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ABSTRACT

Photoexcitation of the surface plasmon in gold nanoparticles (AuNPs) results in the
production of high temperatures at the nanoparticle surface in what is referred to as the
photothermal effect. The heat from this phenomenon is rapidly generated (~10 ps) and is
highly localized (< 20 nm), providing high resolution temporal and spatial control over a
molecular-scale heat source. Thus far, this heat has been utilized to ablate cancer cells,
run high temperature reactions, and decompose polymers. However, little is known
about the constructive power and the temperatures achieved by this effect, and more
importantly, the properties that influence our control over this heat. The work in this
dissertation demonstrates the general applicability of photothermal heat to various
chemical transformations, such as bond formation, and utilizes kinetic data to estimate
photothermal temperatures. We also investigate other materials as potential photothermal
agents. Collectively, this work provides a better understanding of the photothermal
effect, and establishes it as a well-controlled and on-demand heat source.
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Chapter 1

Driving Chemical Reactions via Photothermal Heating

Heat as a Synthetic Tool
Improvements in synthetic techniques have often formed the foundation of ground
breaking discoveries and advances across all fields of science and technology. Electron-beam
lithography photolithography enabled high resolution patterning at the nanometer scale used in
the fabrication of computer processors capable of speeds nearly ten thousand times faster than
those 30 years ago.1 Reactive ion etching allowed the miniaturization of surgical needles that
deliver medicine with both increased control and precise dosage.2 Synthetic modification of
specific genes through DNA editing, previously only accomplished by nature, provides the ability
to create, delete, activate, and suppress targeted genes in various organisms.3 In all of these
cases, it is evident that greater control over the manufacture of materials and chemicals has
played a large role in scientific advancements. It is paramount that we continue to develop new
synthetic methods in order to facilitate future advances.
In the history of synthetic techniques, heat may be the oldest and most fundamental tool
for driving molecular transformations: the formation, breaking, and isomerization of chemical
bonds.

As such, heat is widely used in many disciplines such as material science, medicine,

agriculture, and electronics and lies at the foundation of our modern lifestyle. For instance, the
Haber-Bosch process, which is conducted at temperatures in excess of 400°C, produces ammonia
for fertilizer, and is estimated to be responsible for sustaining one-third of the Earth’s population.4
Thermal cracking of hydrocarbons is another high temperature process that is essential to the field
of petroleum chemistry, and produces much needed substances such as ethylene and petroleum
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coke.5 The retro Diels-Alder reaction is a versatile low temperature (~60°C) reaction employed
in drug delivery and self-healing polymers.5-9 Thus, heat remains a versatile and important tool in
modern science and technology.
The general utility of heat stems from the fact that every molecular transformation has an
energy barrier that must be overcome in order to generate a product. At a given temperature, the
random thermal motion of atoms can occasionally provide sufficient energy to overcome this
energy barrier; however, the probability that a molecule will have enough energy is exponentially
dependent on temperature. There are two ways in which the barrier is addressed: increasing the
temperature or decreasing the barrier (catalyst). Providing additional thermal energy through heat
transfer can greatly increase the fraction of molecules with sufficient energy to overcome the
energy barrier and form products. As heat is added to a sample and the temperature increased,
the fraction of total collisions with enough energy and proper orientation to overcome the energy
barrier and form products increases, as shown in the Arrhenius equation below.
𝑘 = 𝐴𝑒 −𝐸𝑎⁄(𝑅𝑇)

(1-1)

where A represents the fraction of collisions and –Ea/RT represent the likelihood of these
collisions to overcome the barrier. As a tool, heat can be broadly applied to a wide variety of
reactions, but it can also result in undesired side reactions. Catalysts, which are often used to
increase rates of reactions, can also be used to induce high stereospecificity under mild conditions
and reduce side reactions. However, catalysts are often effective for very specific substrates
which means they need to be developed on a reaction-by-reaction basis, can be expensive (many
catalysts utilize palladium, rhodium, or iridium), and are often difficult to recover if they are
homogenous.10
In addition to kinetic considerations, reactions at thermodynamic equilibrium can be
affected by variables such as pressure, concentration, and temperature. Other reactions rely on
specific formulations to create products with particular properties that would be altered by
changes in reactant concentration and pressure. For instance, the rigidity and flexibility of a
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polymer can be tuned by altering the concentration of its starting materials. Thus, to overcome
these obstacles, heat can be utilized to drive a reaction towards the products without altering the
composition.

Problems with Heat
While the above makes it evident that heat is widely applicable to numerous valuable
processes, the general utility of heat is offset by its wild inefficiency. This inefficiency arises
primarily from two problems. The first problem is loss of heat to the surroundings through
thermal radiation and convection. Thus, energy must be continually added in order to maintain
constant temperature. The second problem results from a fundamental mismatch between the
scale of heat application and the system undergoing transformation – a problem that is
particularly acute for many chemical transformations where heat is often applied on the meter
scale in order to accomplish transitions on the nanometer scale. Additionally, the reactive
molecules compose only a small fraction of the entire material. For example, a 1 M solution of
reactant in water will have a mole fraction of solute that is < 2%, yet heat is must be supplied to
the entire solution in order to effect changes on this minor component.
The degree of these inefficiencies can be highlighted by considering a common industrial
application of heat: the curing of polymer films, such as those on vehicles or machinery. The
current state-of-the-art for curing these films on automotive bodies is to: (i) assemble the frame of
the car, (ii) apply the coating to the surface of the car, and (iii) pass the coated car and frame
through an open oven on a conveyer belt.

The losses due to both thermal radiation and

convection are quite large, given the open nature of these ovens. The problem of mismatch
between the size of the reactive system (film) and the total scale of heat being applied (the full
frame of the car) is easily illustrated. A car of average size will have a film that has a mass that is
~0.10% that of the car’s; considering the heat capacity of the frame and film, conventional
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heating methods provide nearly 400 times the amount of energy that is absolutely necessary to
cure the film, and thus 0.25% efficient. Furthermore, this estimated inefficiency does not account
for unintended thermal absorbers, such as the oven or other materials present, the time consumed
to heat these structures, or heat lost through the open oven. Thus, while this heating method is
effective at curing films, the energy consumed during the process increases the energy and
financial cost beyond what is strictly needed. If we increased the precision of heat application,
we could increase its efficiency.
Though the above is an example of thermal inefficiencies on a grand scale, there are
similar problems with all bulk-scale applications of heat. To a large extent, this is a result of
cultural inertia. Many of the heating techniques utilized today were developed decades ago, and
do prove effective. For example, microwave heating is a heating technique can directly access
rotational and vibrational modes of molecules and potentially heat a system within a matter of
seconds - a rate significantly faster than heating via ovens.11 However, like ovens, this technique
provides bulk-scale heating, which results in excessive energy costs, and the increasing awareness
of the need to conserve energy makes these approaches inadequate for the needs of present day.
There is also an additional difficulty in addressing the problem of scale mismatch – until the
advent of synthetic nanoscience, it was difficult to envision a way to apply heat with a level of
control that approached the molecular scale. Gaining such control over the application of heat
will certainly overcome many of the inefficiencies associated with thermal reactions, such as
avoidance of unwanted reactivity. It will also enable new applications. For instance, driving high
temperature reactions (i.e. urethane polymerization) on substrates that are thermally sensitive (i.e.
skin). Therefore, a large opportunity presents itself for the development of a new heating method
that will apply heat in a more efficient and controlled manner. The demonstration of such a
method is the goal of this dissertation.
Successful completion of this overall goal requires identification of a heat source that can
provide precise spatial and temporal control over heat sufficient to drive a reaction. For this
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dissertation, we use the photothermal effect exhibited by plasmonic metallic nanoparticles as this
heat source. Below, we demonstrate how gold nanoparticles meet our demands.

The Plasmon of Metallic Nanoparticles
Metal nanoparticles, such as gold (AuNPs), possess a surface plasmon which is an
electromagnetic wave composed of conduction electrons that propagates along the surface of a
metal surface. Upon application of an electric field, such as light, a polarization of these free
electrons with respect to the much heavier metallic core occurs (Figure 1-1).12 Coulombic
attraction between the displaced electron cloud and the positive metal core acts as a restorative
force, producing a coherent dipolar oscillation at the particle’s surface.13 The natural frequency
of this resonance is dependent on the size, shape, and identity of the metal.14 Shining light with a
frequency that matches the natural frequency of the surface plasmon’s oscillations results in
resonant driving of the electrons, producing a large enhancement in the near-field amplitude of
plasmon’s electric field that can in turn enhance the interaction of light (absorption and
scattering) with the metal.15,16

Figure 1-1: The production of a surface plasmon at the nanoparticle surface.

Because of the strong interaction with light, the surface plasmon resonance (SPR) leads
to a strong extinction band in the UV-Vis spectrum for AuNPs, and is responsible for the brightly
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colored appearance of colloidal solutions of metal nanoparticles.17 As noted above, the position
of this feature is sensitive to the physical properties of the nanoparticle (e.g. size, shape, material)
(Figure 1-2). However, it is also sensitive to the medium – specifically, the dielectric constant.18
This sensitivity provides the ability to detect changes in the immediate environment of the
nanoparticle, and has been exploited in areas such as molecular adsorption and microscopy.19,20
While both scattering and absorption contribute to the total extinction of the particle, it is the
absorption of light that ultimately results in heat production. Therefore, in order to maximize
heat production, it is important to understand how to control the interaction of nanoparticles with
light, which can be mathematically described by Mie theory.21

Figure 1-2: UV-Vis spectra of various gold nanoparticles, showing how a) size and b) shape of
gold nanoparticles affect the SPR.12,22

Determining the Absorptivity of Metallic Particles Using Mie Theory
The basic physics governing the interaction of electromagnetic fields of light with
plasmons was first described by Gustav Mie in 1908 for spherical particles much smaller than the
wavelength of incident light (2r << λmax/10) .12 Mie theory can be used to precisely calculate the
spectra of spherical particles, and is an exact solution to Maxwell’s equations for spheres with an
arbitrary size.23

Mie’s solution to Maxwell’s equations describes the optical response of
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spherical particle to light, and can be used to calculate a nanoparticle’s extinction cross section
(σ), a geometrical quantity which relates incident light to the scattering and absorption power of
the particle. The extinction cross section (σext) is simply the sum of the scattering (σext) and
absorption (σabs) cross sections12,23
𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠

(1-2)

which can be expressed by
∞

𝜎𝑒𝑥𝑡

2𝜋𝑟 2
=
∑(2𝑛 + 1)𝑅𝑒(𝑎𝑛 + 𝑏𝑛 )
𝑥2

(1-3)

𝑛=1

∞

𝜎𝑠𝑐𝑎

2𝜋𝑟 2
=
∑(2𝑛 + 1)(|𝑎𝑛 |2 + |𝑏𝑛 |2 )
𝑥2

(1-4)

𝑛=1

𝜎𝑎𝑏𝑠 =

18𝜋𝑉 3/2
𝜀2
𝜀𝑚
𝜆
(𝜀1 + 2𝜀𝑚 )2 + 𝜀22

(1-5)

and the Mie coefficients
𝑎𝑛 =

𝜓 𝑛′(𝑚𝑥)𝜓𝑛 (𝑥) − 𝑚𝜓𝑛 (𝑚𝑥)𝜓 𝑛′(𝑥)
𝜓 𝑛′(𝑚𝑥)𝜁𝑛 (𝑥) − 𝑚𝜓𝑛 (𝑚𝑥)𝜁 𝑛′𝑥

(1-6)

𝑏𝑛 =

𝑚𝜓 𝑛′(𝑚𝑥)𝜓𝑛 (𝑥) − 𝜓𝑛 (𝑚𝑥)𝜓 𝑛′(𝑥)
𝑚𝜓 𝑛′(𝑚𝑥)𝜁𝑛 (𝑥) − 𝜓𝑛 (𝑚𝑥)𝜁 𝑛′(𝑥)

(1-7)

where x is the size parameter given by 2𝜋𝑅𝑛𝑚 /𝜆, r is the nanoparticle radius, nm is the refractive
index of the medium, and V is the volume of the particle.23 εm and ε = ε1+iε2 are the dielectric
functions of the surrounding medium and material respectively, and ε1 and ε2 represent the real
and imaginary parts of the dielectric function of the material (ε). The ratio of the complex
refractive indices of the particle and surrounding medium is m = n / nm, 𝜓𝑛 and 𝜁𝑛 are the RiccatiBessel cylindrical functions that account for how charged particles scatter from each other, and a
prime indicates that the differentiation is applied to the argument in parentheses.24
When nanoparticles are significantly smaller than the wavelength of incident light (2r <
λmax/10), the extinction coefficient only receives significant contributions from the dipole
oscillation, and equation 1-3 can be reduced to
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𝜎𝑒𝑥𝑡 =

9𝜔𝑉 3⁄2
𝜀2
𝜀𝑚
𝑐
(𝜀1 + 2𝜀𝑚 )2 + 𝜀22

(1-8)

where V is the particle’s volume, ω is the angular frequency of the incident light, c is the speed of
light, and εm is the dielectric function of the surrounding medium.12,25
These equations show that the properties of the SPR are highly dependent on nanoparticle
dimensions. For example, the contributions of the scattering and absorption coefficients to the
total particle’s extinction cross section can be calculated for different sized particles. By dividing
the cross section coefficients calculated above by the cross sectional area of the nanoparticle, the
absorption, scattering, and extinction efficiencies (Qabs, Qsca, Qext) can be found. Figure 1-3
illustrates the dependence of each of these components on the nanoparticle’s size. At smaller
dimensions (D < 20 nm), the absorption is the greatest contributor to the nanoparticle’s overall
extinction; however, as size increases, there is an increasingly larger contribution from the
scattering coefficient.

