ABSTRACT

CRITES, ERIN LYNNE. Impacts on Polymer Composites from the Photothermal Heating of
Metallic, Organic, and Carbonaceous Nanoparticles (Under the direction of Dr. Laura Clarke and
Dr. Jason Bochinski).

Photothermal heating is a process where nanoparticles convert light into heat. In
composites, photothermal heating can be used to create heterogeneous heating patterns within a
system, such that there are high temperatures near the particle, but the sample is cool far away
from the particle. This dissertation explores the wide applications in selective treatment and
heating control that photothermal heating allows, while also investigating the heating differences
in metallic, organic, and carbonaceous nanoparticles. This will be done in three
polymer/nanoparticle systems. The first uses multi-walled carbon nanotubes (MWCNTs) as a
conductive filler, and demonstrates photothermal heating as a post-manufacturing process to
increase the conductivity. From experimental data and a simple heat transport model, the
conductivity increase is shown to be driven by the local temperature around the MWCNT
percolating pathway. The second system investigates the deswelling behavior of hydrogels placed
under conventional and photothermal heat from two types of nanoparticles. The photothermal
heating effects of gold nanoparticles are compared to melanin nanoparticles (a more biologically
friendly nanoparticle). It is seen that while the MNPs may be a less efficient heater, MNPs are able
to drive the deswelling process similarly to the GNPs. An additional comparison of the metallic
(GNP) and organic (MNP) nanoparticles is done in the third system, where both nanoparticles are
embedded into poly(vinyl alcohol). The degradation signals of PVA are monitored during
photothermal heating and compared to conventional heating in a low temperature oven. A
universal degradation process is observed in both bulk PVA (conventional and photothermal

heating) and in the MNP themselves.
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Chapter 1

1.1 Optical Properties of Nanoparticles

Imagining gold or silver objects brings to mind warm yellows or a reflective grey color.
However, when these materials are used to create nanoscale objects, there are dramatic changes in
the optical properties. The Lycurgus Cup is a famous example of such properties, as a glass made
in 4th-century Rome that appears green in reflected light, but dramatically switches to red when
illuminated from behind [1,2]. We understand today that gold and silver nanoparticles dispersed
throughout the glass provide its unique color properties [3,4].

The mechanisms behind these optical properties are relatively well understood for metallic
nanoparticles [5,6]. Metallic nanoparticles, such as gold [7], silver, or platinum nanoparticles, have
a localized surface plasmon resonance (LSPR). When light interacts with the nanoparticle at a
wavelength corresponding to the LSPR, the free electrons within the particle begin to resonate and
absorb the energy of the light. The most obvious manifestation of this is the visual appearance of
a nanoparticle solution, as the color of the solution is dependent on the LSPR location [8—11],
which corresponds to the peak absorption of the nanoparticles. This light-nanoparticle interaction
also leads to a useful application- the absorbed energy can exit the nanoparticle as heat [5,6,12].

This process is called photothermal heating, and can occur in a wide variety of
nanoparticles, including carbon nanotubes and melanin nanoparticles used later in this work.
Although these carbon-based materials do not have a LSPR, they still absorb light, do not have a
mechanism to expel that energy as light, and thus release heat instead. The mechanisms by which
the heat is released, as well as the variety of nanoparticles that release it, make photothermal

heating an interesting process to study and useful tool in a range of applications.



1.2 Photothermal Heating Mechanisms

The vast selection of nanoparticles available means that when choosing nanoparticles for
a system, one must consider characteristics such as the shape, size, material, solubility, toxicity,
cost, and more. Furthermore, the mechanisms driving the photothermal conversion process
depends on the material, thus allowing further tailoring of the nanoparticle for the environment.
This section will describe the three photothermal conversion mechanism that arise from different
material families — metallic, semiconductor, and carbon-based materials — and notable
characteristics of nanoparticles within each group.

Perhaps the most common and most utilized nanoparticles for photothermal heating are
plasmonic metallic nanoparticles, such as gold, silver, and platinum. As previously discussed,
these nanoparticles have a localized surface plasmon resonance (LSPR) based on the size, shape,
and material of the nanoparticle [9,13-17]. When light hits a metallic nanoparticle, the
nanoparticle absorbs photons at the same frequency as the LSPR. Free electrons within the metallic

structure are brought to the surface of the nanoparticle and begin to oscillate with the light wave

Electric

Figure 1: Schematic of the LSPR. The gold circles represent a metallic nanosphere. As the light
creates an electric field around the particle, the electron cloud on the surface of the nanoparticle
begins to move with the electric field, generating a resonance effect that increases the absorption
at the light’s wavelength. Energy absorbed by the nanoparticle may exit as heat.



