy
process, and the coherent oscillating electrons quickly decay – converting the energy of their
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oscillations into thermal energy.52 Thus, the SPR functions as a strong absorber of light, and an
efficient and rapid transducer of this optical energy into thermal energy. 52
Not only does the SPR function as an efficient transducer, the energy of absorption is
highly dependent on the particle size and shape. This offers a large range of wavelengths to excite
the SPR simply by changing the geometry of the particles. Figure 1-4 shows the effect of particle
geometry on the SPR. As the particle size increases, the wavelength used to excite the SPR redshifts. Dual band plasmonic materials can be formed with rod-shaped particles, which have a
transverse and longitudinal SPR.

Figure 1-4: A) Surface plasmon resonance absorbance for 9, 22, 48, and 99 nm spherical gold
nanoparticles and B) Surface plasmon resonance of gold nanorods with an aspect ratio of 2.7 and
3.3 (R), note that there are two plasmon bands which occurs due to the transverse (higher energy)
and longitudinal (lower energy) modes. 84,87
AuNPs are also highly tunable in terms of surface chemistry,25,53 which can alter their
electronic properties, as well as their solubility in various solvents - leading to even greater
versatility as photothermal agents. The SPRs of these AuNPs are also sensitive to their
surroundings’ dielectric constant, as predicted by Gustav Mie.54 Mie theory can assist us in
predicting the total extinction cross section σext, which is the sum of the absorption and scattering
cross sections, σabs and σscat, respectively. Since the particles are much smaller than the
wavelength of incident light (2r << λmax/10, where r is the particles radius), σext is composed
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primarily of σabs, allowing the scattering component to be ignored without consequence.
Therefore, the extinction cross section reduces to the absorption cross section, which is described
by the equation:
=

! "
$&
$%
#
'$( ) $% * )$&

(1- 3 )

Where V is the particle volume, λ is the wavelength of incident light, εm is the dielectric of the
medium, and εi and εr are the imaginary and real components of the dielectric of the material, in
this case, the nanoparticles. Dividing the absorption, scattering, and extinction cross sections by
the particle’s geometric cross sections yields the respective efficiencies, which represent the
likelihood for an incident photon to be absorbed or scattered. Figure 1-5 shows that as particle
size increases, the scattering component also increases. At a particle size of 42 nm, the scattering
component begins to contribute a small fraction of the total extinction.55 Therefore, ignoring the

Figure 1-5: Extinction, absorption, and scattering efficiencies of A)16.5 nm, B) 42 nm, and C) 72
nm spherical gold nanoparticles. At a particle size of 42 nm, the scattering component only
contributes a small portion to the total extinction.55
scattering component of the extinction cross section is best justified for particles with a diameter
less than 20 nm. Because the photothermal effect depends on absorption of light, it is expected to
be the most effective for AuNPs smaller than 20 nm. This also means that the strongest
photothermal effects are anticipated for those particles that naturally will restrict the production
of thermal energy to the nanometer scale.
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Providing Heat on a Chemically Relevant Spatio-Temporal Scale Using Gold Nanoparticles
Having a heat source that is localized on a molecular spatio-temporal scale has the
potential to revolutionize many fields in science and technology. To utilize the photothermal
effect to its potential, we must first understand the general processes which leads to the heat
dissipation. Shown in Figure 1-6, is the spectroscopic evidence as well as a schematic
representation of the process. Briefly, once the plasmon is excited, the oscillation of the electron
cloud de-phases through electron-electron scattering, followed by electron-phonon scattering, and
finally leading to phonon-phonon scattering. The phonon-phonon scattering couples to the

A

B

Figure 1-6: A) Transient absorption data showing the intensity change after a laser pulse to excite
the nanoparticle’s plasmon. The initial peak is the light absorption, the sharp decline is due to the
electron-phonon coupling, while the slow leveling off is due to the phonon-phonon scattering which
leads to the generation of the heat. B) Schematic representation of the processes occurring once the
plasmon is excited. In this representation, heat is generated through the vibrational resonance.9,52
environment vibrationally, ultimately dissipating this energy as heat. These consecutive processes
all occur on the order of 10-15 picoseconds.35,52 The timescale of the heat dissipation, however, is
size-dependent on the order of pico- to nanoseconds as shown in Figure 1-7. The thermal
dissipation can be fit to the following function:
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T, = T- . /',/1*

2

(1-4)

Where Tt is the temperature at time t, Ti is the initial temperature of the particle, τ is a
characteristic time constant obtained by fitting equation 1-4 to experimental data, and β is a
stretching parameter. The heat produced by the photothermal agents dissipates as a gradient
which is proportional to r2, where r is the distance from the particle. Therefore, the temperature
decay, and the size of the temperature gradient can be controlled with nanoparticle size. This is
demonstrated in Figure 1-7.52

Figure 1-7: Simulated temperature decay of various size nanoparticles. As shown by the inset, the
time constant related to the temperature decay has an extremely good fit to the radius squared.52
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Chemical Relevance of Photothermally Produced Nanoscale Heat

Up to this point, we have considered why it would be beneficial to have a nanoscale heat
source to replace bulk heating methods, and explored the physics of photothermal gold. Now we
address the development of a model system: a chemical reaction driven by the photothermal
effect in order to fully understand its utility. The model system should satisfy several conditions.
The first is that the reaction is thermally allowed and does not lead to radical side reactions. This

Figure 1-8: The two decomposition mechanisms of PPC. A) Unzipping mechanism in which
the predominant product is the monomer, which is volatile at the temperature required for
this mechanism (220 °C), and B) Chain scission mechanism which occurs at 247 °C.56
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serves to avoid ambiguity of possible processes which may use the hot electrons and proceed
through radical type reactions. Secondly, the reaction should have a large activation barrier so
there is no substantial reactivity at room temperature. Thirdly, the model system’s reaction
mechanism should be unimolecular to allow for simple kinetic analysis and allow for the
estimation of the nanoparticle’s temperature. Lastly, having a system which is already well
characterized and leads to few products allows for simple post-reaction characterization and
comparison to previous studies which employ bulk heating.
We found that poly(propylene carbonate) (PPC) possesses all of these qualities. Since
PPC is widely used in various materials, its thermodynamic properties and decomposition
behavior are well-characterized.56,57 PPC degrades through thermal decomposition through two
different unimolecular mechanisms. Both mechanisms have high activation barriers, and produce
products which are volatile at temperatures required for the decomposition of the polymer. The
first mechanism, chain unzipping, has an activation barrier of 124 kJ mol-1, and predominately
produces the propylene carbonate monomer. The second mechanism, chain scission, forms CO2
and smaller oligomers which then decompose further. Both mechanisms are shown in Figure 1-8.
The advantage of this reaction is that we begin with a non-volatile polymer, and end with
volatile monomers. Thus, the course of this reaction can be followed via the mass loss to the
system. The volatile products can be captured and isolated, to confirm the cleanliness of the
reaction. In addition, the unimolecular nature of the degradation means that the kinetics of the
reaction will be straight-forward to analyze, allowing for simple comparison of reaction rates
across various conditions. Finally, the barrier to reaction is rather high – meaning that any
reasonable extent of reaction is a testament to the power of photothermal treatment for driving
chemical reactions.
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Dissertation Overview
Our lab has shown that the photothermal effect of AuNPs successfully drives the thermal
decomposition of PPC. While AuNPs dominate the literature concerning the photothermal effect,
they possess many shortcomings that prohibit their widespread use in large-scale settings. Firstly,
gold’s melting point decreases with decreasing particle size.58 When heated, the nanoparticles
deform and fuse together into larger particles which exhibit different optical and thermal
properties than the original particles.59 The larger particles are less effective photothermal agents,
meaning they aren’t reusable after the first irradiation. Secondly, once the particles grow to a
certain size (~80 nm), they undergo Coulombic explosions due to the buildup of positive charge
in the nanoparticle’s core.60,61 Thirdly, typical ligands are stripped from the particle at high
irradiance16,62,63. Finally, and perhaps the most obvious, gold is a precious metal. Even in the
absence of the previous drawbacks, widespread use of AuNPs is not financially reasonable.
Therefore, this thesis focuses on finding an alternative photothermal agent that lacks these
shortcomings and is better-suited for large-scale industrial applications.
While this chapter has focused on general consideration of the photothermal effect, using
AuNPs as a model system, this was done in order to provide motivation for the subsequent
chapters. In particular, it is important that we identify phothermal agents that preserve the power
of AuNPs, without possessing the drawbacks listed above. Chapter 2 focuses on the consideration
of various semiconductor particles, and their efficacy as photothermal agents. Chapter 3 explores
the efficacy of magnetite (Fe3O4) nanoparticles (MNPs) for driving the decomposition of PPC.
Chapter 4 examines the physical properties of photothermal agents as a way to tune the
photothermal efficiency, using MNPs as a case study. The final chapter summarizes the work
encompassed within this thesis, and offers further insight into the future of the photothermal
effect and how it can be utilized for broader applications.
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Chapter 2
Utilizing Non-Plasmonic Nanoparticles as Photothermal Heat Sources

Introduction
As we saw in the last chapter, the photothermal effect is a promising method of supplying
heat on spatio-temporal scales relevant to chemical reactions and potential to reduce undesired
reactions due to the localization of the heat this method provides.9 However, at the end of Chapter
1, I highlighted that while the de facto photothermal agent – gold nanoparticles (AuNPs) – are
strong absorbers of light, they also have many drawbacks such as agglomeration and geometric
instability under photothermal conditions.64,65 Therefore, for us to truly realize the ultimate utility
of photothermal heat, a more stable nanoparticle needs to be found which is still photothermally
active. Ideally, such a particle would still be a strong absorber of light, quickly transduce this
light into thermal energy, and would be able to withstand extreme temperatures. The first of
these is needed so that the particles produce a strong photothermal effect, but also so that the
transition is not saturated under the large fluencies required to generate extreme photothermal
temperatures required to carry out chemical transformations. The requirement that light be
quickly converted to thermal energy is also needed to ensure both the realization of extreme
temperatures and the fine control over the distribution of heat that the photothermal effect of
nanoparticles promises. Finally, stability of the particles is essential to preserve this control over
heat distribution in time and space, such as changes to particle morphology, crystalline phase,
surfactants, etc., will affect the absorption transduction of light to heat, heat capacity, and thermal
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diffusion about the particle. Thus, if the ultimate promise of the photothermal effect is to be
realized, we must find particles which are stable in all of these areas.
In many ways, the instability of gold nanoparticles, both in terms of morphology and
surfactant, owes to the relatively weak bonds involved. As a metal, the interatomic bonds
between the gold atoms within the AuNPs are fairly weak, which allows for the malleability and
ductility of the metal in the bulk phase. However, for our applications, this means that the
particles melt at very low temperatures, which is exacerbated on the nanoscale, and are readily
reshaped under our photothermal conditions.66–70 At the same time, the Au-S bond that dominates
the surface chemistry is also relatively weak. While this has been exploited to access particles
with complex surface ligands via facile exchange of the surfactants, the labile nature of the
ligands means that the protecting ligands are lost under the photothermal conditions we
employ.62,71,72 Thus, in total, we need new particles that have stronger intra-particle bonds, as well
as strong bonds to surface ligands – all while preserving strong light absorbing character.
Generally speaking, metal oxide and other semiconductor interatomic bonds are stronger than
those of metallic bonds, testified to by the generally higher melting point of metal oxides and
semiconductors, as compared to metals. In addition, for metal oxides in particular the strong
metal-oxygen bond can be used to add strongly bound ligands to the surface. Finally, the
presence of a band gap in semiconductor and nanoscale metal oxides allows for strong absorption
of light with energy greater than this gap.73,74 Therefore, it seems that nanoparticles based upon
metal oxides and semiconductors would be well-suited to replace AuNPs as photothermal agents
and, in this chapter, we explore the use of metal oxide and other nanoparticles to probe for their
photothermal efficiency.
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Brief Introduction to Semiconductor Physics
Though AuNPs are unstable under photothermal conditions, they have emerged as the
photothermal agent of choice for one reason: their strongly absorbing plasmon. The underlying
physics of this resonance was described in Chapter 1, where it was noted that the strong
absorption was due to the collective motion of mobile electrons within the metal. Because
semiconductors and metal oxides do not possess large concentrations of free electrons, they often
do not possess such resonances unless heavily doped with charge carriars.75 Nevertheless, they
can still be strongly absorptive, due to transition between a conduction and valence bands,
separated by some energy – the band gap. There are three types of materials in which these bands
are considered; conductors, insulators, and semiconductors. In the case of conductors, the
electronic bands overlap at the Fermi level allowing a Fermi-Dirac distribution of electrons
within the density of states to provide a relatively high density of mobile electrons within the
conduction band. For insulators, the bands are separated by a large energy difference which
prohibits convenient generation of mobile electrons with in the conduction band. Between these
two extremes are semiconductors: materials for which the conduction and valence bands are
separated by a small to moderate energy. It is common in such materials to excite electrons from
the valence band to the conduction band, generating mobile electrons and holes – a behavior
exploited for solar energy conversion. Of course, the utility of these materials for solar energy
conversion rests upon the usage of the electrons and holes before they recombine. If the holes and
electrons do recombine, it is often desirable that they emit a photon in the process, forming the
basis of luminescent quantum dots. However, it is possible that the electron can relax nonradiatively, thereby thermalizing the energy.
photothermal applications are accessible.