As the extinction cross section depends on a particle’s volume, a larger

particle will exhibit increased radiative damping resulting in scattering.26 Thus, the most efficient
conversion of light to heat occurs for particles with a diameter of < 10 nm.27 However, it is also
important to understand how the absorbed light is ultimately converted to heat – that is the
photophysics associated with absorption by the SPR.

Figure 1-3: Extracted absorption and scattering spectra for gold nanoparticles of diameters a) 16.5
nm, b) 41 nm, and c) 72 nm.27
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Photophysics of Light Absorption by Metal Nanoparticles
When the SPR of a nanoparticle is excited, several sequential phenomena take place. The
initial response is the creation of a strong electric field from the resonant oscillation of excited
free conduction electrons on the particle’s surface.29

This effect is akin to transforming the

nanoparticle into a receiver that can be paired with an attached or nearby (< 2 nm away)
transmitter molecule.30 This is, perhaps, the most widely appreciated effect of SPR excitation, as
these large fields enhance the interaction of nearby molecules with the incident light via energy
transfer from a dipole-dipole interaction.31 This interaction of the plasmon-induced electric field
with nearby molecules has been utilized in a number of applications, including plasmon sensor
designs, where the nanoparticles behave as plasmon lasers and the energy transfer is realized as
optical gain in emission.32-34
Over a period of ~10 fs following excitation, the dipolar oscillation quickly dephases via
radiative or non-radiative channels in a manner that depends on the particle size.23 In particles
with a diameter > 10 nm, dephasing of the plasmon can result in radiative decay, emitting a
photon that is observed as scattered light. This radiative pathway has been exploited in a number
of applications such as surface enhanced Raman as well as optical sensing and bioimaging.35.36
On the other hand, particles with a diameter < 10 nm primarily dephase via nonradiative decay –
a result of inelastic electron-electron scattering.37 This scattering raises the energy of one of the
colliding electrons (and lowers the other), forming an excited-state electron-hole pair. This can
occur multiple times, resulting in a large distribution of electron-hole pairs spanning an energy
range of several electron volts within a single particle. In a sense, this is the conversion of light
energy to electric potential energy. This electric potential energy can provide the driving force
for electron transfer to or from the AuNP and has been exploited in splitting water and
dissociating H2. 38-40
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The final photophysical processes that follows excitation of the SPR is the ultimate
thermalization of the absorbed energy. The electron potential energy not consumed by electron
transfer returns to the equilibrium Fermi-Dirac distribution, dumping the energy of the electrons
into the phonons of the metal.41 Because the excited electrons are produced on a fast timescale
(~100 fs) and because the heat capacity of the electrons (Ce) is very small compared to that of the
lattice (Cl), the electrons are heated to very high temperatures in a short amount of time, while the
lattice remains relatively cool.41,42 Therefore, in the electron-phonon coupling step, the hot
electrons and the phonons are treated as two separate systems whose coupling is described by the
two-temperature model (TTM). This model gives the rate of energy exchange between the
electrons and phonons in the following coupled equations
𝐶𝑒 (𝑇𝑒 )
𝐶𝑙

𝑑𝑇𝑒
= −𝑔(𝑇𝑒 − 𝑇𝑙 )
𝑑𝑡

𝑑𝑇𝑙
= 𝑔(𝑇𝑒 − 𝑇𝑙 )
𝑑𝑡

(1-9)

(1-10)

where Te and Tl are the electronic and lattice temperatures and g is the electron-phonon coupling
constant.22,40

The electronic heat capacity Ce is assumed to vary linearly with electronic

temperature Te, which means that the timescale of electron-phonon coupling depends on the
initial electronic temperature.43-45 Electron-phonon coupling occurs over ~1 ps ultimately results
in an increased temperature for the nanoparticle.
The thermal energy now contained in the lattice of the particle can then diffuse away
from the particle raising the local temperature and driving thermally activated transformations.
This is the source of the photothermal effect (Scheme 1-1), which has been used to decompose
organic molecules, melt DNA, ablate cancer cells, and is the focus of this dissertation.46-48
However, to fully understand the ability of the photothermal effect to impart change in the
environment, we need to move beyond the generation of this heat to an understanding of the
spatial and temporal distribution that results from the diffusion of this heat.
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Scheme 1-1: Sequence of events and approximate timescales following absorption of photons by
a metal nanoparticle.49

The Photothermal Effect in Time and Space
While the mechanism for generating a photothermal effect in plasmonic nanoparticles is
known, in order to establish photothermal heat as a viable alternative heat source, it is important
to understand how this heat is transferred to the surroundings and reactive molecules. The
following equations govern the temperature of a sphere (nanoparticle) and the heat transfer to its
surroundings
𝜕𝑇𝑝
𝛼𝑝 𝜕 2
=
[𝑟𝑇𝑝 (𝑟, 𝑡)]
𝜕𝑡
𝑟 𝜕𝑟 2

(1-11)

𝜕𝑇𝑠
𝛼𝑠 𝜕 2
=
[𝑟𝑇𝑠 (𝑟, 𝑡)]
𝜕𝑡
𝑟 𝜕𝑟 2

(1-12)

where the subscript p refers to the particle and s to the solvent, α is the thermal diffusivity, which
is related to the thermal conductivity k by α = k/ρCp, where ρ is the density and Cp is the heat
capacity.49

Using Laplace transform techniques, these equations can be solved together to

determine the rate of cooling of the particle.50-52 Solutions to these heat transfer equations are
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more extensively discussed elsewhere, and are illustrated in Figure 1-4 for nanoparticles of
different radii.53

Figure 1-4: Calculated thermal responses of various sized nanoparticles.53 From top to bottom,
the different traces correspond to particles with radii of 25, 20, 13, and 7 nm. The inset shows the
characteristic time constant for energy dissipation (τ) plotted versus the square of the radius.49

The thermal response shown in Figure 1-5 can be fit to a stretched exponential function:
𝐹(𝑡) = 𝑇𝑒 −(𝑡⁄𝜏)

𝛽

(1-13)

where T is the temperature as calculated from the change in sample absorbance, τ

is the

characteristic time constant energy dissipation, and β is the stretching parameter.49 The plot in
Figure 1-5 shows that τ ∝ r2; thus, heat will dissipate faster in smaller nanoparticles due to their
large surface-to-volume ratios. The fast heating and cooling of small nanoparticles translates to
greater control over heat delivery, and it also decreases heat accumulation within the
nanoparticle, which can result in nanoparticle reshaping or Columbic explosion.54
While heat dissipates from the particle at a rate proportional to r2, the spatial temperature
distribution near the particle decays in a manner dependent on the following equation:
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𝛥𝑇 =

𝑞
𝑘𝑆

(1-14)

where ΔT represents the temperature limits, q is the heat-transfer rate, k is the thermal
conductivity, and S is the shape factor, which for a sphere is 4πr.55 Therefore, the temperature
gradient is proportional to 1/r, where r is the distance from the particle surface. Together, we see
that smaller particles result in faster cooling and tighter distributions of temperature near the
particles. Thus, the size of nanoparticles is a convenient tool for controlling photothermal impact
in time and space.

Controlling Heat Production at the Molecular Level Using Gold Nanoparticles
As seen above, the temporal and spatial evolution of the photothermal effect is dependent
upon the size for the nanoparticles. Convenient synthetic methods for AuNPs enable the use of
nanoparticles that will provide heat with a precision that approaches the molecular time and
length scales. For example, 2 nm particles are very simple to prepare and will exhibit intense
temperatures within ~2 nm of their surface, and this heat will dissipate from the particle surface
over a period of ~10 ps. Utilizing these nanoparticles to provide high temperatures has many
benefits.
Matching the scale of AuNPs to the scale of molecules allows heat to be applied directly
to reactive molecules while decreasing the volume of solution heated to that of the immediate
nanoparticle surrounding, ensuring more efficient use of heat. This also allows high temperature
reactions to be performed under ambient conditions, which is ideal for reactions traditionally
carried out in low boiling solvents or on heat sensitive substrates. The disparity in the timescale
at which heat is provided compared to the time that is required for the reaction to proceed is also
addressed by plasmonic heat. Reactions that were previously heated for hours or even days at a
time can instead be heated on timescales that are commiserate with the elementary steps (10-15 to
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10-9 seconds).56 Considering the timescale of the photophysical event responsible for producing
plasmonic heat occurs within ~1 ns (Scheme 1-1) as well as the rapid rate of cooling (~10 ps)
(Figure 1-4), the photothermal effect dramatically reduces the timescale on which heat is applied
as well as opportunities for spurious reactions to occur.
Finally, it is worth commenting on the particular advantages of nanoparticles over other
photothermal converters (such as molecules). While it is true that non-emissive dyes are capable
of producing a photothermal effect, this effect is limited by the absorptive strength of the dye, the
small thermal mass, and the fact that the dyes are only able to absorb 1-2 photons of light at a
time. In contrast, nanoparticles possess extinction coefficients three to four times greater than
those of strong absorbing organic dyes, making them extremely efficient light absorbers. 12 Small
plasmonic particles (< 10 nm) convert nearly all of this absorbed light into heat, have a large
thermal mass, can absorb multiple photons at a time, and are capable of reaching temperatures in
excess of 1000 K.57 While such extreme temperatures are not necessary for most reactions, and
are in fact deleterious to most, the highly localized and transient nature of plasmonic heat (< 20
nm) may avoid undesired reactions and allow access to temperatures previously forbidden in
various solutions and substrates. These high temperatures, coupled with matching of the size and
timescale of the heat source to that of the reactive molecules, transform heat into a spatially and
temporally precise, on-demand synthetic tool. Thus, the potential for plasmonic heat to provide
well-controlled and effective heat is great, but further understanding of how to apply it to a large
range of reactions is required. That is the objective of this dissertation.