(Figure 1). Electron-hole pairs are generated and undergo electron-electron collisions that convert
the energy into heat, resulting in photothermal heating [5,6,12,18].

Nanoparticles with LSPR have relatively narrow wavelength ranges that they strongly
absorb, ranging on the order 100 nm depending on the particle size distribution, as compared to
the absorption across the entire visible spectrum seen by carbon-based particles. This can be either
a limiting factor or a benefit. For example, LSPR allows photothermal heating to be activated only
when a specific wavelength is present, creating a useful ‘switch’ to control the heat. However, this
is only useful if that light source is accessible, and often limits these nanoparticles to laboratory
settings, as using a broad light source (like the Sun or a lamp) includes energy that is not usable
for photothermal conversion by the nanoparticles. When the wavelength of the light source
matches the nanoparticle absorption, the photothermal conversion efficiency (describing the
amount of the input energy that is been converted to heat) can be very high. This is particularly
notable in the example of gold nanoparticles [19-21], which have been reported to reach 100% of
light energy converted into heat [22,23].

The specific wavelength used can be highly tailored for a desired application. As
mentioned earlier, the size, shape, and material of the nanoparticle could all be modified to control
the interaction with light [9,13—-17]. Even simply changing the orientation of an asymmetric
nanoparticle with respect to the incident light polarization can result in an anisotropic heating
response [24], which would allow for fine-tuned control of the locations of heating. Furthermore,
metallic nanoparticles can also be synthesized into a variety of unique shapes, such as
spheres [25,26], rods [11,15,16,27], stars [28,29], cubes [30,31], and triangles [32—-34], which all

correspond to unique light-matter interactions.



Two significant drawbacks to using metallic nanoparticles in applications come from the
cost and toxicity. Metallic nanoparticles are a comparatively more expensive nanoparticles than
carbon-based or organic nanoparticles, and require more expertise to synthesize, particularly if
making non-spherical particles [10,35]. Gold nanoparticles (GNP, which are particularly relevant
to this work) are generally considered to be non-toxic when the diameter is larger than 5
nm [7,36,37], but the coatings required to stabilize the GNPs are generally not safe for biological
use [38].

The second family of nanoparticle materials are semiconductor nanoparticles. These are
less common than metallic or organic nanoparticles and are not utilized in this work. However,
they will be briefly discussed, as materials can sometimes exhibit semiconductor-like properties
during the photothermal process. Like metallic nanoparticles, semiconductor nanoparticles must
be excited at specific energies, now corresponding to the band gap of the material instead of a
surface plasmon resonance. When light illuminates a nanoparticle, photons matching the band gap
are absorbed by the valence band electrons. The electrons jump to the conduction band, creating
an electron-hole pair. Electrons may return to equilibrium by emitting a photon or through non-
radiative processes such as Shockley-Read-Hall and Auger recombination [6]. This recombination
is shaped by the defects present in the semiconductor, as the defects encourage heat release over a
radiative recombination [18,39].

The final material family broadly includes carbon-based nanoparticles. Carbon materials
are generally inexpensive relative to metallic nanoparticles and can be generated as byproducts of
other manufacturing processes, making them a compelling choice for any potential applications.
Photothermal heating of carbon-based and organic materials occurs through the loosely held

electrons that can be excited by a broad range of wavelengths. As 1 electrons are excited into Tt *



states, internal energy conversions occur between the closely packed energy levels. Excess energy
is expelled through bond vibrations and rotations, which in turn results in heat. The broad
absorption of carbon may be preferred over the comparatively narrow absorption of metallic
nanoparticles for certain applications, such as when using broad light sources like the Sun.

This work explores two carbon-based materials. The first is carbon nanotubes (CNTs),
which are, most simply, rolled sheets of graphene. CNTs can have a single wall of graphene
(single-walled CNTs, or SWCNTs) or multiple concentric layers (multi-walled CNTs, or
MWCNTs). As with other nanoparticles, the structure of the CNTs can be tailored to the specific
needs of the situation, as increasing layers of graphene increases the strength and ease of
production of the nanotubes at the cost of flexibility and conductivity. CNTs exhibit a broad
absorption and subsequently exhibit photothermal heating from a range of wavelengths [40,41].
The structure of the tube contributes to the absorption process, as while some light will be absorbed
on the outside surface, light can also enter the hollow tube, bouncing along the tube until it is
absorbed and thus increasing the overall absorption and capability for photothermal heating in
multi-walled nanotubes [42]. The photothermal conversion efficiencies of CNTs have been
reported around 80% [41-44].