It is in these instances when their usage in
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Figure 2-1: Relaxation mechanisms for semiconductor materials.

Shown in Figure 2-1 are the pathways which excited electrons are able to relax. If the
electron relaxes through radiative pathways, the energy which it absorbed is emitted as a hν’,
while the non-radiative decay vibrationally relaxes with a time scale defined by τt. This
vibrational relaxation couples into the particles phonons - the vibrational modes of the crystal
lattice. This lattice vibration then couples into the surroundings, dissipating the energy as heat to
the surroundings.52 Therefore, there are a few stipulations which we need to consider when
searching for a suitable semiconductor photothermal agent. Firstly, we need to be able to either
excite a defect state, or on the lower end of the band gap with wavelengths convenient for the
photothermal appliction. Secondly, they need to be non-emissive as to keep energy absorbed from
reemitting, causing a decrease in photothermal efficiency. Thirdly, the semiconductor needs to be
able to be synthesized reliably on the nanoscale. Finally, while not a necessity, but it would be
beneficial the synthesis of the nanoparticles to be cost effective in the even that scaling up the
photothermal process to industrial scales is ever desired.
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Examples of Photothermal Semiconductor Nanoparticles
Semiconductor nanoparticles have already been used in various photothermal
applications, but most of which are either hyperthermal cancer therapy, or proof-of-concept
heating of water. These applications require relatively low temperatures. Thus, it remains to be
seen how these particles will perform under the extreme temperatures required to drive the high

Figure 2-2: Proof-of-concept photothermal heating of water using various nanomaterials.76

barrier chemical reactions of interest to our group. Nevertheless, the particles used in prior can
provide a good launching point into our survey. In Figure 2-2 we see a wide range of
nanomaterials used as photothermal agents as a proof of concept for the heating of water. PbS,
AuNPs of two sizes, carbon black, and the organic dye IR125 were used to determine the most
effective photothermal agent. In Figure 2-3 we see that there are several nanomaterials which
exhibit a photothermal response.76 This indicates that just because the AuNPs are the de facto
photothermal agent, there are many other materials which should be more stable and be explored
to potentially offer an alternative to AuNPs. Because of these examples, we decided to do a small
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survey of various nanoparticles which promised to be photothermally stable while maintaining
photothermal activity under irradiation of 532 nm light, allowing direct comparison to AuNPs.

Figure 2-3: Photothermal response for A) CdTe nanoparticles,74 B) Fe3O4 nanoparticle,20 C) CuTe
nanoparticles, and D) functionalized CuS nanoparticles.88 E) Absorbance of CuSeS nanoparticles
showing absorbance around 532 nm. 88
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Semiconductors and Metal Oxides for Photothermally Driving High Barrier Reactions
For this, we chose to explore CuSe, CuSeS, and Fe3O4 nanoparticles as a short survey
into their photothermal efficiency. These particles were chosen due to their ease of synthesis,
similarity in stabilizing ligand, and their ability to be synthesized on similar size scale. To

% mass loss of PPC

determine their efficiency, we employed the model system described in Chapter 1, PPC and

Figure 2-4: Per cent mass of various nanoparticle:PPC composites. All Mass loading is 1:100
NP:PPC, irradiated at 100 mJ pulse-1 at 532 nm for 60 seconds.

monitored the mass loss of the polymer over time. In Figure 2-3, we see the results of these
experiments.

As shown in the above table, Fe3O4 nanoparticles exhibit the most efficient photothermal
activity. Therefore, we will focus on Fe3O4 as our photothermal agent of choice. In addition to
having the most efficient photothermal activity, the Fe3O4 offers the benefit of being
superparamagnetic which will allow post-reaction collection if found stable, as well as being the
less toxic of the 3 nanoparticles, as well as being easily made in various sizes.77
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Conclusions
In this chapter we explored various examples in the literature in which non-plasmonic
nanoparticles exhibited photothermal reactivity. We then chose three of these examples to test
against the mass loss of PPC. We found the Fe3O4 nanoparticles offer the most efficient
photothermal activity, and therefore, have chosen them as our model nanoparticle to continue our
experiments for the rest of this thesis.
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Chapter 3
Exploring the Efficacy and Potential of Fe3O4 Nanoparticles as an Alternative
to Gold as Photothermal Agents

Introduction
As we have seen in the previous chapters, due to the many downfalls of gold as a
photothermal agent, there is great interest in finding an alternative. We explored the use of
various semiconductor and non-plasmonic materials for their potential to drive the decomposition
of poly(propylene carbonate), the model reactive system we have worked with due to its clean
reaction at high temperature and ease of following the course of reaction. It was ultimately
determined that magnetite nanoparticles (MNPs) offer many beneficial characteristics as a
photothermal agent for systematic studies and comparison to gold nanoparticles (AuNPs). While
still being able to drive the photothermal decomposition,17 This chapter will show that MNPs are
indeed photothermally active at 532 nm, more stable in their crystalline phase and overall
geometry, while also being superparamagnetic, allowing for simple separation post-reaction. In
addition, MNPs are made from two of the most abundant materials available on earth. This
abundance causes the expense of MNP to be relatively low when compared to AuNPs. The
precursor for AuNPs is typically ~$100 per gram, while the Fe (III) salt used for MNP synthesis
is a fraction of that, at ~$1 per gram. And although these precursors are not the only costs
involved with their syntheses, this is a massive difference that would be considered if industrial
scale production would ever be desired. Another important factor in our choice in using MNPs
was that they have already been used within the magnetothermal,78 as well as the photothermal
communities as nanoscale heat sources.79,80 However, these examples do not allow direct
comparison to the spherical plasmonic AuNPs that dominate the photothermal literature, due the
fact that the MNP photothermal studies mentioned above employed near infrared (NIR) light for
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hyperthermal cancer therapy performed as relatively low temperatures,20 while we are interested
in comparison to the high temperatures attained by AuNPs under large fluencies of visible light
(~532 nm).
Although we have highlighted the downfalls of AuNPs in previous chapters, as they are
the de facto photothermal agent, we wish to directly show that more stable particles are able to be
employed for comparable results, without the detrimental processes such as geometric and ligand
stability. Therefore, this chapter seeks to compare MNPs and plasmonic AuNPs directly, using
the wavelength of light which is typically used in non-biological plasmonic photothermal
applications - 532 nm pulsed laser light from a frequency doubled Nd:YAG laser. To do this, we
will use the decomposition of PPC at various lengths of irradiation time and pulse energy,
allowing us to extract kinetic data, and estimate the lower bound temperatures achieved by each
particle. These experiments are used to demonstrate MNPs comparable effectiveness to that of
AuNPs.

Control Experiments

Figure 3-1: Decomposition of PPC. Only the major products of the decomposition is shown.

Before comparing the efficacy of MNPs to that of AuNPs, we need to first test whether
the PPC will undergo decomposition as a direct consequence of the extreme irradiance of 50 MW
cm-2 for 7000 pulses, which is the largest intensity we use throughout all of our experiments. To
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do this, PPC was dissolved in dichloromethane and cast onto a clean, pre-weighed slide with a
diameter no larger than the size of the incident beam. As shown later, there was very little change
in pure PPC films after irradiation, showing only a ~2% mass loss over the time of 7000 pulses.
In addition to the PPC, we also needed to ensure that the oleylamine was not undergoing
any photochemical transformations. If oleylamine would undergo photochemical, or
photothermal processes, this would make analysis of the photothermal efficiencies of the MNPs
themselves as it would add another layer of complication to the system. For this, we subjected
pure oleylamine to 50 MW cm-2 for 7000 pulses. Confirmation of the oleylamine photostability is
shown by the characterization of sample before and after irradiation using 1H NMR and infra-red
spectroscopy (IR). Both spectra can be found in Appendix A, and show no change within the
spectra, indicating that oleylamin remains unchanged during the following experiments.

Figure 3-2: Visible decomposition of MNP/PPC and AuNP/PPC composite films before and after
irradiation. 17

27
Comparison of the Efficacy of MNPs to AuNPs
As mentioned earlier, our lab uses the mass loss of the composite films due to the
decomposition of PPC as the metric of photothermal efficacy. As a reminder to the reader, a
simplified reaction is shown in Figure 3-1. Note that this figure does not show the minor products
formed such 1,2-propandiol or the oligomers, simply the final predominant products – CO2 and
the monomer, propylene carbonate. However, in addition to the quantification of the mass loss,

Figure 3-3: 1H NMR spectra of film before (top) and collected products from the photothermal
decomposition (bottom). Labeled peaks correspond to the labeled hydrogens in Figure 3-1.
we can also comment on qualitative indicators of the reaction, such as visual observation. During
the course of laser irradiation, the films are observed to first form bubbles within the film, then
becomes less reflective as the glossy top of the film ablates, and finally displays regions of
complete polymer loss. Shown in Figure 3-2 are composite films of both before and after
irradiation. As shown, there is apparent disfiguration from a loss of volume of the films.
Importantly, we do not observe a color change of the MNP during irradiation. Recall that for
AuNPs, the size increases during irradiation. This, in turn affects the energy of the plasmon
absorption, and the color of the film changes from dark brown to purple during the course of
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irradiation. The lack of color change for the MNPs is a preliminary indicator of the extreme size
stability that MNPs exhibit under our extreme photothermal conditions.
Of course, a change in the appearance of the film is not an indication that we are
decomposing the polymer – or if we are generating the chemical species that would testify to the
clean degradation of PPC. In order to address this, we used 1H NMR. Although obtaining the 1H
NMR of neat PPC is straightforward, the monomer (the main product of decomposition) is
volatile at the temperature of decomposition, and so care must be taken in its isolation. Our