Dissertation Overview
The work in this dissertation contributes to a better understanding the ability of
nanoparticles to impart heat to a molecular system with the ultimate goal of transforming
plasmonic heat into a controlled synthetic tool. We are interested in exploring the extent of
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control we can exercise over plasmonic heat so that we may establish plasmonic heat as a means
promote to a variety of reaction types at various temperatures. To achieve this goal, we have
investigated both solution and solid state reactions, and both making and breaking chemical
bonds.
In Chapter 2, I will discuss the decision to work with 2 nm gold nanoparticles under
pulsed irradiation, and examine their ability to thermally decompose a solid polymer into its
volatile products. The kinetics of this reaction will be utilized to propose temperatures occurring
at the nanoparticle surface, and compare these values to theoretically determined temperatures.
With a better understanding of the temperatures achieved in a solid medium, I will then illustrate
ability of plasmonic heat to constructively promote chemical reactions. In Chapter 3, the rate of
formation of a polyurethane generated via plasmonic heating will be compared to the rate of
formation with a common catalyst, as well as their ability to form bonds synergistically. Chapter
4 will discuss gold nanoparticles as photothermal agents as well as examine other nanoparticle
materials. The final chapter of this dissertation summarizes the conclusions from each project,
and discusses future that will serve to demonstrate our ability to provide plasmonic heat to a wide
range of chemical reactions. In its entirety, this dissertation will provide the scientific community
with insight into a novel synthetic tool equal in effectiveness and superior in control to current
synthetic heating methods.
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Chapter 2
Using Reaction Kinetics to Determine Photothermal Temperatures

Introduction
To increase the effectiveness and efficiency of heat as a synthetic tool, we must increase
our control over its placement, timing, and quantity. As mentioned in Chapter 1, conventional
heating methods possess these qualities only in a very limited sense. Heat is applied to the
desired reaction, but it is also supplied to the environment and other non-reactive thermal
absorbers, and once the appropriate reaction temperature is reached, this temperature must be
maintained for minutes, hours, or even days. By providing heat on the molecular level at
timescales matching that of elementary steps of reaction (i.e. bond breaking and bond formation),
we can increase spatial and temporal control over heating.
Over the last decade, the photothermal effect has received increasing interest for its
ability to provide heat. Nanoparticles can quickly and efficiently convert light into intense heat,
reaching up to several thousands of degrees.1 Due to the mismatch between rates of vapor
nucleation and thermal diffusion, these temperatures exist within the solvent, allowing even
solution phase reactions to be run at these high temperatures. In addition, the heat produced then
decays over several nanometers of distance from the particle surface, allowing for high
temperature reactions to proceed near the particle while the bulk experiences only mild
temperature increases. Plasmonic heat has been utilized in solution-based systems such as drug
delivery, cancer therapy, and high temperature organic reactions2,3 However, these applications
have demonstrated limited characterization of the timing and placement of heat. To understand
the control we have over the heat generated, we can follow the kinetics of a photothermally
driven reaction and then use these kinetics to define the temperatures produced by plasmonic
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nanoparticles. Using this approach we can begin to understand and tailor the properties that
influence heat production.
While many of the prior studies involving plasmonic heating investigated applications in
solution, plasmonic heat also promises advantages for solid state transformations.2,3 Many bulk
properties (magnetism, conductivity, etc.) are temperature dependent, and the ability to drive
chemical reactions with large activation barriers while maintaining a low bulk temperature (and
therefore preserving desired bulk properties) is attractive. The advantages of plasmonic heating
for effecting solid-state transitions have not gone unnoticed.4-11

Recent demonstrations of

modifications to surfaces have established plasmonic heating as a viable and efficient means for
promoting solid state change on the nanoscale.

For instance, Alessandri and co-workers

exploited plasmonic heat to “write” with a laser by ablating a polymeric surface coated in gold
nanoparticles.6 Imparting physical changes to a surface has also been utilized in high-speed
memory storage devices and selective defect healing,

and has the advantage of facile

characterization techniques such as differential scanning calorimetry and differential thermal
analysis.4,11 Though these reports demonstrate the ability of plasmonic heat to drive physical
changes, they provide limited insight into the reaction kinetics and reaction mechanisms, both of
which are important for determining temperatures obtained by excited nanoparticles as well as
any advantage plasmonic heating may impart. In order to determine these, it becomes important
to collect and characterize reaction products so that a known reaction pathway can be inferred.
By following the kinetics of the thermal decomposition of a polymer, the reaction’s rate,
efficiency, and temperatures achieved via the photothermal effect can be elucidated.

Choosing a Model System for Bond Cleavage
In order to study kinetics of photothermally driven reactions, we employed solid films of
polypropylene carbonate (PPC) containing heptane thiol-protected gold nanoparticles (average
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diameter ~ 2 nm). The decision to work with PPC stems from both its wide spread application in
a variety of materials as well as its chemical behavior. PPC is a robust and versatile polymer,
commonly employed to increase the toughness in some epoxy resins, as well as in packaging,
medical materials, and laboratory equipment.12 However, the low cost of PPC means that many
of these materials are often considered disposable, and are thrown away at the end of their short
lifespan. While the product may have a short lifespan, the polymer does not, and it can take years
for the material to fully decompose. Though recycling of PPC is available, it requires a costly
melting process at high temperatures (> 240°C).13 Despite the desire to decrease the volume of
materials in landfills, the melting process employed in recycling is both financially and
energetically costly. If efficiency is increased, then consumers are more likely to recycle. Thus,
recycling efforts stand to benefit from improved heating methods, such as plasmonic heating.
PPC also has many chemical properties that make this system well suited for following
the impact of photothermal heating. First, the bulk thermal decomposition is clean, so that we
can expect a clean photothermal reaction. The clean reaction also means that the thermodynamic
and kinetic parameters for the thermal decomposition of PPC have been determined. The thermal
decomposition of PPC exhibits two high barrier decomposition mechanisms: chain unzipping
(124 kJ/mol) and chain scission (185 kJ/mol) (Scheme 2-1).14,15 The high barriers for these
transformations mean that the rate and room temperature is negligible, and that we can ascribe
any decomposition of PPC to photothermal heating. For these two reactions, chain unzipping
predominantly generates propylene carbonate (PC) monomer, which has significant volatility.
Chain scission functions to cleave the backbone of the polymer, forming two shorter oligomers,
which may then undergo further chain scission or unzipping. In either case, we expect a clean
thermal reaction that produces a final product of volatile monomers. The production of a volatile
monomer provides a simple means by which to follow the course of reaction: we can associate
mass loss of the film with thermal decomposition. Additionally, the first order nature of both of
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these mechanisms simplifies the kinetic analysis and temperature calculations. Finally, PPC is
colorless, so it has negligible intrinsic photothermal behavior.

Scheme 2-1. The thermal decomposition of PPC occurs via (a) chain unzipping at 220°C (Ea=124
kJ/mol) and (b) random chain scission at 247°C (Ea=185 kJ/mol).14,15
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Choosing a Photothermal Agent
With a reactant chosen, we next needed to select the photothermal agent. For this work,
we chose 2 nm gold nanoparticles (AuNPs) as our plasmonic heat source. The decision to work
with small nanoparticles is two-fold: their high absorption cross section and rapid heat
dissipation.

AuNPs with dimensions < 20 nm exhibit an extinction that is dominated by

absorption, which is essential to eliciting a photothermal response.16 By decreasing the amount of
light scattered, we can ensure that a majority of light interacting with the particles has the
potential for conversion to heat. While it is important for this work that the photothermal effect
dominate the optical response of the nanoparticle, eliciting the greatest quantity of heat is not of
equal importance. AuNPs on the scale of D = 40 nm have a very large Qabs (Figure 1-2);
however, because heat dissipation is proportional to surface area-to-volume ratio, larger particles
will also take significantly longer to transfer their heat to the surroundings (Figure 1-1).17 In 2
nm AuNPs, nearly 50% of the gold atoms compose the nanoparticle surface, resulting in rapid
heat dissipation (~1 ps).18,19 Rapid heat dissipation is desirable for the ability to quickly provide
heat to the desired reactive molecules while also minimizing any thermal fragmentation or
reshaping of the AuNPs that could occur from retention of heat on a longer timescale. It is
important to prevent any change in size or shape to the AuNPs so that the SPR, which is sensitive
to these properties, remains unchanged; thereby maintaining control over optical absorption by
the AuNPs. Furthermore, the small size of the nanoparticle and localized nature of plasmonic
heat intrinsically make spatial control highly precise; the rapid rate of heating and cooling means
that the nanoparticle generates heat only under periods of irradiation, creating on-demand heat
controlled by the light source with picosecond precision. Therefore, in order to maximize
absorption while also maximizing heat dissipation to the surroundings, 2 nm AuNPs were chosen.
The surface of nanoparticles is often passivated by a ligand, and this ligand can serve
several purposes. Most importantly, surface ligands stabilize nanoparticles, and this can be done
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by creating an electrostatic double layer or through steric stabilization.20 These ligands can help
to control the particle’s size, inhibit agglomeration and precipitation, and prevent oxidation of the
metal.21 Ligands can also be used to change the solubility, introduce new functionalities, and
alter the electronic properties of the particle. For AuNPs, the Au-S bond is the most common
motif for attaching ligands to the surface. In this work, we protected our AuNPs with heptane
thiol chains. These chains provide sufficient stability to prevent particle aggregation as well as
the necessary solubility for incorporation into PPC films.

Characterizing the Product
The samples themselves were formed by dissolving both PPC and AuNPs in CH2Cl2.
These solutions were drop cast onto pre-weighed glass slides and allowed to dry for 24 hours.
The slides were reweighed, exposed to 7,000 pulses (~8 ns pulse width) of 532 nm light from a
frequency-doubled Nd:YAG laser and then weighed again. Full experimental and synthetic
details, as well as discussions of the optical properties of these films can be found in the
Appendix. Exposure to the laser resulted in a loss of material and a change in the color of the film
(Figure 2-1a). We attribute the loss in mass to depolymerization of PPC generating a volatile
monomer that is then evaporated. As noted above, the final product of decomposition is the PPC
monomer.
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Figure 2-1. (a) The course of a general experiment. (b) Chemical equation for the
depolymerization of polypropylene carbonate (PPC) by chain unzipping. (c) 1H NMR of the
polymer blend before (left) and after (right) irradiation.22

The proposed analysis rests upon the assumption that we are driving the chemical
transformation from polymer to monomer during laser excitation, and the validity of this
assumption was confirmed by exposing a film with a nanoparticle concentration [np] of 9.9 x 10-3
(mass fraction) in a sealed vial to laser irradiation. In addition to an evident mass loss of the
solid, a clear liquid and gas were produced within the vial. The contents of the vial were then
extracted with deuterated chloroform. Subsequent analysis using 1H NMR indicated that the
resulting liquid and gas were predominantly monomer. Figure 2-1c shows a comparison of the
1

H NMR spectra of the polymer/nanoparticle films before and after irradiation. The spectrum of

the as-prepared polymer and nanoparticle mixture before irradiation (Fig 2-1c left) contains
prominent methylene peaks at 4.20 and 4.99 ppm that are attributed to protons characteristic of
the polymer In contrast, after irradiation (Fig 2-1c right) these peaks disappear and a quartet at
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4.85 and triplets at 4.58 and 4.02 ppm belonging to the monomer become distinct. These results
are consistent with the degradation of the polymer to the monomer. The fact that the only
chemicals we detected were the polymer and monomer indicates a clean chemical degradation
and we feel confident in ascribing the mass losses in the polymer film to the generation and
subsequent evaporation of monomer. In addition, this constituted the first demonstration of a
solid-state chemical transformation, driven by plasmonic heating, in which both the reactants and
products are known, setting the stage for kinetic analyses of the transformation.

Confirming the Photothermal Effect of Gold Nanoparticles
Before the kinetic analysis, it is first necessary to confirm that the photothermal effect of
the nanoparticles is responsible for the degradation of the film. To this end, we performed an
intensity study (Figure 2-2), in which the energy of the laser was varied from 20 mJ to 200 mJ.
For our laser, this corresponds to an incident intensity from 5 MW/cm2 to 50 MW/cm2. We found
that the % decomposition of polymer varied roughly linearly with the intensity of the laser pulse,
which is expected at the extreme temperatures obtained by the particles (vide infra).
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Figure 2-2. Change in mass loss (% decomposition) as a function of incident laser energy
(intensity). Also shown is a linear regression fit to this data.22

Further evidence for the nanoparticles being the source of heat driving the decomposition
of the polymer is found in Figure 2-3. This plot reports the results of a study into the dependence
of the % PPC degradation upon the [np]. For this study, the [np] was determined by mass
fraction of the film. In the absence of gold nanoparticles, the mass loss of the film was small
(3.42%), but non-zero. Of note, in Figure 2-3, is that the percent completion of the decomposition
does not monotonically increase with [np]. Instead, we observed a levelling off of the efficiency
of driving the thermal decomposition of PPC at higher [np]. This behavior can be explained by
considering that the heat needed to drive the thermal decomposition of the film is directly related
to the energy of light absorbed. The energy of light absorbed is the product of the intensity of
light, the volume illuminated by the light, and the concentration of light absorbers ([np]). We
must also consider that the beam of light is attenuated by the sample. Thus, for a cylindrical beam
of light (radius, r) passing through a sample of thickness, l, the total energy absorbed is given by:
𝑙

∫ 𝐼0 10−𝜀[𝑛𝑝]𝑙 (𝜋𝑟 2 𝑙)[𝑛𝑝]𝑑𝑙
0

(2-1)
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where ε is the extinction coefficient associated with the nanoparticles and I0 is the intensity of the
light at the surface of the sample. Due to the inherent heterogeneity of nanoparticles, we made no
attempt to determine ε in terms of molarity. However, we do calculate ε, in terms of mass
fraction, to be 0.641 mgfilm mgnp-1 μm-1 at 532 nm (see Appendix). Integration of Equation 2-1
yields the energy absorbed (related to the temperature produced) in relation to [np], which was
used to produce the fitted curve in Figure 2-3. The values from Figure 2-3 are shown in Table
2-1.