Although photothermal heating of CNTs has been studied in biological therapies [45],
CNTs are considered to be highly toxic and have been shown to damage the lungs, the genetic
material in cells, the liver, and the kidneys [46]. Thus, CNTs are more often used as photothermal
heaters in materials, such as in water purification techniques [42,44,47—49] and in polymer
composites. The latter will be particularly explored in Chapter 3, as conductive CNTs added to an
insulating polymer matrix produces an electrically conductive composite with the mechanical

properties of polymers. Indeed, CNT-polymer composites have been studied as flexible



electronics and textiles [50], as mechanical stress release in batteries [51], as gas sensors [52,53],
and as strain sensors [54—56].

The second carbon-based nanoparticles featured in this work are melanin nanoparticles
(MNP). Melanin nanoparticles are a broad family of biopolymers often found in nature [57,58],
from dark skin or hair of humans to ink from squids or dark feathers on birds. While melanin
naturally forms nanoparticles and can thus be harvested from natural sources (such as from sepia
ink, hair, or pigmented cells [59]), it can also be synthesized through polymerization, such as from
dopamine, as used in this work [60,61] or L-dopa [59]. When on the surface of organisms, melanin
is considered primarily a means of blocking damaging ultraviolet (UV) light. However, melanin
is also a free radical scavenger, and thus functions as an antioxidant, antimicrobial agent, and metal
ion reservoir [58,62—64]. The ease and relatively low cost of MNP synthesis [60,61], the natural
presence of melanin in nature, and the broad absorption profile [65-67] makes MNP a promising
choice for a photothermal heater [57,68] in both biological and material settings.

As such, MNPs have been studied extensively in photothermal therapies, with both near-
infrared light [69-71] (which is able to pass through the skin) and UV light [72,73]. The
photothermal conversion is suggested to occur via the release of energy through phonons, aligning
with the third mechanism of PT conversion common in carbon-based materials. The broad
absorption of MNP allows excited electrons to quickly decay into a variety of nearby energy
states [74], releasing energy as molecular vibrations, which manifests as heat within the
nanoparticle. Because polymeric materials have a relatively low thermal conductivity, and MNP
are considered a polymer, there is a buildup of thermal energy, increasing the photothermal
conversion efficiency [67], although it has been generally reported to be around 15% to

30% [66,67,70].



1.3 Photothermal Applications

Under certain circumstances [75], this photothermal heating, or the conversion of light into
heat, creates intense heat local to the particle and cool temperatures further away (Figure
2)[76,77]. This temperature gradient keeps the bulk temperature relatively low, particularly in
comparison to bulk heating, where the temperature is uniformly raised throughout a sample. As
the heat comes from exposure to light, photothermal heating allows for external control of internal
heat through the presence or removal of light. Photothermal conversion can be tuned by altering
the size, shape, or material of the nanoparticles, making this process useful in a broad range of
applications. For example, local heat can be selectively applied to certain objects in a system: by
intentionally functionalizing nanoparticles to change how the nanoparticle interacts with the
surrounding environment [78,79], researchers have created nanoparticles that bind with tumors in
the body [80] or perform other targeted heating [37]. When the nanoparticles are illuminated with

light (typically using 808 nm light that can pass through the skin), they begin to heat their
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Figure 2: Sketch of photothermal particles (gold circles surrounded by a red gradient to
represent heat) interacting with light (blue squiggles). A general temperature profile from the
photothermal heating is shown with a red line.