Figure 3-4: Per cent loss of A) MNP:PPC and B) AuNP/PPC composites as a function of
energy.16,17
approach was to cast a composite film within a 20 mL vial, where it was allowed to dry. The vial
was capped with a septum which had a Teflon cannula puncturing it. This cannula was then
connected to an empty vial. The vial with the film was irradiated upside down and the empty vial
submerged in the liquid nitrogen. In this manner, the volatile products migrated and condensed
within the collection vial submerged in liquid nitrogen. Figure 3-3 displays 1HNMR spectra of the
polymer, as well as the products of decomposition produced via the photothermal effects of both
AuNPs and MNPs. Both post-irradiation 1H NMR spectra show a decrease in the polymer peaks,
and an increase in the monomer peaks. Peak labels correspond to the labels shown Figure 3-1.
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With evidence that the photothermal effect of MNP drive the decomposition of PPC with
the same chemical precision as AuNPs, we next turned to compare the efficiency of MNPs to that
of AuNPs directly. The first comparison is one based on peak irradiance ranging from 25 to 200
mJ pulse-1 of the laser. As shown in Figure 3-4, MNPs show a trend which is fairly linear
throughout, similar to the study using AuNPs. The main difference being that the AuNPs show
approximately 20 % increased mass loss at the most extreme irradiances. That is, the
photothermal response of AuNPs is greater than that of the MNPs. This is not an unexpected
result, as AuNPs are strongly absorbing. Indeed, the extinction coefficient for AuNPs is about 70
times more than that of the AuNPs (1.51 x 103 and 1.06 x 105 (g mL-1) cm-1 respectively).
Nevertheless, it is interesting to note that the MNPs do not show 70 times less efficient
photothermal degradation of PPC, with the slope of the MNP power study is only ~ 0.62 times
that of the gold. This is to say that the instantaneous decomposition rate of MNP is around half
that of AuNP, while absorbing 70 times less efficiently. Thus, it is clear that the MNPs are a
powerful photothermal agent in their own right.
Beyond understanding the particles’ response to changes in illumination, it is also
important to understand their dependence on the concentration of the photothermal agents. This,
in turn, has implications for how efficiently one might use these particles. Figure 3-5 shows the
per cent mass loss of PPC as a function of both MNP and AuNP concentration. Here, we see our
first major benefit for the MNPs over AuNPs. As seen in Figure 3-5 A, the MNPs show a fairly
linear dependence of photothermal efficacy on concentration. This is unlikely to continue to
extreme concentrations as, under the most concentrated conditions, the front of the film will
screen the back of the film from the incident beam. This, in turn, will eliminate the dependence
on the concentration of nanoparticles. In effect, once the material become optically dense enough,
all incident light is absorbed before the entirety of the film depth is irradiated. At this point,

30
increasing the number of absorbers cannot have any beneficial effect for photothermally driven
processes.
This is exactly what we see in Figure 3-5 B for the AuNPs. For low concentration of the
AuNPs, the trend is linear. However, once 1:100 mass fraction is reached, the per cent mass loss
of PPC plateaus, and the increase in concentration of AuNPs is no longer beneficial driving to
increasing the rate of decomposition. This is a direct effect of attenuation of the incident beam. In
terms of benefits for photothermally driven reactions, this means that larger numbers of MNPs
can be used, compared to AuNPs. While this may not be an obvious benefit, when one considers
that homogenous reaction rates under photothermal conditions will require homogenous

Figure 3-5: Per cent loss of A) MNP/PPC and B) AuNP/PPC composites as a function of mass
fraction.16,17
illumination throughout the vessel (film), one can appreciate the ability to place larger numbers of
photothermal sources within a reactive volume, while maintaining the sample at an effective
optical density.
Another interesting observation is that the AuNPs plateau near 70 % decomposition of
the film, which is near to the value obtained for the most concentrated MNP samples. Thus, if the
linear trend of MNPs is to continue, it is likely that the samples containing MNP could be made
to be even more photothermally responsive than the AuNPs, before reaching the plateau region of

31
Certainly the fact that, in terms of relative extinction coefficients, the MNPs are more effective
than AuNPs would suggest this is the case.16,17

Estimation of Photothermal Temperature Reached by MNPs
Since the advent of the photothermal effect, it has always been extremely difficult to
measure the temperature which a single particle reaches during and after irradiation. However, we
can offer a lower bound of the temperature which the film reaches, using a simple analysis of the
observed reaction kinetics. Although, this method makes several assumptions, it can give us a
reasonable idea of the temperature the particles must be reaching.
Since our reaction is unimolecular, will use 1st order kinetics. For the sake of this
calculation, we use 1:100 point on the MNP mass loss figure in Figure 3-5. This point exhibits
36 % mass loss of PPC, which corresponds to 0.7 half-lives. Because the heat dissipates quickly,
we can assume that time for reaction is the same as the time of irradiation: 56 µs, when summed
up over all 8nm pulses. Accordingly, the half-life of the reaction under these conditions is ~80 µs.
Using this value for the half-life, we can then find the rate by using the following equation:
3
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Where t1/2 is the half-life, and k is the rate of reaction. We obtain a rate of 8660 s-1. We
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to estimate the lower bound temperature the bulk-film would have to experience to obtain
the above rate, which is at least 770 K. For comparison, AuNPs are estimated to reach a
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temperature of at least 800 K, using this same estimation. It is important to stress that this is the
absolute lowest temperature that could give rise to the observed kinetics, and it is likely that the
particles attain temperatures far above this. Nevertheless, even this lower bound yields a
temperature that is far higher than typically employed for bulk-scale chemical transformations of
organic materials.

Crystalline Stability of Magnetite Nanoparticles

Figure 3-6: Powder X-ray diffraction patterns of MNPs A) before and B) after irradiation. As the
labels for the crystal planes, virtual no change occurs to the MNPs crystal phase during
irradiation.17
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Figure 3-7: Visible indication of the ligand stability of the MNPs. If the ligands were
unstable, the particles would fall out of solution and become cloudy. 17

Now that we know that MNPs are comparable to AuNPs in driving the photothermal
decomposition of PPC, we highlight the reasons which MNPs offer a better alternative to that of
gold. First we need to show that they are indeed more stable than their gold counterparts. One
area of stability which may not be as relevant to that of pure gold, but may be for iron oxide, is
the possibility of crystalline phase transitions, that is Fe3O4 decomposing to FeO and Fe2O3
particles, or for them to be further oxidize to form Fe2O3.81 To demonstrate whether or not this
occurs, samples of MNPs before irradiation and samples which were dissolved in hexanes and
irradiated, dried, and then powder X-ray diffraction was performed on the respective samples. As
shown in Figure 3-6, the peaks shown in the XRD patterns are virtually the same, indicating that
no crystalline phase transition occurs. This is also important, because it has been shown that
nanoparticles can undergo thermally activated crystalline phase transitions, and the fact that the
MNPs discussed in this thesis do not, displays that thermal energy created by the MNPs is not
being wasted on thermal phase transitions
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Figure 3-8: Infrared spectroscopy of A) before and B) after irradiation. The presence of
the alkene stretch indicates that the ligands are maintained through irradiation. Samples
were dried to a powder and washed with methanol and acetone to ensure any unbound
oleylamine was removed.17

Ligand Stability of Magnetite Nanoparticles
Another downfall of AuNPs is that of ligand instability under photothermal conditions.
This is an issue mainly because the ligand stabilizes the particles and allows them to remain
suspended within the solution. If this ligand sphere is removed, the particles become insoluble
and useless as reusable photothermal agents. However, MNPs offer amazing ligand stability as
qualitatively shown in Figure 3-7. In this figure, we demonstrate that colloidal solutions of MNPs
remain stable, even under the largest fluencies of 532 nm laser light (50 MW cm-2).

For

comparison, colloidal solutions of AuNPs are stable for less than a minute under similar
conditions and fall out of solution.16 Thus, this provides qualitative evidence for the ligand
stability of the MNPs under photothermal conditions.
More analytically, we can use FT-IR to investigate the particles surface before and after
irradiation. Because the particles themselves are IR inactive, and they have been cleaned with
volatile solvents thoroughly, the only signals that should show up, should be molecules attached
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to the particles surface. As shown in Figure 3-8, the particles before and after irradiation show
signals indicative to the oleate ligand, most notably, the ν(C=C) group. This is consistent with the
particles maintaining the ligands throughout photothermal conditions.

Geometric Stability of MNPs
Finally, there is geometric stability, that is, the particle having unchanging shape and size
under photothermal conditions. Initially, this may not seem to be a large issue because, as
discussed earlier, as the size of the particle (both gold and magnetite to a certain point) increases,
so does the absorption (until scattering becomes significant). So, one may assume that if the
absorption increases, so should the photothermal efficiency. However, if the geometry is

Figure 3-9: Transmission Electron Microscope images of MNPs and AuNPs before and after
irradiation. As shown by visual inspection, as well as the distribution (inset), the MNPs show little
to no sign of alteration in size, while the AuNPs show great variation in their size.16,17
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changing, this also means that there is heat which is being used to drive the particles physical
alterations; heat which is not being used to drive the chemical reaction(s) of interest. This could
result in a decrease of photothermal efficiency. This has been shown in several occurrences with
gold, where nanorods have been reshaped into spheroids or spheres, or where 2 nm particles grow
into larger spheres using pulsed laser light. In addition, growth and changes in shape can increase
the scattering coefficient, rather than the absorption coefficient, also reducing the efficiency of
the photothermal effect. Moreover, changes in geometry also makes it extremely convoluted, if
not impossible to conduct systematic studies of how the shape and size of photothermal particles
affect their efficiencies. Finally, if the goal is to create photothermal agents that provide greatly
increased control over the dissipation of heat throughout a chemical reactive medium, then loss of
control over shape and size is ultimately a loss in control over this dissipation of heat.
However, shown in Figure 3-9, as compared to gold, samples dissolved in hexanes
submitted to 100 mJ per pulse shows no statistically relevant size changes, both being at 5.9 ± 0.8
nm. While shown in the same figure, the AuNPs show a large size change, going from 2 nm to a
distribution with a maximum of 20 nm. This not only shows that a lot of energy which the AuNPs
absorb, but also highlights MNPs ability to be subjected to systematic studies to better understand
the photothermal effect.

Conclusions
In this chapter we have seen through direct comparison that MNPs offer an excellent
alternative to AuNPs as photothermal agents. We showed that MNPs offer not only stability in
ligand retention to maintain solubility, but also geometric stability. This is does not only improve
upon AuNPs, it offers properties necessary for systematic studies into the photothermal effect
AuNPs simply cannot offer. In the next chapter, we exploit these stabilities to examine three
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different sizes of MNPs to explore various physical and optical factors which may influence the
particles photothermal efficacy, as well as offer insight through simple simulations.
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Chapter 4
Using Robust Magnetite Nanoparticles to Experimentally and Theoretically
Probe the Effect of Size on Photothermal Efficiency

Introduction
As mentioned in previous chapters, because the nanoscale nature of the photothermal
agents, these extreme temperatures are localized in both time and space, and are naturally wellmatched to the scale of the elementary steps of molecular transformations (nanometers and
picoseconds). The localized nature of the heating means that, while the immediate surroundings
of the nanoparticle experience extreme temperatures, the bulk of the system only experiences
minor temperature fluctuations, limiting the extent of unwanted processes. Nevertheless, the
localized heat remains effective at driving chemical transformations. Although the photothermal
effect has proven effective, it is not well understood how thermal diffusion behaves on the
nanoscale, nor how the properties of the nanoparticle such as size, geometry, specific heat, and
ligand identity, can be used to control the generation and dissipation of thermal energy. This lack
of knowledge inhibits efficient design and optimization of photothermal agents, preventing full
realization of the potential power this approach promises for driving chemical transformations.
To a large extent, the lack of knowledge concerning the influence of nanoparticle properties over
photothermally driven reactions is a result of the prevalence of gold nanoparticles (AuNPs) in the
literature which are used because they possess a strongly absorbing plasmon resonance and are
weakly emissive.24 However, as shown previously, the low melting point of gold (even lower for
nanoscale particles),64 propensity for Coulombic explosion,82 and relatively weak binding
surfactants (thiols, amines, citrate, etc.), the properties of AuNPs are unstable under photothermal
conditions. This lack of stability of AuNPs prevents systematic studies of the influence of various
nanoparticle properties on photothermal efficacy. Fortunately, Chapter 3 has shown that
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magnetite nanoparticles (MNPs) are able to drive high barrier reactions, such as the clean
decomposition of polypropylene carbonate (PPC), while maintaining their overall size, shape,
composition, structure, and ligand environment.