Figure 2-3. Change in the % mass loss versus mass fraction (concentration) of gold nanoparticles.
Equation 1 is fit to this data (black curve).22
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Table 2-1. Concentrations of AuNPs in films (given as mass fraction) and the observed %
completion of the PPC film upon exposure to our laser. Also given are the standard deviations in
these measurements.
AuNP
Mass Ratio

%
Decomposition

9.1 x 10-2

72 ± 5

3.8 x 10-2

68 ± 10

2.0 x 10-2

72 ± 9

1.3 x 10-2

63 ± 12

9.9 x 10-3

82 ± 4

4.0 x 10-3

47 ± 4

2.0 x 10-3

39 ± 2

1.3 x 10-3

27 ± 1

0.0

3±1

The behavior of this curve can be explained by a simple physical picture. At low [np] the
optical density of the film is small enough that the entire thickness of the film experiences
significant fluence of photons. In this non-light-limited regime, increasing [np] merely increases
the number of hot spots – resulting in a linear dependence of percent completion upon [np].
However, at high [np], the optical density will be large enough that the front portion of the film
functions to shield the back portion of the film. In this light-limited regime, the reaction volume
(the portion of the film exposed to significant fluence of photons) decreases as [np]-1, while the
sources of heat within the shrinking illuminated volume continue to increase linearly with [np].
Therefore, these two effects cancel out to give an absorbed energy that is independent of [np].
This behavior follows Beer’s Law, where increasing concentration corresponds to increased
absorption. In our work, increased light absorption corresponds to increased heat production.
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Determining Photothermal Temperatures
The demonstration that it is the optical absorption of the AuNPs that provides the driving
force for reactions also opens the door for calculation of the kinetics of the reaction. Because we
know the mechanisms for decomposition and can characterize the identity and quantity of
monomer produced, we can use the Arrhenius equation to estimate the temperatures experienced
by irradiated films. For this analysis, we consider the film with a [np] of 9.9 x 10-3, though the
same approach is valid for all samples. For 2 nm particles, decay of the elevated temperature,
post-excitation of the SPR, is extremely rapid.17, 23 Thus, we assume that elevated temperatures
only exist for the duration of the laser pulse (8 ns). Given that the films were exposed to 7,000
pulses, this means that the total reaction time was ≤ 56 μs. We can proceed with calculations
based on the first-order kinetics of this reaction. The sample we are considering experienced a
82% completion indicating the passage of 2.4 half-lives – or an observed half-life of 23 μs.
This observed average half-life can be turned into an estimation of the “average”
temperature, through use of the Arrhenius equation:
‡

𝑘𝑑 = 𝐴𝑒𝑥𝑝

(−∆𝐺
)
𝑅𝑇

(2-2)

where kd is the observed rate of decomposition, ΔG‡ is the activation barrier to decomposition, R
is the ideal gas constant, and T is the temperature of the system. We know, from above, the
observed rate (taken from the observed half-life), as well as the activation barrier. As the reaction
is unimolecular (Figure 2-1a), we arrive at the conclusion that the pre-exponential factor (A) is
controlled by the frequency of the bond that is broken (C-O) in the polymer. For this, we use a
typical frequency of this bond (2.4 x 1012 s-1). This choice has been experimentally validated.14
Using this information, we solve for an “average” temperature in the film of at least 800 K. This
is the temperature that the entire film would be required to reach, assuming a single uniform
temperature.
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Given the localized nature of the heat produced, and the fact that these films are cool to
the touch after irradiation, it seems unlikely that this uniform temperature is actually obtained
throughout the film. Rather, this estimate represents a minimum temperature that the system
must obtain. In reality, molecules near the surface of the nanoparticles will experience much
higher temperatures (and faster decay rates) than those far away from the nanoparticles. An
estimate of the peak temperature at the nanoparticle surface may be calculated assuming that all
the energy absorbed by the nanoparticle (Eabs) is converted to heat, which is responsible for
increases in the nanoparticle temperature. The energy absorbed by the nanoparticle is welldescribed by Mie theory:24
𝑝𝑤

𝐸𝑎𝑏𝑠 = 𝜎𝑎𝑏𝑠 ∫

𝐼(𝑡)𝑑𝑡

(2-3)

0

In this equation, σabs is the absorption coefficient (discussed in Chapter 1), I is the intensity of the
light source, and pw is the pulse width of the laser. This equation predicts that 20.9 x 10-17 J is
absorbed by our 2 nm particles. Given that 9.77 x 10-17 J is required to vaporize a 2 nm gold
particle, (initially at room temperature),‡ this analysis predicts a final temperature above gold’s
boiling point (3154 K).
It is doubtful that this localized temperature is actually reached either, as dissipation of
heat also occurs during the laser pulse.25, 17 Instead, it seems likely that the actual temperature lies
between the two extremes calculated using Equations 2-2 and 2-3.

Nevertheless both of these

limiting cases predict extreme temperatures as would be required to drive the degradation of PPC
to a significant extent in such a short period of time.
The fact that we are able to drive the reaction to such a significant extent raises another
issue: the density of gold is roughly 16 times greater than PPC, and even in the most concentrated
film (1:10), the gold will occupy little more than 0.06% of the film’s volume. However, despite
their small volume and the highly localized nature of plasmonic heat, we observe more than 70%
mass loss in these films. This suggests that the polymer must migrate to the nanoparticle (or vice
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versa) between or during pulses. Either of the temperatures calculated so far are well above the
glass transition temperature of PPC,15 and so is not unexpected, but it is impressive to see that
such a small mass fraction can exert such large changes to the film.

The Photothermal Effect of an Organic Dye
Finally, we address the efficiency of nanoparticles for driving chemical reactions by
comparing the effectiveness of driving thermal reactions using nanoparticles versus dyes with low
quantum yields for luminescence. Such dyes are also quite efficient at converting light to heat
and (due to the very small heat capacity of single molecules) are capable of reaching extreme
temperatures post-excitation. However, the small heat capacity of these dyes means that they are
cannot absorb as much energy as AuNPs, and consequently their thermal effects on the
surroundings will also be less than AuNPs. As a result, dyes will effect less degradation on PPC
films.
To test this hypothesis, we employed Sudan IV, a well-known dye with an absorption
maximum at 520 nm and a quantum yield for luminescence much less than 0.01 (see Appendix).
Thus, this dye also efficiently absorbs 532 nm light and converts it to heat. Despite the efficiency
of light to heat transduction, we found Sudan IV to be much less effective at driving the
decomposition of PPC. In fact, we found degradation of PPC by Sudan IV is nearly 5.5 and 6.5
times less efficient than by gold nanoparticles at the same mass loadings (Table 2-1). This is
despite the fact that these films have larger optical densities at 532 nm than any of the
nanoparticle films. We also prepared films of Sudan IV with optical densities at 532 nm equal to
the optical densities of the films with [np] of 9.9 x 10-3 and 9.9 x 10-2. Irradiation of these films
resulted in mass losses that were statistically no different from those experienced by pure PPC
(no nanoparticles). Thus, gold nanoparticles are significantly more efficient than Sudan IV at
driving the thermal decomposition of PPC. It seems likely that it is the higher heat capacity of
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the nanoparticles that makes them superior sensitizers for driving thermal reactions, though
further experiments are needed to confirm this.

Table 2-2. Polypropylene Carbonate Decomposition (7,000 pulses, 532 nm, 200 mJ/cm2)

Conclusions
In the above work, we were able to follow the thermal decomposition of a polymer driven
by the photothermal effect of 2 nm AuNPs. Collection and characterization of the volatile
monomer product allowed us to estimate kinetics as well as temperatures achieved. We found
that, at the laser fluencies supplied, AuNPs are capable of reaching minimum temperatures in
excess of 800 K in very short periods of time (< 60 μs), and that they are many times more
efficient than organic dyes for driving this reaction.
By understanding the temperatures gold nanoparticles are capable of imparting, we can
begin to see the potential of applying plasmonic heat not only to common, low temperature
reactions, but also to much higher, extreme temperature reactions with little affect to the bulk
environment. While it seems to make sense that intense heat can be applied to breaking bonds,
using this same heat to form bonds seems less likely.

Therefore, in Chapter 3, we will
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demonstrate the ability of plasmonic heat to create bonds, and further establish it as a general
synthetic tool capable of driving a variety of reactions in a highly-controlled manner.
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Appendix for Chapter 2
Using Reaction Kinetics to Determine Photothermal Temperatures

Details of film preparation
Sample films were prepared by dissolving AuNPs and polypropylene carbonate (PPC) in
methylene chloride in nanoparticle:PPC mass ratios of 1:10, 25, 50, 75, 100, 250, 500, and 750.
The solutions were always made such that the PPC in methylene chloride was at a concentration
of 0.2g/ml. The mixtures were micropipetted on to pre-weighed microscope slides in a volume of
40 μL, and allowed to dry for 24 hours. After drying, the slides were again weighed, and then
exposed to 7,000 pulses of a frequency-doubled 532 nm Nd:YAG laser (Quanta Ray 130, 8 ns
pulses, 10 Hz). After irradiation, the slides were reweighed and the mass loss recorded.
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Determination of the extinction coefficient (532) of the films
To determine the extinction coefficient present in the films, a solution of nanoparticles
and polypropylene carbonate was made, as if to be deposited on slides to form a
1:100::nanoparticle:PPC (by mass) film. Noted was (i) the mass of nanoparticles, (ii) the mass of
PPC, and (iii) the volume of methylene chloride. This solution was then diluted until the
absorbance maximum at 532 nm was less than 1 absorption unit when using a quartz cuvette with
a 1 cm path length. The extinction coefficient for this solution was then calculated and this value
(together with the dilution factor) used to calculate the extinction coefficient of the original
solution.
Once the extinction coefficient for the original solution was determined, we then
determined the extinction coefficient of the films. This was done by assuming that only the
methylene chloride would evaporate in the films, leaving behind the nanoparticles and the PPC.
This amounts to further concentration of the film. The loss in volume of the methylene chloride
was used to calculate the degree of concentration, which in turn was used to give the extinction
coefficient of the nanoparticles in the film. Following this procedure we find: 532 = 0.641 mgfilm
mgnanopartilce-1 m-1.
Due to the heterogeneity inherent in dealing with nanoparticles, we do not report the
extinction coefficient in terms of molarity, rather we report it in terms of mass fraction. It is
important to note that this means that this extinction coefficient is only viable for the specific
nanoparticles (heptane thiol protected) and polymer (PPC) that we use here. Adaptation to other
chemical systems could be done, if the relative densities of the nanoparticles and polymers are
known.
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Description of quantum yield measurements

Quantum yield measurements were made in the laboratory of Prof. Mark Maroncelli with
the help of Jens Breffke. Steady-state absorption spectra were measured using a Hitachi U-3010
UV/vis spectrophotometer and corrected emission spectra with a Spex Fluorolog F212
fluorimeter. These instruments have been used to successfully measure quantum yields of 10-4.
We observed no detectible fluorescence form Sudan IV and so assume the quantum yield must be
less than 0.1. This is sufficient to conclude that the vast majority of the energy absorbed by the
dye is converted to heat via a non-radiative pathway and supported our choice of Sudan IV as a
valid organic dye for comparison of the photothermal effect with that of gold nanoparticles.
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Chapter 3
Constructively Using Photothermal Heat

Introduction
Improving heat as a synthetic tool requires not only control over its spatial and temporal
distribution and magnitude, but also the ability to apply it to a variety of transformations. In
Chapter 2, we examined bond breaking through the thermal decomposition of a polymer with
high activation barriers. We found that AuNPs are quite strong light absorbers capable of
efficiently and rapidly converting light to heat and cleanly breaking bonds, and to do so with
unprecedented resolution in both time (picoseconds) and space (nanometers). Plasmonic heat has
also been utilized to drive other destructive processes including the melting of solids,1-3 the
boiling of liquids,

4,5

controlled release of molecules from materials,6-9 and killing of cancerous

cells.10-13 All of these transformations are realized without damage to the surroundings – a result
that highlights the fact that these transformations occur at localized ‘effective temperatures’ that
are not realized by the bulk material. This result is particularly intriguing for chemical bond
cleavage, as it allows targeted destruction with molecular scale precision.
While the destructive power of the photothermal effect is undeniable, the power of
chemical synthesis rests not only on the ability to cleave bonds, but also to form and isomerize
bonds. In order for plasmonic heat to be considered an efficient and general heat source capable
of replacing current synthetic heating techniques, it becomes important to demonstrate its
versatility for chemical transformations beyond bond cleavage.
In many respects, the application of extreme temperatures is ideal for bond cleavage. For
example, the triple bonds in N2 are very strong (ca. 950 kJ/mol), making this molecule relatively
inert.14 However, the homolytic cleavage of N2 can be accomplished at temperatures in excess of
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500°C, demonstrating that for even the strongest bonds, a temperature can be identified that
allows escape from its potential energy well.15 While breaking bonds simply requires escape
from the potential well, a feat that can be accomplished with enough energy, occupation of
potential energy wells, as required by constructive events (i.e. bond formation), rely on more
precise application of thermal energy – enough to overcome the reaction barrier, but not enough
to destroy the products. While previous applications of the photothermal effect indicate that it
may not be useful for these events, the rapid cooling of the particles provides a possible means for
trapping of species transiently generated at high temperatures before they escape the energy well.
Below, we demonstrate the ability of the photothermal effect of AuNPs to drive bond formation
between isocyanates and alcohols, yielding urethane moieties with unprecedented rates of
reaction.