surrounding area, which is primarily the tumor they have bonded to, while leaving the rest of the
cells untouched. Photothermal therapy is a promising technique for cancer treatment [81], although
there are concerns about nanoparticle biocompatibility [72,82,83] and thus an interest in exploring
alternative photothermal heaters beyond the commonly studied metallic nanoparticles.
Photothermal heating has broad applications in non-biological materials as well. With light
as the remote control switch for heat, there are possibilities for modifying materials through
internal heat. This has been shown in the form of simple actuators using carbon as a photothermal
heater that change shape within seconds of being illuminated [84,85]. Similarly, photothermally
heated nanoparticles have been shown as nanomotors and nanomachines, allowing for simple
motion controlled with the presence of light [86,87]. Furthermore, the internal heat from
embedding nanoparticles within materials can selectively cure epoxy [88] or act as a catalyst for
other reactions [89,90], thus making photothermal heating a driver of controlled chemical
reactions by supplying localized energy only. This local, confined heating and subsequent potential
degradation of polymers creates unique pathways down previously established chemical
conversions [91,92]. The heat may also provide energy to state changes, as seen by the large
interest in using photothermal materials for water vaporization and water purification [49,93-99].
This research is motivated by the unique material processing available from internal,
selective heating. In this thesis, we will cover three systems using the photothermal heating of
nanoparticles to investigate both (1) the ways that photothermal heating can be utilized to enhance
polymer applications and (2) the mechanisms of photothermal heating, particularly for non-
metallic nanoparticles. Three independent systems will be considered. To begin, Chapter 2 details
how a carbon nanotube filler in a polymer system can be used to create electrically conductive

composites. Photothermal heating was then used to improve the electrical contact between the



nanotubes. Chapter 3 will investigate the water loss from hydrogels under both conventional and
photothermal heating. The photothermal heating was done with both metallic and melanin
nanoparticles in order to compare the photothermal heating of MNPs under visible light with the
more commonly used gold nanoparticles. Finally, Chapter 4 will continue to study MNPs as a
photothermal heater in polymer by observing the degradation of MNPs and a surrounding polymer.

Chapter 5 will discuss potential uses of the systems described and future directions.
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Chapter 2: Photothermal heating to improve particle-particle contacts and electrical

conductivity in MWCNT: polymethyl methacrylate composites

2.1: Conductive Composites and Carbon Nanotubes

The properties of any composite rely on the matrix, the filler, and the interface between
them, which also impacts dispersion. Electrically-conductive polymer nanocomposites
(conductive nanoparticles embedded in an insulating matrix) are an interesting case where the
desired outcome (increased electrical conductivity) is dominantly influenced by interface
conditions [100-102]. High aspect ratio particles, such as carbon nanotubes [100], can achieve
sample-spanning conductive networks at low loading, because they have a large effective volume
(the region spanned as the particle is rotated over 4= steradians about its center), making overlap
to form a many-particle, current-carrying path across the composite more statistically
probable [103]. However, these fillers also have strong particle-particle interactions, which lead to
side-by-side nanotube aggregation, reducing the beneficial aspect ratio and requiring higher
loading to achieve conductivity. Thus, a surfactant is often used to increase particle-matrix

compatibility and ensure dispersion (Figure 3a), as surfactants commonly consist of a hydrophilic

a) Increasing nanotube-polymer interaction b) Increasing contact between nanotubes
strength for good dispersioB for electron flow
—

W z| 7\

/ Ny,
W | [ —

Solved by adding surfactant Solved by removing surfactant

Figure 3: Cartoon of the goals of CNT:polymer composites. a) depicts the desire for a dispersed
network, which can be solved by adding a surfactant. However, b) displays the desire for good
nanotube contact, which is necessarily reduced with the addition of surfactant.
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head and hydrophobic tail that are able to bind with both the carbon nanotube and a solvent. But
in the final composite, the strengthened particle-matrix interactions have a deleterious effect:
insulating polymer or surfactant residing between particles dramatically decreases resultant
conductivity [101] (Figure 3b).

In other words, the goal of conducting particle-insulating matrix composites is that
conducting particles "aggregate" beneficially, such that there is end-to-end overlap of the particles
without large clumping that prevents the particles from spanning the composite [104]. In theory,
this will occur at a critical volume fraction (the percolation threshold) where there are just enough
particles to create the network without an excess that drives agglomeration. However, due to the
strong particle-particle interactions, network formation cannot take place unless detrimental
aggregation (side-to-side stacking) is mitigated. Available strategies for dispersion (such as the
addition of a surfactant) also block beneficial particle-particle overlap, where the surfactant
reduces the electrical connection between particles. This suggests that there are many particle-
polymer-particle junctions within the network that could be improved to improve the electrical
conductivity.