In addition, one can synthesize MNPs in

multiple sizes. Combined with their stability; this makes MNPs an ideal system for investigating
how properties of nanoparticles control nanoscale heating. In this chapter, I focus on the effect
MNP size has upon efficiency of the decomposition of PPC (Figure 4-1) to explore which
properties are most important for controlling photothermal efficiencies of MNPs. I also show the
simulation of thermal diffusion around the particles surface to gain better insight into the behavior
of heat and the transfer thereof within the particles immediate surroundings.

Stability of Larger Magnetite Nanoparticles

Figure 4-1: Representation of PPC decomposition using various MNP sizes.
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Figure 4-2: A) TEM images and XRD patterns for MNPs synthesized showing geometric and
crystalline stability. B) Whisker plots showing various values obtained from TEM images. In
these plots, the `X' indicates the mean size of the particle while the horizontal line near the `X'
indicate the position of the median size. The top and bottoms of the box show the 25th and 75th
percentile of the sizes while the whiskers indicate the 2nd and 98th percentile of the sizes. The
individual points are the particle sizes that lie outside these bounds. As shown by visual
inspection, as well as the distribution (inset), the MNPs show little to no sign of alteration in size,
while the AuNPs show great variation in their size.
Before exploring MNPs efficacy, we need to show that the stability for larger particles
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remains constant. For this study, we synthesized three sizes of MNPs, 5.5, 10, and 15 nm. Full
synthetic methods can be found in Appendix A. To ensure all particles were stable under large
laser irradiance, samples of each particle were dissolved in hexanes, subjected to 7000 pulses (8
ns pulse width) with an irradiance of 25 MW cm−2 of 532 nm light operating at 10 Hz. These
samples were then characterized by XRD and TEM. As shown in Figure 4-2, TEM analysis
shows the particles do not experience significant changes in size under these conditions, while the
XRD patterns demonstrate the MNPs retain their crystalline phase.

These results are consistent with previous results involving ∼ 6 nm MNPs shown in
Chapter 3, and indicate that the vast majority of heat generated by the particles is dissipated to the
surroundings without driving undesirable changes to the particles such as fragmentation,
agglomeration, or crystalline phase transitions. This stability in terms of size, shape, and structure
allows us to probe how the differences in MNP size affect their ability to photothermally drive the

Figure 4-3: A) Percent mass loss over time for MNPs, AuNPs, and neat PPC. B) Percent of PPC
decomposed for a single particle over time.
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decomposition of PPC.

Photothermal Decomposition of PPC with Varying MNP Size
In order to determine the relative efficacy of these particles for photothermal
decomposition of PPC, we cast PPC films of 0.99 % weight MNP. We then exposed these films
to an irradiance of 25 MW cm-2, which is consistent with the irradiance used to test the MNP
stability and followed the decomposition of the PPC over time, using the mass loss of the
composite film as the metric of photothermal efficiency. Though the focus of this chapter is on
the size of MNPs, the AuNPs are included in Figure 4-3 A for initial comparison, as AuNPs
dominate the photothermal literature. Because the mass loss throughout time is linear, we
performed a least squares fit to the data. The slope of this fit is proportional to the instantaneous
rate of the decomposition and can be used to establish the relative efficacy of the MNPs as
photothermal agents (Table 1). For ease of visual comparison of the slopes, the data has been
shifted along the y-axis by adding a constant to all points in a series, such that the fits pass
through the axis origin. Because we are simply adding a constant to the data, and because we are

Table 4-1: Collection of various experimental and theoretical values discussed herein. In this
table, ε532 is the extinction coefficient at 532 nm, Cp is the heat capacity of a single particle, Tmax is
the maximum temperature the particle reached during the simulation, and tT520 is the time the
particle was above the reactive temperature for the decomposition. * These are the slopes directly
attained from Figure 4-3. For all but the pure PPC films, this remains a valid designation. ‡ This
quantity is used to describe the total volume heated, multiplied by the time heated. It is meant as a
way to be able to take into account the different volumes and time the medium is heated, and
allow for a more straightforward comparison of the practical results of increased heat capacity.
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only concerned with comparison of slopes, this does not alter our interpretation or conclusions.
Unaltered data can be found in Appendix A.
From Figure 4-3 and Table 4-1, it is obvious that all irradiated samples containing
nanoparticles experience enhanced rates of decomposition. Interestingly, the AuNP rate is nearly
the same as that of the 15 nm MNPs. That is, the 15 nm MNPs perform the same as the de facto
photothermal agent. In addition, the enhancement of the rate provided by the MNPs is clearly size
dependent, highlighting the importance of performing systematic studies such as this. Because all
irradiated films contained the same mass fraction of nanoparticles, Figure 4-3 A is a direct
comparison of the relative rate of decomposition as a function of mass of nanoparticles in the
film. However, because the particles vary in size, each sample will necessarily contain different
numbers of particles. Therefore, if we want to gain greater understanding of how specific
parameters of the particles affect the photothermal efficiency, it is necessary to consider the
efficacy on a per-particle basis. Using the size and density of the MNPs to estimate the number of
particles present in each film, we adjusted the plot to compare the rate of decomposition on a
particle-by-particle basis (Figure 4-3 B). Because of their instability, the size of the AuNPs during
the course of the experiment is largely unknown, and attempting to draw any meaningful
conclusions and comparisons of AuNPs to MNPs on a particle-by-particle basis is futile. Thus,
the information for AuNPs is not included in the per-particle analysis. Similar to the results on a
weight-by-weight basis, as the size of the MNPs increases, so too does the efficiency for driving
decomposition of PPC. Though, on a particle-by-particle basis, the dependence of enhancement
size is much greater than on a mass-by-mass basis.
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Figure 4-4: Extinction spectra of the three sizes of MNPs.

Nanoparticle Properties Controlling Decomposition of Poly(propylene carbonate)
At this point, it is clear that all of the MNPs are stable and efficient photothermal agents
for the decomposition of PPC and that their size is an important parameter in determining their
photothermal efficacy. However, I have yet to address why this is the case. Though discussion
thus far is framed in terms of changes in MNP size, there are a number of other properties of the
particles that will change as a function of size, and which could influence the photothermal effect.
Perhaps the most obvious parameter to consider is the absorptivity of the particles, as seen in
Figure 4-4, the extinction coefficient at 532 nm of the MNPs increases with size (Table 1), which
is a result of the fact that the particles are being excited on the low energy edge of the band gap
transition. As the particle size increase, the band gap narrows and the transition red-shifts,

74,83,84

increasing the absorptivity. It would follow that if a majority of the light is converted to thermal
energy, our initial hypothesis was that the decomposition rate would correlate best to that of the
absorption coefficient. However, we found this hypothesis to be false. In part, this is due to the
fact that, as the nanoparticle absorption coefficient is increasing, so too does the volume of the
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individual particles we are trying to heat. Thus, if all particles are to attain the same temperature,
the absorptivity would need to increase as rnp3 , which it clearly does not. Though the changes in
absorptivity or volume of the particles do not appear to be responsible for our observed trend in
relative reaction rate, there are other properties to consider, such as the surface area and heat
capacity. The former of these would account for the rate at which thermal energy can be passed
from the particle to the reactive environment, while the latter would account for the ability of the
particle to store thermal energy that is then passed on to the environment during the cooling phase
in between laser pulses– in other words the total volume of the environment that might be heated.

Simulation of Photothermal Heating
Theoretical Model
To gain insight into factors controlling the photothermal efficiency, we carried out
discrete numerical simulations based on Fourier’s law of thermal conduction. In addition, given
the extreme temperature jumps that the particles experience, we also account for radiative transfer
at the particle’s surface. In the simulation, we treat the nanoparticle as a solid mass, surrounded
by a series of 0.5 nm shells of the medium, in turn buried in a continuum of the medium which is
held at room temperature (Figure 2A). At the start of these simulations, the entire system is at
room temperature, and the laser heating is simulated by adding a heat flux at the MNPs surface.
The magnitude of this heat flux is determined by the optical and physical properties of the MNPs.
Using the acquired UV-visible spectra, we calculate the extinction coefficient on a per-particle
basis. We then assume that the only significant means of extinction is absorption and that all of
the absorbed energy is converted to thermal energy. The influx of energy raises the temperature
of the particle, according to the heat capacity of the particle. As the particle’s temperature rises,
thermal energy is transferred to the surroundings. The thermal conductivity of the medium and

46
the size of the shells dictate that time step be 150 ps in the following simulations. As the
simulation is iterated through each discrete time-point, we determine the amount of thermal flux
from the ith to the ith + 1 shell (qi→i+1) according to the following equation:
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(4-1)

In this equation Ti and Ti+1 are the temperatures of the ith to the ith+1 shells. kmedium is the
thermal conductivity of the medium (in this case PPC, with kPPC = 0.17117 W ·m−1 ·K−1 ). L and τ
are the shell thickness and time step size, respectively. Because the nanoparticles reach such
extreme temperatures, we also add in the radiative flux for the nanoparticle core (qrad)85:
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Where εnp is the emissivity of the nanoparticle, and is taken to be 0.74. Using Equations 1
and 2, we calculate the heat flux for the core and every shell which provides both the heat
transferred in, as well as the heat transfer out. The final temperature of each shell at the end of the
time-point is then arrived at by accounting for the heat capacity of the shell and the net heat flux.
The simulation is iterated for the desired total time of experiment. During the simulation the heat
flux at the nanoparticle can be turned on or off, in order to represent the start and end of the laser
pulse. Results for simulations of 5.5 nm, 10 nm, and 15 nm MNP in PPC, exposed to a single 8 ns
pulse of 532 light (25 MW cm-2 ) are shown in Figure 2B. In these plots the laser pulse begins at
t=0. The simulations then proceeds for another 7 ns after the end of the laser pulse to allow
complete cooling of the system for the larger particles. The implications of these results are
considered below.
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Simulation Results
From these simulations, we obtain the theoretical temperature of each discrete shell at
every time points through which the simulation iterates. Before discussing the results of these
simulations in detail, it is necessary to address their shortcomings. First and foremost, the
equations that the simulations are based upon are only valid for macroscopic systems. On the
nanoscale, heat transfer is much more complicated, and is not understood well enough to allow
for accurate simulation. Thus, we use these simulations as a first approximation. Second, we do
not include the surfactant layer on the nanoparticles, which would provide a shell with a different
thermal diffusion. However, even for the smallest particles, thermal diffusion extends far beyond
this surfactant layer, and so this should lead to only small errors. Finally, we do not explicitly
address thermochemical considerations within the PPC medium itself. The decomposition of PPC
is endothermic and, where the reaction explicitly included, should contribute to the apparent
dissipation of thermal energy. However, despite these caveats, all simulations we investigated
shared these same limitations, and so should provide rough quantitative guidance for

Figure 4-5: A) Representation of the model used for the simulations where n is the number of shells
through which heat moves. B) Results of the simulation showing the temperature of selected shells
for 5.5 nm, 10 nm, and 15 nm MNPs
understanding the influence of MNP properties on photothermal efficacy. This is supported by the
fact that the peak temperatures predicted by these simulations (Figure 4-5) are of similar order of
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magnitude to those estimated from considerations of the rate. Before discussion of the simulations
results, it’s important to note that no matter the size of the particle, the heating/cooling portions of
the simulation have a similar shape (Figure 4-6). Indeed, in all cases, as the laser is on, the
particles quickly asymptopically approach a steady-state temperature, at which the energy flux
out from the particle matches that from absorption of the laser. For the 5.5 nm particles this
steady-state temperature is reached, while for the two larger particles, it is not. Interestingly, we
find that the simulated maximum temperature is largest for the 10 nm particles, despite the fact