Choosing a Model System for Bond Formation
Our work focuses on the polymerization of polyurethane films from hexamethylene
diisocyanate (HDI – formulated as Desmodur N3600), and the diester polyol poly-bis(triethylol)
heptanedioate (BTEH – formulated as K-FLEX 188) (Scheme 3-1). For a number of reasons, this
transformation is an ideal bond formation. First, the formation of urethane is spontaneous at
room temperature, and this provides a baseline rate of bond formation to which we can compare
the impact of photothermal heating.16,17 Second, there are many known chemical catalysts for this
reaction – the most common being dibutyltin dilaurate (DBTDL) – to which we can also compare
the efficacy of the photothermal effect.18,19 Third, the urethane bond is relatively weak (100-130
kJ/mol), and can be cleaved at temperatures (125 °C to 250 °C) far below the peak temperatures
produced by the photothermal effect of gold nanoparticles (which can reach thousands of
degrees).20-22

Thus, if net bond formation is observed, it must occur through the thermal

quenching described above. Fourth, given reasonable estimations for the enthalpic (-132 kJ/mol)
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and entropic (-188 J/mol) changes associated with urethane formation, the equilibrium for this
reaction should lie far to the reactants at the extreme temperatures (K800K = 6.63 x 10-2 M-1) our
conditions are known to produce.23 Thus, significant progress of the reaction can only be
ascribed to trapping of transiently formed products during thermal quenching – rather than simple
biasing of the equilibrium at high temperatures.

Finally, the facile ability to produce

polyurethanes with rigid or flexible forms allows them to be widely employed in a variety of
applications. For example, they can be used as short-term surgical implants, light-weight foams
in cars, and fine threads in garments.24-26 The ability to use urethanes for on-demand applications
would greatly extend the physical and chemical properties obtainable in such applications and
the work described below provides the basis for on-demand thermal curing of urethane polymer
films.

Scheme 3-1. Urethane formation reaction between hexamethylene diisocyanate (HDI) and diester
polyol poly-bis(triethylol) heptanedioate (BTEH).
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In addition to the kinetic, energetic, and practical considerations outlined above, the
progress of urethane polymerization can be followed via several excellent infrared (IR) markers.
Figure 3-1a shows the evolution of the IR spectrum during the reaction between HDI and BTEH
(in equal parts alcohol:isocyanate moieties) at room temperature. The most obvious change in the
spectrum is the loss of intensity in the isocyanate stretching mode (2274 cm -1) (Figure 3-1a).
However, several other changes are also present. Though small, the intensity of the free OH
stretch (3550 cm-1) also diminishes during the course of the reaction. Concomitantly, a band
associated with C—O—C stretching mode of the urethane (1242 cm-1) appears. The rate of
disappearance of the isocyanate and alcohol modes are mirrored by the growth of the C—O—C
mode (Figure 3-1b) – confirming that these features of the IR spectra are reporting on the
conversion of isocyanate and alcohols into urethane. Given the fact that the isocyanate mode
presents the most isolated band, we choose this as our primary reporter on kinetics as we moved
on to study the efficacy of the photothermal effect for driving urethane formation.

Figure 3-1. The reaction between HDI and BTEH to form polyurethane followed using (a)
infrared spectroscopy. In particular, we observe the loss of bands associated with the isocyanate
(2274 cm-1) and alcohol (3550 cm-1) moieties, and the appearance of the C-O-C mode (1242 cm-1)
associated with the urethane. (b) The kinetics associated with these changes indicate direct
conversion to urethane.
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The heart of our study is a comparison between the impact of the photothermal effect
upon the rate of catalyzed and un-catalyzed urethane polymerization. In order to isolate the effect
of light upon these conditions, we investigated the curing rate of urethane (Scheme 3-1) under all
combinations of AuNPs, DBTDL, and light (Figure 3-2, Table 3-1). For this study, we worked
with octanethiol-protected AuNPs with diameters of ~2 nm. These particles are near the smallest
that support a SPR (Appendix), and thus have the desired photophysical properties that lead to the
photothermal effect. Though larger particles would possess a stronger SPR (and associated
photothermal effect), we chose to use small particles for the kinetics of thermal diffusion. The
smaller the particle, the faster the quenching of the temperatures, and the more likely we are to
trap transiently formed chemical bonds. For 2 nm AuNPs, the decay of the temperature is on the
order of 10 ps,4 and can compete with the kinetics of bond formation/cleavage. Thus, for our first
demonstration of the constructive use of the photothermal effect, we favored kinetic
considerations over strength of the photothermal effect.

Experimental
A full, detailed description of the experimental procedures can be found in the Appendix.
Briefly, the appropriate solutions were made by mixing HDI and BTEH in an approximately 1:1
ratio with either pure toluene, or toluene solutions containing either AuNPs or DBTDL, or both.
In all cases containing AuNPs or DBTDL, the final concentrations of these additives were 0.08%
w/v and 0.07% w/v, respectively. These concentrations were chosen based upon preliminary data,
such that the action of the photothermal effect would be comparable to the action of the catalyst.
The final concentration of isocyanate was 13.7 M, which is similar to that used in industrial
applications of urethane films.
Once the solutions were prepared, the reaction between HDI and BTEH was allowed to
proceed for four minutes, either in the presence or absence of light. For those exposed to light, we
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used 8 ns pulses (50 mJ per pulse) of 532 nm light from a QuantaRay 130 Nd:YAG laser
operating at a repetition rate of 10 Hz. The peak irradiance for these pulses is 12.5 MW cm-2. The
polymerization of isocyanate and polyol to polyurethane was monitored following the
disappearance of the free isocyanate peak at 2274 cm-1.

Urethane Polymerization Kinetics
Figure 3-2 shows the kinetic traces obtained from the isocyanate band in the IR under all
eight permutations. In all cases, we found that the early time kinetics (up to 4 minutes) were
reasonably linear (𝜒2 better than 0.84) and so we also show the results of linear regressions to the
data. At long times, the kinetics deviated strongly from linearity (Figure 3-1b), as one might
expect for the second order kinetics that underlie polyurethane curing.22,23

However, it is

interesting that for the fastest observed reaction, the reaction kinetics remain linear up to ca. 50%
conversion. We did not anticipate this result, which maintains a linear response much closer to
reaction completion than the kinetics observed for the pure polymer. This unusual action by the
photothermal effect may be an additional consequence of the localized nature of the heat, which
allows the reaction to run to near completion near the surface of the nanoparticle. Diffusion of
the particle between pulses of the laser would allow the particle to enter a region of unreacted
isocyanate and alcohol, where the process would repeat. Though speculative, this would provide
a mechanism for the observed linearity up to 50% completion under action of AuNPs, DBTDL,
and light (condition viii).
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Figure 3-2. Kinetic traces following the disappearance of the isocyanate band (2274 cm-1)

Table 3-1. The eight combinations of AuNP, catalyst, and light.
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Enhancement of Polymerization Rate
Given that all conditions gave rise to linear early kinetics, we chose to focus on these
kinetics, and our comparisons between the various conditions are in terms of the initial rates of
reaction. Using these rates, which we determined from the slopes shown in Figure 3-2, we next
calculated the relative enhancement of bond formation for each condition, by dividing the rate for
each condition by the rate of the pure polymer film in the dark (condition i). The enhancement
factors are shown in Figure 3-3 and Table 3-2.

Figure 3-3. The relative rate of reaction (with respect to pure polymer) for all eight conditions.
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Table 3-2. Summary of enhancements, observed temperature changes, and anticipated
temperature changes for all eight conditions. We show the results calculated for real time and
irradiated time.

There are a number of interesting results that are apparent from inspection of Figure 3-3
and Table 3-2. To begin, only samples containing AuNPs experience rate enhancement upon
exposure to light. These results imply that the AuNPs are the only significant source of
photothermal heating – an important result given that DBTDL is a slightly colored compound
(see Appendix for UV-Vis). It also implies that any increase in reaction rate upon exposure to
light must stem from the action of AuNPs.
In addition, the photothermal enhancement for films with only AuNPs is comparable to
the rate enhancement for films with only catalysts, which means that the photothermal effect of
AuNPs competes on a weight-by-weight basis with the action of traditional catalysts. However,
we can also consider the action on a per-number basis. The relative mass difference between the
catalytic molecules (631.56 g/mol) and the AuNPs (~ 4.9 x 104 g/mol) implies that, on a pernumber basis, the photothermal effect of gold is approximately 90 times more efficient at
accomplishing urethane formation than is the catalytic effect of DBTDL. Here it is important to
realize that the molecular mass given for AuNPs is only a rough estimate based upon the mean

49
size of a polydisperse sample. The greater effectiveness per AuNP was an anticipated result, as
the AuNP is able to create an area effect, while the catalyst interacts on a one-to-one basis with its
substrate.

Photothermal Effects on Polymerization Rate
There is also a synergistic effect between the action of the DBTDL and the photothermal
effect of the gold nanoparticles. That is, the enhancement of the rate is not the simple addition of
the enhancements for DBTDL and AuNPs alone. Importantly, without light, the samples with
DBTDL alone and DBTDL+AuNPs experience the same rate – meaning that the presence of
AuNPs is not sufficient for this synergy; instead the SPR of the AuNP must be excited. In
addition, irradiation of DBTDL produces no enhancement relative to the action of DBTDL alone.
Thus, the large synergy must result from the excitation of the AuNPs’ SPR in the presence of
DBTDL. This conclusion implies that there is some interaction between DBTDL and the AuNPs,
during irradiation, though the exact nature of this interaction in not clear at this time. Possible
sources of synergy could be increased mobility of the liquid components, which would facilitate
the diffusion-limited action of the catalyst. In addition, it is known that HDI exists (in part) as a
trimer, joined at the isocyanate moieties.27 This trimer can be broken at high temperatures, and
increases the concentration of free isocyanates. Thus, if the photothermal effect results in the
breaking of the trimer, this would make more free isocyanates available to react with the alcohols
and DBTDL in solution – providing another mechanism for the observed synergy.
In order to ensure that the rate enhancements observed for the photothermal effect were
not merely a result of bulk-scale temperature increases, we measured the temperature changes
during the course of the reaction under all eight conditions. This was done using an IR thermal
imager (Raytek ThermoView Ti30) to acquire temperature measurements before and after 4
minutes, for the same conditions used to generate Table 3-1. A summary of the observed
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temperature changes (∆Tobs) are given in Table 3-2. As can be seen, the only conditions that led
to an observable temperature increase were those in which AuNPs were exposed to laser light.
However, in these cases, the bulk-temperature jump was far too small (on the order of 10 K) to
account for the observed rate increases. We confirmed this last point by following the kinetics of
polymer formation under several temperatures, attained by bulk heating in an oil bath
(Appendix). These results indicate that we would need bulk temperatures changes (∆Tkinetics) of
ca. 65 K in order to observe the kinetic enhancement achieved by the photothermally driven
reactions. Thus, the observed photothermal enhancement is not an effect of simple bulk-scale
heating, but the result of transient and intense heat produced near the AuNPs’ surface.
The above conclusion – that it is the localized and transient heat that gives rise to the rate
enhancement – carries with it several additional implications. First, this implies that the reaction
rate is only increased while the AuNP is hot. Given the fast rise and decay of the temperature for
these particles, we can approximate that the particles are only hot for the duration of the laser
pulse (8 ns) – or a total of ca. 20 μs during the course of our 4 minute experiments.28 If we
recalculate the rate of reaction using the total irradiation time (Table 3-2), we arrive at an
astonishing enhancement of reaction rate on the order of billion-fold (Figure 3-4). However, this
may still be an underestimate of the rate enhancement. Since the heating and cooling of a
nanoparticle occurs within ~10 ps, and the heat initially generated upon irradiation is intense, an 8
ns pulse is quite long compared to this photophysical event and will behave more like continuous
irradiation. Over the course of this pulse, the heat delivered to the surroundings will be limited
by the thermal diffusivity of the surrounding environment, and therefore be much lower beyond
the initial heat delivery.
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Figure 3-4. The relative rate of reaction (with respect to pure polymer) for all eight conditions
calculated using the total irradiation time of 20 μs for samples experiencing photothermal heating.

The rate adjusted for irradiation time further implies a temperature of at least 600 K –
though the actual temperature near the nanoparticle surface must be many times higher. Again,
given the energetics of this reaction, the equilibrium should lie far to the side of the reactants at
these temperatures and so the observed completion percentage must result from the trapping of
transiently formed bonds during the thermal quenching of the particles.

This conclusion

highlights the unique ability of the photothermal effect to quickly drive bond formation at
‘effective’ temperatures that are far higher than those that would otherwise fail to give rise to
appreciable reaction progress.
The fact that light can be used to accomplish these remarkable feats further emphasizes
the benefits of photothermal heating over traditional catalysts, such as DBTDL.

Unlike

traditional catalysts, the efficiency of the AuNPs should be easily and dynamically tunable via
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alteration of the conditions. Indeed, increasing either the irradiance or the repetition rate of the
laser should give rise to an increase in the efficacy of the photothermal effect. Simple
consideration of the timescales associated with the photothermal effect suggests a further millionfold increase in repetition rate could be applied, while still realizing gains in efficacy. Thus, use
of the photothermal effect provides the possibility of dynamic tuning of the reaction rate over 12
orders of magnitude – though future work will be required to experimentally verify this
remarkable prediction.

Conclusions
In conclusion, we have used urethane formation to demonstrate the first use of
photothermal heating for efficiently and effectively driving bond formation on the bulk scale. The
bulk scale transformations are surprising given the fact that the heat produced is localized to the
nanometer scale. In real time, we observe significant (50x) enhancement of the rate of urethane
formation.

In addition, we have shown that these enhancements stem not from bulk-scale

heating, but from the localized and intense heat that the nanoparticles provide.

With this

knowledge, we are able to show that the photothermal enhancement is closer to a billion-fold
increase, with the ability to realize a million fold more.
Thus far, we have demonstrated the ability of plasmonic heat to be applied to a variety of
transformations, both constructive and destructive, and that we are able to achieve high
temperatures in an on-demand fashion.

This work is an important step in developing the

photothermal effect as a well-controlled heating method. While the work represented in this
dissertation utilizes AuNPs as photothermal agents, these particles possess some disadvantages
that may prevent the photothermal effect from wider application. In Chapter 4, we address the
drawbacks of using gold and explore alternative photothermal agents.
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Appendix for Chapter 3
Constructively Using Photothermal Heat

Synthetic Details
Synthesis and characterization of gold nanoparticle
Gold nanoparticles (AuNPs) were synthesized using the Brust 2-phase method,1 in which 80 ml
of a 0.05 M solution of tetraoctylammonium bromide in toluene was mixed with 30 ml of a 0.03
M solution of hydrogen tetrachloroaurate. Once the gold was transferred to the organic layer, the
organic layer was then separated, and 0.84 mmol 1-octanethiol was added to the solution. Then,
25 ml of 0.4 M NaBH4 (aq) was added dropwise, and the mixture was stirred for 3 hours. The
organic layer containing gold nanoparticles was purified by precipitation with methanol at 0°C
overnight. Figure 3A-1 shows the UV-Vis of the resulting particles, and Figure 3A-2 shows
TEM images. The mean diameter of particles before irradiation is 2.1 ± 0.5 nm.

Also shown in Figures 3A-1 and 3A-2 (respectively) are the spectra and TEMs of the AuNPs
after irradiation. As can be seen, the particles undergo a change in size during irradiation,
growing to give a mean diameter of 4.8 ± 5.1 nm. This growth, which appears to be accomplished
by the aggregation of smaller nanoparticles, is not complete and we observe both large and small
particles within our samples. The presence of the larger particles gives rise to the stronger
plasmonic feature shown in Figure 3A-1.
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Figure 3A-1. UV-Vis spectrum of AuNPs before and after irradiation

(a)

(b)

Figure 3A-2. TEM of AuNPs (a) before and (b) after irradiation.
Experimental details of polyurethane film formation
We prepared separate toluene solutions of (a) hexamethylene diisocyanate (HDI – formulated as
Desmodur N3600) and (b) the diester polyol bis(triethylol) heptanedioate (BTEH – formulated as
K-FLEX 188) prepared so as to maintain a 0.2 g per ml of toluene mass to volume ratio. AuNPs
and/or DBTDL (final concentration 0.08% w/v and 0.07% w/v, respectively) were incorporated
into the HDI solutions by dissolution in the toluene used to form the solution.
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Polyurethane films were then produced by mixing 0.02 ml of each of the above solutions in a
culture tube. Samples were either exposed to periods of irradiation by 532 nm light from
QuantaRay 130 Nd:YAG laser (8 ns pulses, 10 Hz) or allowed to proceed under ambient
conditions. Spectra were collected over a period of 4 minutes, and the disappearance of the
isocyanate peak at 2274 cm-1 was monitored. IR spectra were collected using a Perkin Elmer
Spectrum 400 FT-IR/FT-NIR spectrometer with a Pike Miracle ATR attachment.

Characterization of DBTDL
Dibutyltin dilaurate (DBTDL) was incorporated into appropriate HDI solutions at a loading of
0.07% m/v. UV-Vis characterization is presented in Figure 3A-3. At the concentrations we used
there is very little absorption at 532 nm.

Figure 3A-3. UV-Vis spectrum of 0.07% w/v solution of DBTDL in toluene.
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Temperature calibration of polyurethane film formation
In order to determine the impact of bulk-scale heating, we followed the course of the reaction
between HDI and BTEH in vials immersed in oil baths held at 50 °C, 75 °C, and 100 °C. The
reaction was followed using the same infrared markers as described above and in the manuscript.
For each temperature, we fit the early time kinetics and used the slopes to calculate the
enhancement of the reaction rate, with respect to that at room temperature (25 °C). This gives us
an understanding of the kinetic impact of bulk heating and plotting these data (Figure 3A-4)
allows us to estimate the temperatures that would be required to obtain the kinetic enhancements
realized by the photothermal effect (Table 3-2 in Chapter 3).

(a)

(b)

Figure 3A-4. (a) Early time kinetics of polyurethane film formation over time at various
temperatures. (b) The enhancement of the kinetics at these temperatures, relative to the room
temperature rate.
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Chapter 4
The Problem with Gold
Using the photothermal effect to drive chemical transformations is a promising
alternative to current heating methods. Where current heating methods require bulk heating to
drive molecular transformations, the photothermal effect delivers sufficient heat at the molecular
scale, thereby driving reactions with increased efficiency and specificity.

My results thus far

illustrate the ability of this heat to both cleave (Chapter 2) and form (Chapter 3) bonds with
molecular level precision while maintaining relatively low bulk temperatures. Furthermore, these
transformations are accomplished over a time period of minutes with relatively quick rates of
completion when compared to current bulk reactions.
At its heart, the photothermal effect relies on the ability of a species to efficiently absorb
light and convert this energy to heat. In most cases, the absorption of light excites electrons that
can then relax via radiative and nonradiative pathways, and in order to most efficiently produce
heat, nonradiative pathways should dominate. Therefore, it is important to minimize radiative
pathways, such as luminescence, so that nonradiative decay may be maximized, making heat
production more efficient. Thus, the guidelines for choosing a photothermal agent are simple:
strong absorption and weak emission. However, additional requirements, such as stability, may be
desirable. Below, I review classes of potential photothermal agents and discuss their advantages
and disadvantages.
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Agents We Have Examined

Organic Dyes
There are many organic dyes that are strongly absorbing and weakly emitting, suggesting
that they will produce high temperatures under irradiation.1,2 Their small molecular size allows
for incorporation into more confined areas, and their synthetic flexibility offers advantages for
application, such as the ability for fine tuning (down to the atom) of light absorption and
solubility.3
In Chapter 1, we tested the ability of Sudan IV, a strongly absorbing and low luminescing
dye, to decompose PPC. We incorporated this dye into PPC and irradiated the films, and we
found that at similar mass loadings, Sudan IV showed decomposition significantly lower than
films containing AuNPs (Table 2-2).

The small size of organic dyes translates to small

absorption cross-sections, capable of only absorbing 1-2 photons per molecule.4 Organic dyes
also have low heat capacities, meaning they will
The small amount of light that organic dyes can absorb paired with their low heat
capacity (compared to AuNPs) results in lower achievable temperatures.
In irradiated films containing Sudan IV, we also observed a color change from red to
white. This color change is indicative of photobleaching, which decreases the light absorption
and therefore heat producing properties of the dye. These are problems that other organic dyes
will probably possess as well. It is evident that organic dyes’ absorption cross sections are too
small to absorb significant amounts of light that can be converted into meaningful heat capable of
driving chemical transformations. Furthermore, their tendency to quickly photobleach removes
any long term stability of these dyes, rendering them poor photothermal agents. 1,2 Therefore, in
addition to requiring strong absorbance and low emission, a photothermal agent must also exhibit
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a large absorption cross section, effective heat delivery to the surroundings, and stability under
irradiation.

Gold Nanoparticles
Gold nanoparticles are one of the most widely utilized photothermal agents today. They
exhibit extinction coefficients 3-4 times greater than that of typical organic dyes, and can absorb
multiple photons per particle.5 These characteristics combined with a large thermal mass allow
AuNPs to reach temperatures in excess of 1000 K.6 In addition to exhibiting large absorption
cross-sections and low quantum yields for luminescence, advances in synthetic techniques offer
the ability to tailor particle absorption to a variety of applications. AuNPs can be reliably
synthesized in a variety of sizes (2 – 100 nm) and shapes (sphere, rod, pyramid) with various
absorptions extending from the visible to the NIR region of the electromagnetic spectrum. 7,8 The
surface of AuNPs can also be easily modified, which is important for incorporation into a variety
of solvent and substrate environments.
Controlling these properties not only opens doors to a variety of applications, but it also
offers a means by which to control the SPR exhibited by AuNPs. The SPR depends upon
nanoparticle shape and size – properties which can be synthetically controlled – and as illustrated
in Scheme 1-1, SPR excitation and coupling with the phonon is responsible for absorbing and
converting light to heat. Therefore, by altering the size and shape of a particle, we can not only
decide where the particle will absorb light in the electromagnetic spectrum, but we can also
predict how much of this light will be absorbed and converted to heat.
While we have shown that very low concentrations of AuNPs (≤ 0.10% w/v) are capable
of efficiently driving chemical reactions, there are some shortcomings to using AuNPs as
light-to-heat transducers. Perhaps the most obvious obstacle of using gold is cost of the synthetic
materials. Currently valued at $38,000 per kilogram, gold is one of the most expensive metals in
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the world, which directly translates to a costly gold salt precursor.9 If we return to the example of
curing thin films on cars that was introduced in Chapter 1, the cost of the materials to create a
0.08% w/v AuNP film would be > $200 – an estimate that does not consider labor or energy
expenses. Thus, despite the excellent efficiency of AuNPs, they are not cheap enough to be a
general alternative heat source to current synthetic methods, and investigating less expensive
materials becomes important.
Another issue with AuNPs is their stability. The mass loss of PPC films in Chapter 2
were not the only changes that we noted. Figure 2-1a shows one of these films before and after
irradiation. Exposure to the laser resulted in significant visible changes to the film, specifically,
loss of polymer material and a change in color (brown to red). The change in color is indicative
of an increase in the size of the nanoparticles from 2 to ca. 15 nm. TEM images of the films
before and after irradiation (Figure 4-1) confirm that the nanoparticles aggregated and increased
in size during exposure to the laser. The change in particle size can be attributed to the relatively
weak Au–Au and Au–S bonds, which allow AuNPs to undergo Coulombic explosion and melting
at high temperatures.10-15

Figure 4-1.TEM of the PPC films containing AuNPs (a) before and (b) after irradiation.2
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The stability of a particle is critical to maintaining control over photothermal heating.
Size change, which can be observed in a UV-Vis spectrum as a shift the SPR, alters the particle’s
ability to absorb light. A change in particle size also alters the diffusion of thermal energy to its
surroundings. While small particles dissipate heat quickly, larger particles take much longer due
to their increased thermal mass and radius of diffusion.16 Altering heat delivery time over the
course of a reaction reduces our ability to control the distribution of this heat within a sample.
Specificity relies upon consistent heat delivery during a reaction; therefore, changing the size and
thus the ability of a particle to convert light to heat is undesirable. In addition to σabs and
diffusion time, the size of particles also controls the heat capacity of the particles, altering the
amount of thermal energy each particle will diffuse into the surroundings. Consequently, while
AuNPs do not photobleach, their poor stability in shape and size changes the ultimate temperature
and temperature decay rates near the particle, also affecting control.