Figure 4-6: A) Heating and cooling of the nanoparticles surface as simulated. B) Reactive
volume of PPC as the simulation proceeds. The inset is the volume of the medium for the
5.5 nm MNPs
that the extinction coefficient for the 15 nm particles is the largest. This is likely due to multiple
factors, such as increased surface area, which may lead to more efficient dissipation. As noted
above, though the extinction coefficient increases, so too does the heat capacity. In addition, as
the particles increase in size, there is more surface area for the heat to dissipate from. These
effects work in conjunction to control the final temperature attained by the particles. Indeed, a
plot of Tmax versus ε532 · Asurface · Cp−1 yields a strong correlation (R2 > 0.99), as shown in
Appendix A. As might be expected from this analysis, the rates of heating and cooling of the
particles also differ with size, with both the rate of heating and the rate of cooling being the
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Figure 4-7: Reaction rate as compared to the heat capacity of a single particle and the reactive
space-time as well as linear least square fits to these parameters.
slowest for the largest particles. However, we note that, at early times, all three particles quickly
heat to a temperature above the temperature needed for bulk decomposition of PPC (520 K –
horizontal black line, Figure 4-6 A), but the larger particles remain above this temperature for
much longer after the laser pulse ends. This also means that the larger particles provide increased
reaction time – again likely owing to increased heat capacity of the nanoparticles. Interestingly,
though both the peak temperature and the time spent above 520 K (Table 1) should affect the total
reaction, we find that neither provide reasonable correlation with the relative per-particle rates of
mass loss (see Appendix A). Instead, it seems likely that it is the volume of solution that is heated
above the reaction temperature, combined with the time for which this volume is heated, that
underlies the observed reaction rate. Figure 4-6 B plots the volume above 520 K versus time for
our three particles. Here, we see that the total volume that lies above 520 K is largest for the
largest particles. Indeed, integrating the area under these curves to give the volume of particle
heated above 520 K, multiplied by the time that they are heated (a quantity we are calling the
Reactive Space-Time), yields values that provide an acceptable correlation (R2 = 0.79) with the
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relative reactivity (Figure 4-7) – especially given the drastic simplifications of our model. Thus, it
seems that, when changing the size of nanoparticles without changing the material, the most
relevant parameter to be considered is the heat capacity of the particle, or ability of this particle to
store thermal energy which is then dissipated into the environment. As the heat capacity
increases, so too does the volume of medium that can be heated as well as the time for which the
medium is hot.
This insight carries with it a number of interesting implications. To date, one of
the most interesting aspects about photothermal heating has been the ability to drive reactions
cleanly the high temperatures predicted for the large laser fluences we use. This ability is often
ascribed to the matching of the lifetimes of high temperatures to the elementary steps of reactions
and the tight localization of the extreme temperatures. However, if our results are carried to their
logical conclusion, they suggest that the efficacy of the photothermal effect will only increase
with increasing size of the particle, increasing volume heated by the nanoparticle, and the time of
heating. This cannot be true. We know that application of bulk-scale temperatures of several
thousand Kelvin will not cleanly drive the decomposition of PPC. Thus, there must be some
cross-over region where the particles become so large, the volume heated so large, and the rate of
temperature changes slow, that the reaction is no longer driven cleanly and will exhibit bulkheating attributes, such as lack of spatio-temporal control and the prevalence of side reactions.
Where this crossover region is, however, remains to be identified.

Conclusions
In this chapter, we have shown that we are able to control the rate of photothermal
decomposition of poly(propylene carbonate) by tuning the size of MNPs, the 15 nm MNPs being
comparable to the well-studied 2 nm AuNP counterpart. In doing so, we highlight that when
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choosing a photothermal agent, it is important to take into consideration physical properties of the
particle in addition their optical properties. It was shown that reaction rate is most directly related
to the heat capacity of the MNPs, rather than absorptivity, surface area, or even temperature
attained by the nanoparticles. The dependence on the heat capacity likely owes to the fact that
particles with larger heat capacities heat larger volumes of their surrounding media for longer
periods of time, as supported by simulations of photothermal heating. Thus, this research offers
guidance into how one may tailor nanoscale systems to maximize their photothermal effect.

Chapter 5
Conclusions and future directions
The work contained herein was done with the desire to determine a more stable
photothermal agent than the de facto agent of AuNPs. Even though the use of AuNPs have
allowed interesting work which has the photothermal process at its core, gold has several
drawbacks outlined in this thesis. Therefore by finding a photothermal agent which is more stable
would allow a larger range of reactions to be done more efficiently, drive cleaner reactions due to
the localized nature of the photothermal effect, and allow the photothermal agent to be possibly
reused post-reaction. Although there have been many studies which employ other photothermal
agents, a majority of these studies use NIR light, while most applications which use AuNPs us
~ 520 nm light. This has prohibited direct comparisons of other photothermal agents to AuNPs
simply due to weak absorption of most metal oxides in this range (magnetite), or being highly
emissive (quantum dots) which inherently decreases their photothermal efficiency.
This work was also driven by the desire to understand the photothermal effect on a more
fundamental level. As mentioned before, gold is a relatively soft metal and undergoes geometric
changes and ligand effects which alter their absorption. As the AuNPs are irradiated, the ligands
have a potential to essentially be blown off the surface – decreasing their solubility. As they are
irradiated, if the irradiance is high enough, the particles also have the potential to melt and
aggregate – altering their optical, and therefore, their photothermal properties. Both of these
factors lead to difficulties and convolution of systematic studies which seek to probe
photothermal efficiencies at higher flux. Therefore, we sought a more stable particle to not only
drive prolonged reactions, but also to be able to carry out systematic studies to lend further
insight into factors which matter the most when thinking about photothermal systems.
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The work within my dissertation offers such insight into what ultimately controls
photothermal efficiency by employing MNPs as the photothermal agent. Not only do we find that
the MNPs are geometrically stable and retains their ligand, they are also super paramagnetic,
offering simple separation post reaction if one desires. My work also offers insight into how
altering the particles size affects their photothermal efficiency.

Exploring Various Nanomaterials as Photothermal Agents
In Chapter 2, I showed that particles which one may not typically think of as
photothermal agents can be somewhat effective in driving the decomposition of poly(propylene
carbonate) – this model system was chosen due to its relatively high activation barrier, while
being cleanly driven, while being able to be dissolved in similar solvents as the nanoparticles
we’re concerned with. Additionally, the fact that the polymer does not absorb 532 nm light offers
a straight forward way to gauge the photothermal efficiency. Finally, the first order nature of the
decomposition and the fact that it’s a well-studied system allows us to use simple kinetics to
estimate a rate of reaction, and there for a lower bound estimate for the particles temperature.
During these experiments, particles were suspended in thin films of PPC no larger than
the diameter of the incident beam. Particles studied consisted of CuSe, CuSeS, and Fe3O4 with
Fe3O4 (MNPs) being the most efficient out of the three. This provided a photothermal particle
which we could then go on to compare to that of gold directly, and possibly offer insight into
photothermal systems
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Comparison of MNP to AuNP to Offer Stable Photothermal Agents
In Chapter 3, I explored various photothermal conditions such as concentration of
particles in the film, duration of irradiance, and power density of the incident light. Initial
experiments showed visible degradation of the film, similar to that of samples which employ
AuNP. After initial observations, I went on to show that irradiation in solution of hexanes for
7000 pulses, with the use of transmission electron microscopy, the MNP particles were
geometrically stable. Through the use of FT-IR, I showed that the particles retained their ligands,
which allowed them to not agglomerate. This is in stark contrast to the observations for AuNPs in
similar conditions, where the ligand is removed from the surface, causing the partilces to
agglomerate and eventually grow in size.
I then went to show that under similar conditions previously reported which employed
AuNPs, the MNPs show remarkable photothermal efficiency, despite being ~70 times less
absorptive. This can be attributed to the fact that more of the energy absorbed is being dissipated
to the surroundings (PPC) instead of being used to drive the melting of the particles or the
ablation of the ligands. Additionally, because MNPs are 70 times less absorptive, we do not
experience a plateau of the per cent mass loss at high particle concentrations as observed using
AuNPs. Additionally, we showed that the heat generated through the photothermal effect of
MNPs did not alter their crystalline phase, which has been shown occur. The use of MNPs
provides us a particle which we can now investigate on a more fundamental level of what effects
heat on the nanoscale.
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Probing the Size Dependence of MNP on Their Photothermal Efficiency
With a particle that was robust under photothermal conditions, we could systematically
study how to tune and better control photothermal efficiency. In Chapter 4, we explored how the
size effects the photothermal efficiency. Three sizes, 5.5, 10, and 15 nm particles were
synthesized and studied. We first addressed the stability of the particles, as stability may decrease
as the size of the particle increases. However, as shown, the geometric stability was proven to be
the same as previous particles shown in Chapter 3, with very little change in size and crystalline
phase. We carried out similar studies of irradiating MNP:PPC composites at 0.99% weight and
followed the mass loss of polymer through time. However, because the per cent weight remains
the same, but the size of the particle differs, the film will necessarily contain a different number
of partilces, thus a different number of heat sources. Therefore, we adjusted the mass loss to a per
particle basis and examined various physical and optical properties.
We can then use the slope of the mass loss through time as an instantaneous rate of
decomposition. Although the extinction of the particle increases with size, this increase is not
linear. One would expect that the photothermal efficiency would be best described by how
efficient the particles are at absorbing their incident light, described by the extinction coefficient.
We find this not to be the case. Instead, we find that the photothermal efficacy is most directly
related to the heat capacity of the particle – or the particles ability to store a larger amount of
energy, which is dissipated between pulses. The larger amount of heat absorbed ultimately leads
to a larger volume of PPC which reaches temperatures above that which is required to drive the
reaction.
To gain further insight we simulated the heating and cooling of the particles and PPC
taking into consideration the physical and optical properties of the particle and PPC. This
resulted in heating/cooling curves, as well as gave us the relative volume heated about Trxn
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through time and space. We then show that when the volume of PPC is integrated and multiplied
by the time interval (Reactive space time). We receive a correlation with a R2 of 0.79 between the
reactive rate, and the reactive space time, which considering the assumptions and simplification
of our model. These simulations show that it’s not necessarily how efficient the particle is at
absorbing the light, it’s how much energy the particle can store, which in turn increases the
reactive rate and the reactive time.
The collective work contained within this thesis offers great insight into how to tune and
control the photothermal efficiency of various particles. Not only does it show that MNPs are a
efficient alternative to AuNPs while more stable, we show that it’s the heat capacity which
correlates most to the effective reaction rate. With the photothermal effect offering heat sources
on the molecular spatio-temporal scale, these insights have the potential to lead the future
photothermal work in a direction that could potentially offer a tunable, stable and reusable
photothermal agents to drive chemical reactions cleaner and more efficient than bulk-scale
heating. Below are examples of future experiments to further this expanding area of research.

Future Experiments

Constructively Using the Photothermal Effect of MNPs
Now that we have shown that MNPs can be used to decompose polymers, it would be
interesting to determine their efficacy in constructively drive the polymerization of thermoset or
thermoplastic polymers. Although the polymerization of thermoset polymers may be more
straightforward than thermoplastics due to their increased thermal stability, the fact that the heat
provide by the photothermal effect is around for such a short time, curing thermoplastics could be
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a potential avenue to have increased control and on demand of all kinds of polymers, which could
be of interest to industry due to the increased efficiency of curing the photothermal effect offers.
For the thermoset polymer, it has been shown that the photothermal effect of AuNP can
be used to drive the polymerization of a polyurethane, shown in Figure 5-1. Although this has
already been done with gold, as shown in this dissertation, it’s important to have systems in
which the photothermal effect of MNPs can be directly compared to AuNPs. Due to AuNPs being
the de fact photothermal agent, having systems in which you can directly compare MNPs not only
shows their relative efficacy to the standard photothermal agent, but offers to gain more interest
from the community if MNPs can be shown to do what AuNPs have already been shown to
accomplish.