Therefore, a good

photothermal agent must exhibit stability at high temperatures.

Metal Oxide Nanoparticles
Metal oxide nanoparticles can be produced in an extensive variety of compositions and
geometries that can exhibit diverse electronic structures.17 Fine control over their synthetic
properties has allowed for their use in catalysis, sensors, optoelectronic materials, and
environmental remediation.18-20

Synthetic techniques also extend control over absorption

properties, which when combined with the abundant and affordable materials that many metal
oxides are composed of, make metal oxide nanoparticles good photothermal candidates.
We examined magnetite (Fe3O4) nanoparticles (MNPs). These particles are inexpensive
to produce, magnetic, and strongly absorbing in the visible region of the electromagnetic
spectrum.21,22 In order to examine MNPs capacity as a photothermal agent, we performed the
same experiment PPC decomposition presented in Chapter 2.22 Briefly, we incorporated MNPs
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More detailed descriptions of experimental procedures can be found in the Appendix. We
observed significant mass loss, and estimate that temperatures of at least 770 K were generated in
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order to account for the mass loss observed (see Appendix for calculation details). We also
observe a linear relationship between MNP concentration and mass loss (Figure 4-2). Despite the
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fact that MNPs absorb ~70x less light at 532 nm than AuNPs, MNPs are only 30% less efficient
at thermally decomposing PPC (Table 4-1), encouraging us to further explore alternatives to
AuNPs.

ppm

Figure 4-2 PPC films containing MNPs were irradiated and their % mass loss was plotted vs
concentration of MNPs.22
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Table 4-1. Comparison of % mass loss imparted by irradiated PPC films containing either MNPs
or AuNPs.2,22

X

Mass Ratio % Decomposition
(X:PPC)
1:10

56 ± 3

1:100

36 ± 2

1:10

72 ± 5

1:100

82 ± 4

---

3±1

MNP

AuNP
PPC

After establishing that MNPs are able to efficiently absorb and convert light into heat, we
examined the stability of these particles.

TEM images of MNPs before and after irradiation

(Figure 4-3a) show that there is a negligible change in particle size, despite reaching high
temperatures. In addition to this geometric stability, MNPs also exhibit crystalline stability. It is
possible for Fe3O4 to become γ-Fe2O3 under intense heat (> 240°C), but X-ray diffraction (XRD)
of the particles before and after irradiation shows that the crystal structure of the particles remains
unchanged (Figure 4-3b).23 The crystalline and geometric stability of MNPs is due to the strong
covalent attachment between MNPs and their stabilizing surfactants (oleylamine), present before
and after irradiation (Figure 4-3c). The thermal robustness of these particles coupled with their
magnetic properties and efficient heat production make MNPs promising, reusable photothermal
agents.
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Figure 4-3. (a) TEM images, (b) XRD, and (c) IR spectra of MNPs before and after irradiation.22

Unfortunately, MNPs possess some shortcomings of their own. In particular, the surface
and absorption of these particles are not easily modified. Modification via ligand exchange is
limited due to the strong interaction that exists between MNPs and oleylamine. Some work has
been done to directly synthesize a mixed layer of oleylamine with polyethylene glycol (PEG)
chains; however, in doing so, the thermal mass of these particles significantly increases and
decreases the ability of heat to effect change on the environment.24 These obstacles in surfactant
modification translate to difficulties in incorporation into various solutions and substrates as well
as poor efficiency in heat transfer. These nanoparticles are also only capable of absorbing visible
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light, limiting the number of applications of MNPs as photothermal agents. These characteristics
and limitations are shared by other metal oxides, such as PbO and Cu2O.25,26
Thus far, we have examined a sampling of possible photothermal agents. However, there
are many other light absorbing materials that show potential as photothermal agents. Below, we
propose various light absorbing materials that may be worth investigation in the future.

Agents for the Future

Other Noble Metal Nanoparticles
The same properties that make AuNPs good light-to-heat converters apply to other noble
metals, such as silver and copper.

These particles are highly absorptive, easily tuned and

modified, and efficiently deliver heat to the surroundings. There are also some differences
between nanoparticles composed of different metals. Silver nanoparticles (AgNPs) and copper
nanoparticles (CuNPs) can absorb light at higher energies than AuNPs, which means they have
the potential to provide greater heating per photon.27,28 They also exhibit antimicrobial properties
and are often incorporated into medical and consumer materials such as antiseptic sprays and
bandages.29,30 The photothermal effect of these particles has been effectively utilized in cancer
therapy, lithography patterning, and drug delivery.31-33 However, these nanoparticles exhibit
some drawbacks. Silver is considered toxic in biological applications, both are easily oxidized,
and like gold, they are expensive materials. Furthermore, their low thermal stability and tendency
to aggregate make these nanoparticles difficult to work with at photothermal temperatures.34
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Semiconductor Nanoparticles
Similar to metal oxide nanoparticles, semiconductor nanoparticles are available in an
extensive variety of combinations, which has been afforded by advancement in their synthetic
techniques. Fine control over crystal structure, composition, shape, and size has opened the door
to particles that can offer a wide range of properties for application in areas such as catalysis,
energy storage, electronics, and optics.35,36 These nanoparticles absorb high energy light in UV
region of electromagnetic spectrum, and exhibit high photostability compared to organic dyes.
While semiconductor nanoparticles are often utilized for their emissive properties, they can also
convert absorbed light into heat. Theses nanoparticles possess surface defects that act as nonradiative recombination sites for excited electrons. These excited charges are trapped by the
defects, which then rapidly thermalize the absorbed energy.37

The photothermal ability of

semiconductor nanoparticles, such as CuS, have been utilized in the thermal ablation of cancer
cells, and are significantly less expensive than comparable AuNPs.38 However, heat generation in
semiconductors is much weaker than metallic nanoparticles, because heat dissipation occurs
through interband absorption, which only allows the formation of one exciton versus the
collective excitation of the surface plasmon in noble metals.39 Therefore, large quantities of these
nanoparticles would be necessary to impart significant heat.

Organic Nanoparticles
Organic nanoparticles are solid particles that are often composed of organic compounds
such as lipids or polymers. Polymer organic nanoparticles are of particular interest because they
are often conjugated which can lead to light absorption.40 This conjugation also offers conductive
properties that may be desirable for applications such as solar cells, sensors and photovoltaics.41-43
When compared with organic dyes, these nanoparticles possess large absorption cross-sections
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comparable to that of metallic nanoparticles, which may serve to overcome the issue organic dyes
have imparting significant heat to the surroundings.40 These particles also offer a biodegradable
option over their inorganic counterparts.44 Like many of the other photothermal candidates,
organic nanoparticles, such as those based on polyaniline, have been investigated for their ability
to thermally ablate cancer cells.45 However, like their smaller counter parts, organic dyes, these
particles will eventually photobleach. Their light absorption is also often limited to NIR region,
which results in lower energy production.46

Conclusions
Considering the properties listed above, we are able determine the characteristics of a
good photothermal agent: strong absorption, low luminescence, effective heat delivery to the
surroundings, morphological stability, and stability of surface chemistry. While facile synthesis,
modification, and low cost are not requirements of a photothermal agent, they are important to
consider when looking for alternatives to current heating methods as well as beneficial to
implementation in a variety of applications.
Thus far, we have explored metal particles (Au), metal oxide particles (Fe3O4), and
organic pigments (Sudan IV) as photothermal agents. It is evident that organic pigments are not
capable of delivering sufficient heat to the surroundings; however, both metallic and metal oxide
particles possess valuable attributes. While AuNPs are capable of delivering intense heat at
various wavelengths, MNPs offer stability and low cost. Other photothermal candidates worth
exploring include other strong light absorbers, such as semiconductor and organic polymers
nanoparticles. These materials offer access to a wide range of absorptions and functionalities,
which will allow heat to be tailored to a particular reaction or application. When combined with
the localized and intense nature of this heat, this method gains further control over delivering ondemand, well-controlled heat to a wide variety of reactions and applications.
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Chapter 5
Towards Establishing the Photothermal Effect as an Alternative Heat Source
The work in this dissertation was motivated by a desire to understand the applicability of
the photothermal effect for driving chemical reactions. This desire, in turn, stems from the need
to exert greater control over application of heat – a need common to a wide variety of disciplines,
from medicine to materials to agriculture.

The ultimate goal of this dissertation is to

comprehensively understand the limits of photothermal heat a so that we can establish the
photothermal effect as an efficient, well-controlled, and on-demand heat source.
The utility of the photothermal effect of nanoscale materials is a relatively new discovery,
yet it has gained increasing interest as a molecular-scale heat source. Of particular note is the use
of AuNPs to thermally ablate cancer cells. Photothermal cancer therapy relies on the delivery of
intense heat to a localized region around the nanoparticles that leaves nearby healthy cells
unharmed. Without an understanding of the temperatures achieved by irradiated nanoparticles,
this heating technique lacks control, and in the case of cancer therapy, this lack of control could
be dangerous.

While many applications of the photothermal effect are not biological, this

particular application demonstrates the paramount importance of understanding this heat so that it
may be applied in a well-controlled manner. For higher temperature applications, understanding
of how to control heat becomes more important.
My dissertation represents the first steps towards developing the photothermal effect as a
well-controlled alternative heat source by exploring the kinetics of various photothermally-driven
transformations (i.e. formation and cleavage of bonds). We explored several light absorbing
materials so as to gain a better understanding of the characteristics and properties of a good
photothermal agent. The work that we have accomplished in demonstrating the ability of the
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photothermal effect of different light absorbing materials in various reaction environments is
summarized below.

Using Bond Cleavage to Establish Photothermal Temperatures
Because previous work utilizing the photothermal effect has often exploited the intense
heat delivered by this effect to break bonds, my work began by following the kinetics of a bond
cleavage reaction. While it was no surprise that photothermal heat was capable of cleaving these
bonds, this work represented the first use of photothermal heat in the solid state and the first
photothermal cleavage along a known reaction mechanism. This enabled kinetic analysis, and
the kinetic information we were able to extract from characterizing the product was valuable in
determining the temperatures that we are capable of achieving under the photothermal effect.
Poly(propylene carbonate) (PPC) provided an ideal model system for a number of
reasons. The decomposition of this polymer generated a volatile monomer, which allowed us to
easily follow the extent of this reaction via mass loss. Additionally, PPC does not absorb light at
the irradiation wavelength of 532 nm, ensuring that any light-to-heat conversion could be
attributed to AuNPs.

Finally, the combination of the first-order nature of this thermal

decomposition and the well-established thermodynamic and kinetic parameters allowed us to
experimentally and theoretically determine photothermal temperatures.
During this experiment, we observed a dependence on the nanoparticle concentration and
found that light-to-heat conversion followed Beer’s Law. Irradiated films exhibited greater mass
loss in the presence of higher AuNP concentrations. However, we observed a light-limited
regime, in which further AuNP concentration increases did not affect mass loss. This observation
was attributed to the simultaneous increase of heat sources and a diminishing volume of film
exposed to light.
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With the product of decomposition verified via 1H NMR, we were able to predict the
temperatures achieved via photothermal heat by examining the first-order kinetics of this
reaction. Experimental calculations considered the period of irradiation, mass loss of the film,
and the bond broken during decomposition (C-O), and predicted that a minimum of 800 K must
have been achieved throughout the film. However, the localized nature of photothermal heat
leads us to believe that much higher temperatures are achieved at the nanoparticle’s surface.
When we considered the absorption cross section (σabs), the intensity of incident light, and laser
pulse width, we found temperatures in excess of gold’s boiling point (3154 K). While it is
unlikely that this temperature is experimentally reached, we believe that these two temperatures
provide a minimum and maximum for driving PPC decomposition using the photothermal effect.
This work shows that not only is the photothermal effect capable of efficiently driving
high barrier reactions in the solid state, but that by varying the nanoparticle concentration or laser
power, we can control the heat delivered to a reaction. Understanding the temperatures that can
be achieved by the photothermal effect is invaluable to its development as an alternative heat
source.

Constructively Using the Photothermal Effect
Current heating methods are utilized in a wide variety of fields to accomplish both bond
cleavage and formation. Until now, the photothermal effect has been primarily used to cleave
bonds – for example in cancer cell ablation, polymer decomposition, and drug molecule release.
In order to verify the general utility of the heat, it becomes important to not only demonstrate the
destructive nature of the photothermal effect, but also its constructive nature. Furthermore,
driving bond formation reactions with greater efficiency than current heating methods begins to
establish the photothermal effect as a viable heating method.
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In Chapter 3, we approached this problem by examining the polymerization of a urethane
film as a model system. Urethane bonds between isocyanates and alcohols spontaneously form at
room temperature, which provided a baseline formation rate to which we compared all other
formations.