Figure 5-1: Curing process for a polyeurathane which could be used as a model system
to constructively use the photothermal process of MNPs.
As for the thermoplastic, it is best to start with systems which are simple and
straight forward, while still being relevant. Therefore, poly(dimethyl siloxane) would be a good
starting point for this. Although thermoplastics are able to be reformed at a certain temperature,
the heat would be around for such a short time, that the reformation should be minimal, and the
system should simply cure.
For both of these systems, it would be of academic and industrial interest to
develop a type of 3-D printer. For this, you would simply extrude the components containing the
photothermal agent. As the components are extruded, a pulses laser could be used to cure the
system. As this would not necessarily be useful for the systems discussed in above, it could prove
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as a proof of concept and be extended to other systems which cure at higher temperature and is
difficult to incorporate into 3-D printing. If successful, this could revolutionize manufacturing,
allowing the manufacture of systems not currently available.

Figure 5-2. Evolution of the temperature of a nanoparticle highlighting the difference between
CW and femtosecond pulsed illumination.89

Varying Pulse Width and Repetition Rate
All the experiments contained within this thesis were carried out using a frequency
doubled Nd:YAG laser operating at 10 Hz with a pulse width of 8 ns. A shown by the simulations
in Chapter 4, the particles essentially reach a steady state temperature within ~2 ns. After this, the
rate of diffusions of the heat away from the particle is equal to that of the generation of the heat.
Although it has been shown that CW light can produce extreme photothermal responses, these
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applications typically require orders of magnitude more energy and result in more of a bulk-scale
heating. Also, having a longer pulse than the time it takes the nanoparticles to reach the steady
state temperature is starting to move into the bulk scale heating regime. The pulse width (same
energy density) would depend on the material, as you would want a pulse that heats the particle to
its steady state temperature. This could be done simply using the PPC system which has been
used within this thesis, varying the pulse width, with the same repetition rate and length of
irradiation would yield insight into whether or not this is an efficient means of maximizing
photothermal efficiency.
Having a pulse width, and repetition rate on the order of the thermal relaxation time (~10
ps) would maximize the delivery of heat, making the process more efficient. Shown in Figure 5-2
is the difference in heating between a femtosecond pulsed laser, and a CW source. Depending on
the temperatures required, one could model the heat diffusion and match the rate of the pulse to
when the particle cools to the Trxn, maximizing the use of the energy being put into the system.
For example, in Figure 5-2, if one wanted to drive a reaction which was driven at the dashed line
(TCW), one would have a repetition rate of 2 ns in between pulses. This would give a spike in the
temperature of the system, it would cool to Trxn, and then you would pulse the system again to
repeat the process.

Core-Shell Fe3O4-Au Nanoparticles
As was shown, magnetite particles offer many benefits over gold, mostly in
stability. However, despite their downfalls, AuNPs remain more efficient photothermally due to
the surface plasmon. It has also been shown that Fe3O4 /Au core shell particles are relatively
simple to synthesize. If the gold shell was thin enough to still exhibit a surface plasmon, and the
adhesion to the MNP core is greater than the cohesion forces of the gold, it could be possible to
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obtain photothermal particle which exhibit the best of both systems. The advantages of such a
system would have the benefits of the surface plasmon intense absorption, while still being stable
and able to be separated due to the superparamagnetic nature of the MNP core.

Conclusions
My dissertation explores MNPs as an alternative to the de facto photothermal agent,
AuNPs. It has shown that high-barrier reactions can be driven without the use of plasmonic
heating, while the particles remain geometrically stable, maintain their ligands, as well as their
crystalline phase. This implies that all the heat that is generated is dissipated to their surroundings
instead of being used to drive undesirable side-reactions. It has also shown that it’s the heat
capacity of the particle which has the most influence of the instantaneous reaction rate. This work
offers insight into how one can tune photothermal efficiency, allowing for a wider range of
reactions to be driven in such a way. Further work, as outlined above will offer greater insight on
how to better control molecular scale heating to increase reaction efficiency.

61

Appendix A:
This Appendix will contain information and supporting information for Chapter 3 and Chapter 4.
It is meant as a supplement to the main text.

Full synthetic methods of 6 nm MNPs
First of all, not that this for the synthesis for the MNPs used within Chapter 3, and not the
MNPs used in Chapter 4. Fe(acac)3 (2 mmol), oleylamine (7 mmol), oleic acid (6 mmol),
tetradecanediol (10 mmol), and diphenyl ether (20 mL) were magnetically stirred together while
purging with nitrogen gas for 30 minutes. Under a nitrogen atmosphere, the solution was brought
up to 200 °C for 2 hours and then brought to reflux (~300 °C) for 1 hour. The solution was
allowed to cool to room temperature and the MNPs were precipitated with acetone, magnetically
collected, and the yellow supernatant decanted. The MNPs were then washed with acetone until
the supernatant became clear and allowed to dry.
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Photostability of Oleylamine

Figure A-1. Stability of Oleylamine before and after being exposed to 7000 pulses of 532 nm
light from a frequency doubled Nd: YAG laser with an irradiance of 50 MW cm-2

Unaltered data used to generate Table 3-1

Table A-1. Unaltered data of the three nanoparticles discussed in Chapter 4.
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Appendix B
This Appendix is meant to provide the python code which was used to simulate the heat
dissipation discussed within Chapter 5. For those unfamiliar with python, anything with “ # ” is a
“comment” which is not considerered when the code is compiled, but meant for notes and the
such. This “comment” will continue until there is a “return” in between the comment section and
code. For example, ‘#for now…files.” is a single comment, and the next line of code is “pi =
3.14159”. The more heavily commented the code the better, generally, as it gives the person to
work on the code next a better idea of what the original author was attempting to do. The explicit
code is contained below:
--------------------------------------------------------------------------------------------------------------------import csv
import time
import datetime
import math

#####################
#
GATHER THE PARAMETERS OF INTEREST
#####################
#for now, we will work with the command line input, but we will eventually read/write from
files.
pi = 3.14159
k_gas = 8.314 # gas constant J/mol K
#get the time that the simulation was run...
ts = time.time()
ts = datetime.datetime.fromtimestamp(ts).strftime('%Y-%m-%d %H:%M:%S')

#params_no_extension = input('What is the name of the .csv input file? ')
#for speed, we will take out the above....
params_no_extension = 'Input'
params = params_no_extension + '.csv'
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from_file = csv.reader(open(params, 'rU'))
values = []
#put the values from the file into a list
for row in from_file:
values.append(row[1])
#make sure we have the file name correct
print ('Using the file: ', params)
#make sure we read the file correctly
print ('Check the Summary file for the parameters used.')

#now we are going to move these values into our variables, so that we can use them. The
commented out versions were for when user imput was asked for in the command line.

#sim_name = input('Please supply a name for this simulation: ')
sim_name = values[0]
sum_name = sim_name + '_Summary.txt'
#material = input('What material is this for? ')
material = values[1]
#size_np = input('What is the radius in nm? ')
size_np = values[2]
size_np = float(size_np) #Need to turn the string into a number
r_np = size_np * 0.000000001 #converts the size given to meters. I keep the other one, in case I
want to print it out?
#General info for materials of interest
if material == 'gold':
C_np = 129 # The heat capacity of the particle in J*kg-1*K-1
p_np = 19320 # The density of the particle in kg*m-3
di_np = 1.49 # The dielectric of gold (unitless)
e_np = 0.035 # The emissivity constant of gold

if material == 'mag':
C_np = 647 # The heat capacity of the particle in J*kg-1*K-1
p_np = 5150 # The density of the particle in kg*m-3
di_np = 1.49
e_np = 0.74
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#
# IF we want other materials, we can just add these here, also in an 'if' statement.
#
#then we get info on the medium
#medium = input('What medium is the particle in? ')
medium = values[3]

if medium == 'water':
k_med = 0.609 # This is the thermal conductivity in W*m-1*K-1
p_med = 1000 # This is the density in kg*m-3
C_med = 4179 # specific heat in J*kg-1*K-1
real_med = 4.5 #The real dielectric of the medium
im_med
= 3.2 # The imaginary dielectric of the medium
if medium == 'hexanes':
k_med = 0.124 # This is the thermal conductivity in W*m-1*K-1
p_med = 659 # This is the density in kg*m-3
C_med = 2260 # specific heat in J*kg-1*K-1
real_med = 4.5 #The real dielectric of the medium
im_med
= 3.2 # The imaginary dielectric of the medium
if medium == 'ppc':
k_med = 0.17117 # This is the thermal conductivity in W*m-1*K-1 gt from thermal
instrument
p_med = 1260 # This is the density in kg*m-3 this is fine
C_med = 1165 # specific heat in J*kg-1*K-1 get from instrument?
real_med = 4.5 #The real dielectric of the medium don't need for mag
im_med
= 3.2 # The imaginary dielectric of the medium don't need for mag
#
# IF other madiums are desired, then we can add them here, using an 'if' statement.
#
#T_surround = input('What is the temperature of the surroundings? ')
T_surround = values[4]
T_surround = float(T_surround)
#Then we get info on the laser
#irr_laser = input('What is the irradiance of the laser in MW/cm**2? ') #The two multiplicative
factors convert to units of W/m**2
irr_laser = values[5] #The two multiplicative factors convert to units of W/m**2
irr_laser = float(irr_laser)*1000000*100*100 #Need to turn the string into a number

#l_laser = input('What is the wavelenth of light in nm? ') #Divisor oncverts to units of meters
l_laser = values[6] #Divisor oncverts to units of meters\
l_laser = float(l_laser)/1000000000 #Need to turn the string into a number
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#pw_laser = input('What is the pulse width of the laser in nanoseconds? ')
pw_laser = values[7]
pw_laser = float(pw_laser)/1000000000 #Need to turn the string into a number
#ext_np = input ( 'what is the extinction coefficient in M^-1 cm^-1' ) M is moles of particles per
liter
ext_np = values[8]
ext_np = float(ext_np)
# Here we over ride ext_np if the ext coefficient is available from experimental results.
# We also over ride r_np to be the experimental radius from log normal fits and TEMs
if material == 'mag' and size_np == 3:
r_np = 2.7 * 0.000000001
ext_np = 843000
if material == 'mag' and size_np == 5:
r_np =4.935 * 0.000000001
ext_np = 12000000
if material == 'mag' and size_np == 7.5:
r_np = 7.475 * 0.000000001
ext_np = 18400000
if material == 'gold' and size_np == 1:
r_np = 1.035 * 0.000000001
ext_np = 341000

# We then can calculate some paramteres of interest. First, those of the medium.
s_med = k_med/(p_med*C_med) #This is the thermal diffusivity of the medium in (m**2*s**-1)
#Next, some for the particle
A_np = 4*pi*r_np**2 #Surface area of the particle in meters
V_np = 4/3*pi*r_np**3 #Volume of the particle in meters
Cp_np = p_np*V_np*C_np #Heat capacity of the particle J*K-1
ext_cross = 3.83764*10**-24 * ext_np
geo_cross = r_np**2 * pi
Q_np = ext_cross / geo_cross
#This is to allow the Q_np to be overridden if we're wanting to see how the reaction will progress
with larger particles. Note: the Q_np for
# the experimental gold is larger than what mie theory predicts. If purely theoretical values is
desired, simply change the radius in the input file to 1.000001 or something similar
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if material == 'gold' and size_np != 1:
Q_np = 24 * pi ** 2 * r_np * di_np ** 2 * im_med / (
2 * (di_np + real_med) ** 2 * l_laser) # The absorption efficiency of the particle
(unitless)
##################################
#
SETTING UP THE CALCULATIONS
###############################
#length = input('What is your length scale of interest, in nm? ')
length = float(values[9])
length = length/1000000000
#because the length scale of interest determines the time scale, we need to make a suggestion for
this...
definedM = 2 #<-- this is for 1D problems. This will need to be changed, if larger dimensions
are needed.
time = length**2 / (definedM * s_med) #This is the timescale that will be used
time = time/2 #This is to smooth things out.