However, urethane formation at high temperatures, such as the photothermal

temperatures determined in Chapter 2, was less likely to occur because the urethane bond is fairly
weak (100-130 kJ/mol) and can be cleaved at elevated temperatures.1

Additionally, the

equilibrium constant at high temperatures favors the reactants. Therefore, any observed urethane
bond formation can be attributed to trapping products in chemical bond’s energy well during the
rapid cooling.
We examined urethane polymerization under various conditions: in the presence of
AuNPs, a catalyst, or both and with or without light. Polymerization rates under these conditions
were then compared to the baseline polymerization rate at room temperature, in the dark. We
found that polymerization rate only increased in the presence of a catalyst or in the presence of
irradiated AuNPs. While a catalyst is often used in industry to increase the rate of this reaction,
we found that the rate of polymerization in the presence of irradiated AuNPs was faster on a
weight-by-weight basis. Because the photothermal effect absorbs and converts light into heat
within ~10 ps, we can assume that heat production only occurs during periods of exposure to the
pulsed light (20 μs total).2 Considering the rate of polymerization in this short time period, we
observed a billion-fold enhancement in rate.
We also observed a synergistic interaction between AuNPs and the catalyst under
irradiation. In these films, there was a dramatic increase in rate of polymerization, and this
increase was greater than the sum of the two effects alone. Control experiments indicate that a
bulk temperature increase of ~322 K would have to occur in order to account for the kinetics we
observed; however, bulk temperature measurements indicate only a 10 K temperature increase
occurred. Possible reasons for this increased polymerization rate without bulk heating may be an
increased mobility of reactants at elevated temperatures, which allowed them to interact with the

77
catalyst. Another possible explanation may be the cleavage of isocyanate trimers, which this
particular formula is known to exist as, at high temperatures. This mechanism would increase the
concentration of free isocyanates available to react with the alcohols and catalyst.
It is evident that the photothermal effect of AuNPs greatly increased urethane formation
rate, and that this effect is also capable of enhancing existing synthetic techniques, in addition to
being applied alone.

More importantly, this work demonstrates that, like current heating

methods, we can apply photothermal heat to constructive transformations, such as bond
formation.
The collective work of Chapters 2 and 3 shows that the photothermal effect is capable of
accomplishing many of the same transformations as current synthetic heating methods. The short
timescales and molecular-level precision with which these transformations are accomplished, as
well as the dependence of heat production on power and nanoparticle concentration allow us to
exercise fine control over on-demand heating. While our work represents the first steps towards
controlling photothermal heat, future work will establish it as an excellent alternative heat source
to current synthetic methods. Discussed below are some future experiments that will further aid
in understanding and therefore controlling the photothermal effect.

Future Work

Bond Isomerization
The most fundamental chemical transformations (e.g. bond cleavage, formation, and
isomerization) can be accomplished using heat. Thus far, the photothermal effect has been shown
to effectively accomplish both bond cleavage and bond formation. In order to establish the
photothermal effect as an alternative heating method, it is important that it is capable of
performing all of the transformations accomplished by traditional heating methods.
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Isomerization is a chemical transformation that has been utilized for applications such as
molecular switches, information storage devices, medicine, and fuel production.3

Despite

identical chemical compositions, isomers possess unique properties that can be achieved with
high selectivity.4 Isomerization can be accomplished at elevated temperatures, and performing
this transformation under the photothermal effect would establish this effect as a general heat
source with excellent control.
The E-Z isomerization of stilbene is a reversible reaction that has been utilized in
molecular switches, and would be an excellent model system for photothermal isomerization.[ref]
The isomerization of this molecule from trans to cis occurs under UV light (300 nm), and can
reverse back to trans under either UV light (280 nm) or heat (Scheme 5-1).5 The thermal
isomerization of stilbene from its cis to trans isomer has an activation energy of ~140-155
kJ/mol, and requires temperatures in excess of 200°C, temperatures we know the photothermal
effect is very capable of reaching.6,7 This isomerization would also be facile to characterize due
to the unique electron transitions displayed by the two isomers, and we could follow the reaction
by monitoring the shift in absorption in the UV-Vis spectrum.

Scheme 5-1. The reversible isomerization of stilbene from cis to trans at elevated temperatures.

The cis isomer can be purchased in 96% purity, and mixed neat with AuNPs or in a
toluene solution. The cis-AuNP sample would then be irradiated with light at or near the AuNP’s

79
λmax, and away from the cis isomer’s absorption.

Photothermal heating will drive the

isomerization of cis to trans, and the appearance of the trans isomer peak ~300 nm can be
monitored using UV-Vis spectroscopy.

Reversible Reactions
Another valuable addition to the photothermal toolkit would be the ability to accomplish
reversible reactions. These reactions offer access to various properties from one material, and
make excellent molecular switches and self-healing materials.8 Reversible reactions can be
controlled in a number of ways, such as exposure to specific wavelengths of light or temperature.
However, these stimuli are applied to bulk systems, and lack the control offered by the
photothermal effect. The retro Diels-Alder (rDA) reaction is a classic example of a reversible
reaction that can be thermally driven.9 At room temperature, the equilibrium lies towards the
Diels-Alder (DA) adduct, but upon exposure to elevated temperatures, the diene and dienophile
are favored and a cycloreversion occurs (Scheme 5-2).

Scheme 5-2. The retro Diels-Alder reaction results in the formation of a diene and dienophile at
elevated temperatures, and will revert back to the Diels-Alder adduct at room temperature.

One possible application for this technology could be reshaping or reprocessing
materials. For example, a polymer material, embedded with a photothermal agent, could be
cross-linked by Diels-Alder moieties. Under irradiation, the material could be reshaped. In the

80
absence of light, heating will cease and the forward DA reaction will once again cross-link the
polymer. This technique provides a means for altering a material after its original processing, and
could be used in applications such as medical stents that may be difficult to access once
implanted.
One of the limitations of this technique would be that it needs to be reversible so that the
Diels-Alder adduct can spontaneously reform at room temperature. For instance, if a solid
polymer generates gaseous products upon irradiation, the volatile products may evaporate and
result in an irreversible reaction.

Reactions at the Nanoparticle Surface
The reactions that we have experimentally investigated thus far (PPC decomposition and
polyurethane formation) were photothermally promoted by nearby AuNPs. While heat was
supplied from within the reactant solution or film at the molecular level, this heat may still be
considered “bulk”-level heating on a much smaller scale.

The intense heat generated on the

molecular level is highly localized and provides an excellent means for spatial control; however,
it may also reduce the fraction of reactant molecules affected by this heat to those within several
nanometers of the particle’s surface. Consequently, systems may require longer heating periods,
which may be detrimental to the reactive molecule or the photothermal agent (Figure 4-1).
One solution to molecular-level “bulk” heating would be to attach a reactive molecule to
the nanoparticle’s surface. In the case of 2 nm AuNPs, the long alkyl chains anchored by thiol
linkages, which stabilize the particle’s surface, can be terminated with an alcohol or carboxylic
acid, and these end groups can undergo an esterification reaction. The cleavage of an ester is a
thermal process that can serve as a model system for following a photothermal reaction of an
attached molecule (Figure 5-1).
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Figure 5-1. (a) Ester cleavage can be accomplished at high temperatures, and the progress of this
reaction can be monitored by (b) following changes in the IR spectrum.10

The reaction shown in Figure 5-1a requires temperatures in excess of 265°C, which results in
distinct changes in the C=O stretch from 1732 to 1715 cm-1 and the disappearance of the tertbutyl ester band at 1364 cm-1 (Figure 5-1b).10 The ester bond is also a good means for attaching
other reactive molecules to the particle’s surface by functionalizing the surface ligand and
reactive moiety with complementary alcohol and carboxylic acid end groups.
In addition to driving a reaction closer to the heat source, following the progress of a
reaction occurring at the particle’s surface may also allow us to understand the effectiveness of
dissipated heat from the particle’s surface. By varying the length of the alkyl chain, we could
control the distance of the reactive molecule from the particle surface, which will in turn change
the heating it experiences. While it is expected that the most intense heat is experienced closest
to the surface, we could determine the distance at which photothermal heat is no longer effective.
In this sense, the reactive molecule would function as a molecular thermometer. Following such
a reaction with time resolved spectroscopy would provide means for mapping photothermal heat
both spatially and temporally.
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Modification the particle’s surface may alter its solubility, which may then determine the
allowed degree of functionalization. Additionally, the Au-S bond is relatively weak, and high
temperatures generated at the particle surface have been shown to cleave this bond (Chapter 2).
Therefore, lower irradiation fluencies or alternative linkages, such as bi- or tri-dentate thiols, may
be required. The ester linkage can also be reversible at high temperatures, so if this bond is
utilized as a linker and is not the thermal reaction of interest, it would be important to utilize a
reaction that is thermally-triggered driven at lower temperatures than the de-esterification.10

Varying Pulse Repetition Rate
While the photothermal effect has been observed in systems exposed to continuous wave
(CW) or pulsed light, pulsed light is often favored over CW for its ability to achieve higher
temperatures (Figure 5-2).11 Furthermore, pulsed light also allows particles to thermally relax to
ambient temperatures before absorbing and thermalizing light from the next pulse.

This

relaxation period between pulses allows for the complete diffusion of heat from the particle. On
the other hand, particles exposed to CW light remain in a state of elevated temperature than can
be detrimental to the particle’s stability. These factors influenced our decision to work with
pulsed light.
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Figure 5-2. Evolution of the temperature of a nanoparticle with r = 50 nm under pulsed light
(solid line) and CW light (dashed light).11

The work performed in this dissertation utilized a pulsed Nd:YAG laser with a pulse
width of 8 ns and a repetition rate of 10 Hz. Despite the success of our experiments, the sample is
in darkness for 99.99999% of the total irradiation period. Because the production of heat relies
on the absorption of light, this experimental set up is not a particularly efficient use of time.
An immediate improvement to our technique would be to increase the repetition rate of
the laser’s pulse. The photophysics of small nanoparticles implies that we could increase this rate
by several orders of magnitude to 100 MHz (at the same pulse width) which would result in 80%
of every second exposed to light, providing a 100 million times more “light time” than the 10 Hz
sample experiences. It should follow then that we will observe a 100 million-fold enhancement in
a photothermally-driven reaction, and that further increase in repetition rate would continue this
trend. However, as mentioned above, pulsed light allows a nanoparticle to thermalize and diffuse
this heat into the surroundings before the next pulse of light. When there is insufficient time
between pulses to allow for thermal relaxation, the effects of pulses begin to overlap, and the
particle remains in a state of elevated temperature.11 The temperature profile of the nanoparticle
then begins to resemble that expected for CW irradiation. Therefore, there must be at least a time
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period of at least 10 ps between pulses in order to maintain pulse localization. For a 10 ns pulse
width, a pulse frequency limit would occur at approximately 100 MHz.

Varying Pulse Width
In addition to varying pulse frequency, the pulse width may also be adjusted. Work
performed by Lukianova-Hleb et al. examined the generation of a vapor bubble around a AuNP
irradiated with light of pulse widths varying from ps to CW.12 This work showed that while the
shortest laser pulse (20 ps) generated bubbles at the surface of the particle, CW light required 9
orders of magnitude more energy to generate a bubble. This work illustrates the localized heating
exhibited under pulsed irradiation versus the bulk heating observed under CW light.
The photophysical event responsible for the production of heat via the photothermal
effect occurs within ~10 ps (Scheme 1-1), and laser pulses that are longer than the thermal
relaxation time of the particle will cause heating of both the particle and surrounding medium as
heat diffuses away from the particle’s surface.13 Conversely, when the pulse is much shorter that
thermal relaxation, then this energy is confined within the particle, resulting in rapid heating of
the particle.13

The 8 ns pulses we have utilized in our work are ~800x longer than the

thermalization of a particle. During this period of time, the particle will initially deliver intense
heat to the surroundings.

However, over time the particle would approach a steady-state

temperature with smaller temperature changes. Shorter pulse widths would maximize the initial
intense heat delivery, and are desirable for delivering heat to the surroundings without altering the
nanoparticle’s stability.
photothermal effect.

Finding the optimal pulse width is critical to efficiently using the
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Conclusions
My dissertation contributes to the understanding of the photothermal effect, and
demonstrates molecular-level control that can be exercised with this heat.

This work

demonstrates the ability of photothermal heat to drive transformations fundamental to science,
and establishes its potential as a well-controlled and on-demand tool. This technique can be
applied to a diverse set of chemical reactions in a wide variety of disciplines. Further work on the
technique will improve the efficiency and efficacy of many applications, as well as further
demonstrate the breadth of its applicability.
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