#fulltime = input('How long do you want to simulate in ns? ')
fulltime = values[10]
fulltime = float(fulltime)/1000000000 #How long to run the simulation.
#points = input('How many rows of data do you want to have? ') #Tells us how many arrays to
print.
points = values[11] #Tells us how many arrays to print.
points = int(points)

efficiency = float(values[12]) #This is the efficiency of transfer to the surroundings across the
interface
lag = float(values[13])/1000000000000 #This is the time during which the particle is generating
heat, but is not yet diffusing...
#Some other random calculations that we need...
V_med = 4/3 * pi * (r_np + length)**3 - V_np #This is the volume of the first shell of the
medium in meters.
E_abs = irr_laser * A_np * Q_np * time #Energy absorbed by the particle, for unit time.
DT_abs = E_abs/Cp_np #The change in temperature of the particle per unit time, due to
absorption.
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DT_lag = DT_abs * lag/time #This is the about of heat that results from the lag, before diffusion
kicks on. We can add this to the starting temp.

count_final = int(fulltime/time + 1) #This is for knowing when the simulation has ended
laser_count = pw_laser/time
#we need to introduce some construct for knowing when to record an array.
#calculate the size of the interval between recordings. The math we use is the same as rounding
up to the nearest whole number
interval = int(count_final / points + 1)
interval_counter = 1 #This will be our counter for the interval number we are on... Starts at 1,
since we already recorded the t=0 point.
#print(results)
print('The number of total points to be calculated is ', count_final)
print('The number of points between recordings is ', interval)
# Additional inputs
barrier = values[14] #this is the activation barrier for the raction, in kJ/mol
barrier = float(barrier)
frequency = values[15] #This is the frequency factor for the reaction
frequency = float(frequency)
concentration_initial = values[16]
concentration_initial = float(concentration_initial) # in M (how to do this for ppc? or is it
necessary?)
rxn_enthalpy = values[17] #this is in Kj/mol, and needs to be replaced by a entry in the input...
rxn_enthalpy = float(rxn_enthalpy) #this is in Kj/mol, and needs to be replaced by a entry in the
input...
###########################################
#############################################
####
####
NOW WE DO THE CALCULATION
###
##############################################
##############################################

##########################################
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#
SET UP AN ARRAY TO HOLD THE SIMULATION
#########################################
# Here is a picture of what is going on....
#
# ___
# / \ \ \ \ \ ....
# | np | | | | | ...
# \___/ / / / / ...
# 0 1 2 3 4 ...
#
# The nanoparticle is surrounded by shells of solvent.
# This structure is divided up into arrays
# In all cases, we calculate q_in and q_out, giving us a q_net.
# The q_net is divided by the heat capacity
#
#
#The array will hold the spacial data
#Each array is a different step in time
#We will create two arrays, and then alternate between them, printing out only those arrays that
correspond to the data points needed.
#Also, in each array, we will represent the nanoparticle in the first entry only -- equivalent to the
'lumped sum' approach
#The second entry will handle heat transfer between the nanoparticle and the first solvent shell
# All others entries will be handled the same

#We will start with an list of four points, all set to the same starting temperature
# we will always read from A, and then use this to calculate B.
A = [T_surround + DT_lag, T_surround, T_surround, T_surround, T_surround] #This includes
the temperature from the lag...
B = [T_surround, T_surround, T_surround, T_surround, T_surround]

#Before we start, we should also record this t=0 time point.
#Let's make a list to hold these temporarily.
#At the end, we can print them out all nice and neat.
temp = []
temp.append(list(B)) #Dont use A here, so that we dont' write down the lag first.
#The reason for two arrays is that we will always be writing into B, and reading from A.
#Thus, everytime we generate a new B, we can move it to A for the next iteration
entries = len(B) # this will tell us how many items there are in the array
#entries = # of shells. Steps through space
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#We need to introduce a counter to figure out how many itterations we need to make. One
counter to count the iterations,
#
and one to know when to stop
count = 0 #This is for counting the number of steps as the simulation proceeds
# This if information and lists for rates
Ti = T_surround #sets initial temperature for initial rate
ki = frequency*(math.exp((-1000*barrier)/(k_gas*Ti)))
C = [ki, ki, ki, ki]
rates = []
rates.append(list(C))
# This is for concentration
con_i = concentration_initial
D = [con_i, con_i, con_i, con_i]
E = [con_i, con_i, con_i, con_i] #we need two lists, for the same reason we need to lists for
temperature...
concentrations = []
concentrations.append(list(E))

#then we will run the following, for as long as we need to
#check = input("Check 2.1 ")
while count < count_final: #Basically, we run this simulation as much as needed.
#we should probably create an OBJECT to handle this, and will probably do so in the
end, for now, we will write it out in line.
i = 0 # this will be the counter for taking care of adding up the array stuff... i refers to the
ith array.
#handle the nanoparticle basically, we are going to account for heat lost due to a preexisting temperature gradient across the interface
SBC = 0.000000056703 #stefan-boltzman constant - relates the power of a blackboady
radiation
q_out = (A[1] - A[0]) * A_np * k_med * time / length * efficiency #heat transfered
across the nanoparticle/medium interface
#This is the heat transfer due to radiation from the nanoparticle
q_rad = e_np * SBC * A_np * time * (A[0] - T_surround)**4
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#if count == count_final - 1:
#
print ('q_out for the nanoparticle is: ', q_out)
#
print ('q_ABS is: ', E_abs)
#
print ('q_rad is: ', q_rad)
#
print ('q_net for np is: ', E_abs + q_out - q_rad)
#Then, we are going to account for eat gained from the laser, which we have above
#Then the new temperature comes from ading these two together, and dividing by the
heat capacity
#we need to figure out how to tunr the laser off, basically by setting E_abs = 0

#check to see if we are past the laser pulse. If so, then turn off the E_abs term
if count > laser_count:
E_abs = 0

B[0] = A[0] + (E_abs + q_out - q_rad ) / Cp_np # Record the final temperature.

#FOR SIMPLICITY, WE WILL SIMPLY AVERAGE THIS OUT...
q_in = -1 * q_out
C[i] = (frequency * (math.exp((-1000*barrier)/(k_gas*B[i])))) #need to record the rate
constant stuff here, for the surface of the particle, before we move on to the shells
i=i+1
#################################################################
################################################################
#################################################################
#handle the solvent shells
while i < entries - 1: #We will step through the remaining entries in the list
q_out = (A[i+1]-A[i]) * k_med * 4* pi * (r_np + i * length)**2 * time / length #
DT * k * pi * (area of outer part of shell)
q_net = q_in + q_out #The net heat into the cell.
V_shell = 4 / 3 * pi * ((r_np + i * length)**3 - (r_np + (i - 1) * length)**3) #This
is the volume of the ith shell.
D_heat = entries*length*1000000000
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B[i] = A[i] + q_net / (p_med * V_shell * C_med) #The new temperature, based
upon the q_net
del_T_shell = q_in / (p_med * V_shell * C_med)
q_in = -1 * q_out #for the next iterration, we have the in the same as the out from
this one.
Ti = B[i] #rather than averaging the temperature we calculate what the rate would
be at the edge of each shell, and then average out this rate later!
C[i] = (frequency * (math.exp((-1000*barrier)/(k_gas*Ti)))) #rate for that temp
at that time pointS. C[i] is the ith element of an array that holds the rate data.
k_i = ((C[i] + C[i-1])/2) #we are averaging the rates from the edges of the shell,
so that we get an 'average' rate for each shell.
conf = D[i] * math.exp(- (k_i * time)) # Calculate the final concentration, using
the concentrations we ended with at the last timepoint.
#IF THE FOLLOWING LINE IS COMMENTED OUT, THEN WE ARE
WORKING WITH CONSTANT CONCENTRATION...THAT IS, UNDER A FAST FLUX OF
MATERIALS.
E[i] = conf #record the final concentration for the shell

#########################
#
ADD IN THE REACTION THERMODYNAMICS
#################################
#calculate the moles of reaction and the change in heat from this...
#eventually add an 'if' loop here, in order to add or not add reaction...
mole_rxn = (D[i]-conf)*V_shell #the change in concentration, multiplied by the
volume of the shell
q_rxn = mole_rxn * rxn_enthalpy * 1000 #the moles of reaction, multiplied by
the reaction enthalpy. Factor of 1000 to convert to J from kJ
DT = (D[i]-conf) * rxn_enthalpy * 1000/(p_med * C_med)
#print('The change in temperature due to reaction is: ', DT)
B[i] = B[i] - (D[i]-conf) * rxn_enthalpy * 1000/(p_med * C_med) #new
temperature, once the reaction enthalpy is taken into account.
i=i+1
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#check = input('Check 2.3')
#################################################################
################################################################
################################################################
#make sure to check to see if the second to last cell has experienced a large change in
temperature.
T_end = B[entries - 3] #This picks up the value of the second to last entry in the list.

if T_end > T_surround + 1: #See if this value has changed significantly
#If so, add another cell to the end of BOTH arrays.
B.append(T_surround)
C.append(ki)
E.append(con_i)
#Update the size of the list
entries = entries + 1

#Then, we check to see if this is one of the arrays that we need to be printing to a file, if
so, we do that.
if count == interval_counter * interval:
temp.append(list(B)) #appends new list (B) to list of lists (results)
rates.append(list(C))
concentrations.append(list(E))
interval_counter = interval_counter + 1 #Need to advance to the next interval

#Then we update A to be our newly written B
A = list(B) #This formulation is required, A = B just updates A everytime B is updated
D = list(E) #and we also bass our final E list to D, for the next round!
count = count + 1 #advance the count, so that we know when we have done enough
iterations.
#over=input("Press any key (2.2) ")
#print('heat capacity of the nanoparticle is ', Cp_np)
#print()
##print('The final nanoparticle temperature is: ', A[0])
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#print('There are ', entries, 'entries in the final timepoint')
#print ()
#print ('The final list is:')
#print (A)
#print()
#print('The rise and fall of the np temp is: ')
#print()
#print()
V_shell_1 = 4 / 3 * pi * ((r_np + length)**3 - (r_np)**3) #This is the volume of the 1st shell.
V_shell_final = 4 / 3 * pi * ((r_np + (entries * length)) ** 3 - ((r_np + (entries-1)*length) ** 3))
# This is the volume of the ith shell.
V_heated = 4 / 3 * pi * ((r_np + (entries * length)) ** 3 - ((r_np) ** 3))

##########################################
#
TIME TO PRINT
##############################################

#when we print, let's make sure that they all have the same number of columns,
#that should be relatively easy, given that we have already know the total value = entries
#first introduce constants to count the number of lists we have generated, and then the elements
within those lists
j = 0 #use this index to count through the list of lists
k = 0 #use this to count through the elements of each list.
### ALL OF THE 'PRINT' COMANDS NEED TO BE REPLACED BY WRITING TO AN
EXTERNAL FILE
#we will first write so that the x-axis is time

vtime = open(sim_name + ' temp_vs_time.csv', "w")

while j < points: #we will do this for as long as we have timepoints to count through
if j == 0:
m = 0 #need a new counter for keeping track of entries
vtime.write('Time stamp: ')
vtime.write(ts) #put a timestamp for the simulation on the top left
vtime.write (' rows = ns' + ' column = nm')
while m <= entries - 1: # we are going to use this block to accomplish a heading
for the length...
vtime.write(' , ') # start with this, so that the first entry is blank, becuase
we will put all the time values under this...
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column_head = str('%.2f'%(m * length * 1000000000)) + ' nm' # The
command('%.2f'%) truncates the float at 2 decimal places. This is the length in nanometers.
vtime.write(column_head)#This makes a list in which the entries are
lengths (in nanometers)
m=m+1

vtime.write('\n')#start a new line
row_head = str((j)*interval*time*1000000000) #This gives us the time in nanoseconds...
vtime.write(row_head)
while k < entries:
if k < len(temp[j]): #these are for numbers that are actually in the list
vtime.write(",")
to_write = str(temp[j][k])
vtime.write(to_write)

if k >= len(temp[j]):
vtime.write(",")
to_write = str(T_surround)
vtime.write(to_write)
k=k+1
k = 0 #reset this for the next round...
j = j +1

#now we should write something so that it is versus space
#need to reset our counters...
print('number of points to calculate are: ', points)
#check = input('Still running')
k=0
j=0
L = 0 #New variable to be used for the next writing...
m=0
### ALL OF THE 'PRINT' COMANDS NEED TO BE REPLACED BY WRITING TO AN
EXTERNAL FILE
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vspace = open(sim_name + ' temp_vs_space.csv', "w")
#over=input("Press any key (3) ")
while k < entries: #we will do this for as long as we have timepoints to count through
if k == 0:
m = 0 #need a new counter for keeping track of entries
vspace.write('Time stamp: ')
vspace.write(ts) #put a timestamp for the simulation on the top left
vspace.write(' rows = nm' + ' column = ns')
while m <= points : # we are going to use this block to accomplish a heading
for the length...
vspace.write(' , ') # start with this, so that the first entry is blank, becuase
we will put all the time values under this...
column_head = str('%.2f'%(m * interval*time * 1000000000)) + ' ns' #
The command('%.3f'%) truncates the float at 2 decimal places. This is the length in nanometers.
vspace.write(column_head)#This makes a list in which the entries are
lengths (in nanometers)
m=m+1

vspace.write('\n')#start a new line
row_head = str((k)* length *1000000000) #This gives us the time in nanoseconds...
vspace.write(row_head)
while j < points:
if k < len(temp[j]): #these are for numbers that are actually in the list
vspace.write(",")
to_write = str(temp[j][k])
vspace.write(to_write)
if k >= len(temp[j]):
vspace.write(",")
to_write = str(T_surround)
vspace.write(to_write)
j=j+1
j = 0 #reset this for the next round...
k=k+1
m=0
k=0
j=0
rate_v_space = open(sim_name + ' rate_vs_space.csv', "w")
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while k < entries: #we will do this for as long as we have timepoints to count through
if k == 0:
m = 0 #need a new counter for keeping track of entries
rate_v_space.write('Time stamp: ')
rate_v_space.write(ts) #put a timestamp for the simulation on the top left
rate_v_space.write(' rows = nm' + ' column = ns')
while m <= points : # we are going to use this block to accomplish a heading
for the length...
rate_v_space.write(' , ') # start with this, so that the first entry is blank,
becuase we will put all the time values under this...
column_head = str('%.2f'%(m * interval*time * 1000000000)) + ' ns' #
The command('%.3f'%) truncates the float at 2 decimal places. This is the length in nanometers.
rate_v_space.write(column_head)#This makes a list in which the entries
are lengths (in nanometers)
m=m+1

rate_v_space.write('\n')#start a new line
row_head = str('%.2f'%((k)* length *1000000000)) #This gives us the time in
nanoseconds...
rate_v_space.write(row_head)
while j < points:
if k < len(rates[j]): #these are for numbers that are actually in the list
rate_v_space.write(",")
to_write = str('%.4E'%(rates[j][k]))
rate_v_space.write(to_write)
if k >= len(rates[j]):
rate_v_space.write(",")
to_write = str('%.4E'%(ki))
rate_v_space.write(to_write)
j=j+1
j = 0 #reset this for the next round...
k=k+1

m=0
k=0
j=0
con_space = open(sim_name + ' concentration_vs_space.csv', "w")
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#over=input("Press any key (3) ")
while k < entries: #we will do this for as long as we have timepoints to count through
if k == 0:
m = 0 #need a new counter for keeping track of entries
con_space.write('File created: ')
con_space.write(ts) #put a timestamp for the simulation on the top left
con_space.write(' , ')
con_space.write('If this entry is to the right of the timestamp , the top row is the
elapsed time in ns , the first column is the distance from the nanoparticle in nm, If this entry is
below the timestamp, the identity of the row and columns is reversed. ')
con_space.write('\n')#start a new line
con_space.write(' , ') #use this to move the table over one space -- for easy
transposition.
while m <= points : # we are going to use this block to accomplish a heading
for the length...
con_space.write(' , ') # start with this, so that the first entry is blank,
becuase we will put all the time values under this...
column_head = str('%.2f'%(m * interval*time * 1000000000)) # The
command('%.3f'%) truncates the float at 2 decimal places. This is the time in nanoseconds.
con_space.write(column_head)#This makes a list in which the entries are
lengths (in nanometers)
m=m+1

con_space.write('\n')#start a new line
con_space.write(' , ') #use this to move the table over one space -- for easy transposition.
row_head = str('%.2f'%((k)* length *1000000000)) #This gives us the length in nm...
con_space.write(row_head)
while j < points:
if k < len(concentrations[j]): #these are for numbers that are actually in the list
con_space.write(",")
to_write = str('%.8E'%(concentrations[j][k]))
con_space.write(to_write)
if k >= len(concentrations[j]):
con_space.write(",")
to_write = str('%.8E'%(concentration_initial))
con_space.write(to_write)
j=j+1
j = 0 #reset this for the next round...
k=k+1
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# Things to add#
#1 Phase changes
###########################
#
CHEMICAL REACTIVITY
#######################
#Ok, so at this point, we have an array that gives the temperature at a set of times and distances.
#we should be able to use this to calculate reactivity as well.
#The plan of attack is to calculate the instantateous rate constant at any given point/time
#as well as the concentration present at any shell.
#we will need some information about the reaction, which will be entered in the input file.
#then we can calculate the final concentration at the end of the day
#concentration_final = concentration_initial*e**(-1*ki*t)
########################
#
PRINT OUT A REPORT OF WHAT WAS USED/CALCULATED
########################
#Print out: name of material, time step, space step,

with open(sum_name, mode='w') as Sum:
Sum.write('This calculation used the following values: \n \n')
Sum.write('')
Sum.write(str(temp)) # have to convert the number to a string before it can be written in
a file.
Sum.write('\n')
Sum.write('')
Sum.write('USER SUPPLIED INPUT') #have to convert the number to a string before it
can be written in a file.
Sum.write('\n')
Sum.write('Material: ')
Sum.write(material)
Sum.write('\n')
Sum.write('Radius of Particle: ')
Sum.write(values[2])
Sum.write('\n')
Sum.write('Medium: ')
Sum.write(medium)
Sum.write('\n')
Sum.write('Frequency factor: ')
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Sum.write(str(frequency)) # have to convert the number to a string before it can be
written in a file.
Sum.write(' s-1')
Sum.write('\n')
Sum.write('Activation barrier: ')
Sum.write(str(barrier)) # have to convert the number to a string before it can be written in
a file.
Sum.write(' kJ/mol')
Sum.write('\n')
Sum.write('Irradiance: ')
Sum.write(str(irr_laser)) #have to convert the number to a string before it can be written
in a file.
Sum.write(' W/M**2')
Sum.write('\n')
Sum.write('Wavelength: ')
Sum.write(str(l_laser*1000000000)) #have to convert the number to a string before it
can be written in a file.
Sum.write(' nm')
Sum.write('\n')

Sum.write('Space step: ')
Sum.write(str(length*1000000000)) #have to convert the number to a string before it can
be written in a file.
Sum.write(' nm')
Sum.write('\n')
Sum.write('Volume of first shell: ')
Sum.write(str((V_shell_1))) #This is the volume of the ith shell.) # have to convert the
number to a string before it can be written in a file.
Sum.write(' nm**3')
Sum.write('\n')
Sum.write ('Volume of final shell:')
Sum.write (str(V_shell_final))
Sum.write('nm**3')
Sum.write('\n')
Sum.write('Total volume heated:')
Sum.write(str(V_heated))
Sum.write('nm**3')
Sum.write('\n')
Sum.write('Distance from particle surface heat diffused:')
Sum.write(str('%.2f'%(D_heat)))
Sum.write('nm')
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Sum.write('\n')
Sum.write('Total elaspsed time for simulation: ')
Sum.write(str(fulltime*1000000000)) #have to convert the number to a string before it
can be written in a file.
Sum.write(' ns')
Sum.write('\n')
Sum.write('Number of timepoints: ')
Sum.write(str(points)) #have to convert the number to a string before it can be written in
a file.
Sum.write('\n')
Sum.write('\n')
Sum.write('CACULATED PARAMETERS')
Sum.write('\n')
Sum.write('Time step: ')
Sum.write(str(time*1000000000)) #have to convert the number to a string before it can
be written in a file.
Sum.write(' ns')
Sum.write('\n')
Sum.write('Thermal conductivity: ')
Sum.write(str(k_med)) # have to convert the number to a string before it can be written
in a file.
Sum.write(' m**2/s')
Sum.write('\n')
Sum.write('Thermal diffusivity: ')
Sum.write(str(s_med)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' m**2/s')
Sum.write('\n')
Sum.write('Nanoparticle surface area: ')
Sum.write(str(A_np)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' m**2')
Sum.write('\n')
Sum.write('Nanoparticle volume: ')
Sum.write(str(V_np)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' m**3')
Sum.write('\n')
Sum.write('Nanoparticle heat capacity: ')
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Sum.write(str(Cp_np)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' J/K')
Sum.write('\n')
Sum.write('Extinction coefficient: ')
Sum.write(str(ext_np)) # have to convert the number to a string before it can be written
in a file.
Sum.write(' ')
Sum.write('\n')
Sum.write('Extinction cross section: ')
Sum.write(str(ext_cross)) # have to convert the number to a string before it can be
written in a file.
Sum.write(' ')
Sum.write('\n')
Sum.write('Geometric cross section: ')
Sum.write(str((geo_cross))) # have to convert the number to a string before it can be
written in a file.
Sum.write(' ')
Sum.write('\n')
Sum.write('Absorption efficiency (Q): ')
Sum.write(str(Q_np)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' ')
Sum.write('\n')
Sum.write('Starting temperature: ')
Sum.write(str(T_surround)) #have to convert the number to a string before it can be
written in a file.
Sum.write(' K')
Sum.write('\n')
Sum.write('Energy absorbed by nanoparticle, per unit time: ')
Sum.write(str(E_abs)) #have to convert the number to a string before it can be written in
a file.
Sum.write(' J')
Sum.write('\n')
Sum.write('Change in temperature per unit time, due to absorption: ')
Sum.write(str(DT_abs)) #have to convert the number to a string before it can be written
in a file.
Sum.write(' K')
Sum.write('\n')
Sum.write('Total number of time points calculated: ')
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Sum.write(str(count_final)) #have to convert the number to a string before it can be
written in a file.
Sum.write('\n')
Sum.write('Number of time points between recordings: ')
Sum.write(str(interval)) #have to convert the number to a string before it can be written
in a file.
Sum.write('\n')
Sum.write('\n')
Sum.write('REPORT SUMMARY')
Sum.write(str()) #have to convert the number to a string before it can be written in a file.
Sum.write('\n')
Sum.write('Log completed successfully.')
Sum.write(str()) #have to convert the number to a string before it can be written in a file.
Sum.write('\n')
Sum.write('Simulation completed successfully.')
Sum.write('\n')
over=input("Program run sucessfully, press any key to end. ")
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