Overall, strong particle-matrix interactions are useful during fabrication but unhelpful after
the conductive particle network has formed. Recent interventions to address this persistent
challenge have focused on manipulating the particle-matrix interaction with time. For instance,
pre-assembly of the conductive network in a solvent system and then backfilling with
polymer [105-107] utilizes solvent as volatile quasi-matrix, which can be removed upon network
formation after aiding dispersion, enabling expulsion from junctions and allowing particle-particle
contacts to collapse. Different "matrices" are used at different times. However, in these cases when

the true matrix polymer is introduced, difficulty in fully wetting and filling creates new problems,
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including lack of the usually beneficial strong contact between the overall network and matrix,
leading to poor composite stability. Other strategies to manipulate aggregation over time include
particle dispersion in a low viscosity environment with application of shear force after viscosity
increases during the solidification [108,109] or crosslinking process [110,111], or manipulating
pre-dispersed particle with shear in high viscosity melt [109]. Both approaches require relatively
complex, material-specific processing with the goal of entangling tubes in a condition without
suitable mobility for side-to-side aggregation.

In this work, an alternative paradigm is explored with polymer composites containing
multi-walled carbon nanotubes (MWCNT) where particle and matrix mobility (the ability to
aggregate) is different at different times, to optimize for the different goals of a sample at various
times in its lifecycle. Using a conventional approach, the particle is dispersed in a low viscosity
matrix solution and the extended network forms during solidification: the system is homogeneous
with solvated polymer and surfactant/matrix-coated particles mixing freely and then slowing
together as solvent is removed. But after solidification, photothermal heating (absorption of light
by the particle which is then converted into heat) [5,6,12,24,76,77,81,88,91] is used to pass energy
to each carbon nanotube [43,98,112,113] and create heterogeneous local warming (position-
dependent increase in mobility) within and around the percolative network, enabling particle and
matrix reorganization to improve particle-particle contacts without sufficient mobility that side-
to-side aggregation or network damage occurs. Steady-state, elevated local temperatures and a
temperature gradient (different steady state temperatures at different locations) from photothermal
heating of nanoparticles have been previously reported in solid polymer nanocomposite
systems [5,6,76,77,91,114—118]. The region between two nearby particles is expected to have the

highest temperature, with that surrounding each particle the next highest [91], and significantly



13

cooler temperatures in composite regions far from any particle. This particular pattern of heating
may enable the interstitial polymer to migrate from junctions and nanotubes to reorient to increase
contact, while preventing larger scale mobility that would lead to deleterious particle aggregation.
Applications for electrically-conductive polymer composites utilize the processability,
relative light weight, low cost, lack of corrosion, and tunable mechanical properties (from flexible
to rigid) of the insulating matrix polymer. Improving energy storage (battery/supercapacitors) [51]
and decreasing mass in transportation applications [119] are particular, environmentally-focused
targets and both carbonaceous fillers and matrix polymer could ultimately be sourced from
waste [117]. This chapter focuses on the moderate conductivity range [100], useful here because
the conductivity depends strongly on particle-particle junctions and often targeted for strain and
gas sensing applications [54], as interparticle spacing is impacted as the material is stretched or
compressed [53,120-125]. A particular application for MWCNT-polymethylmethacrylate
(PMMA) composites (as will be utilized in this work) is strain sensing in highways [55,56,126].
Utilizing this scheme and sampling a wide range of initial conductivities and nanotube
loading, a proportional increase in conductivity after photothermal heating treatment is observed.
This proportional increase is a function of the light intensity applied, and multiple controls are
utilized to show a lack of correlation with the global sample background temperature (far from any
MWCNT) during treatment. This indicates (1) that the extended MWCNT network is mostly
unchanged (e.g., overt side-to-side aggregation is avoided) and (2) that a heterogeneous
temperature distribution, with a local temperature near the nanoparticles correlated to light
intensity, is present and driving local nanotube mobility. Utilizing a simple heat transport model,
we show that when the local temperature in the vicinity of the MWCNT network increases to the

polymer glass transition temperature, conductivity increases and grows as this temperature rises.
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Local temperature is manipulated by altering laser intensity and the composite surroundings to
produce the same local temperature in several different ways. These experiments show that local

temperature is the key factor in the increase in electrical conductivity.

2.2 Material and Methods
2.2.1 Materials and Sample Preparation

Multi-walled carbon nanotubes (MWCNTs, outer diameter 1545 nm, length 5-20 pum,
NanoLab, aspect ratio 1500), poly(methyl methacrylate) (PMMA, MW 540,000 g mol™%,
Scientific Polymer Products Inc., listed T, 105 °C), acetone, N, N-dimethylformamide (DMF), and
Triton X-100 (all from Sigma Aldrich) were used as received. Triton X-100 was chosen due to its
prevalence in research working with CNTs as one of the more effective surfactants available [127—
129]. Dynamic scanning calorimetry (Mettler Toledo DSC 1, measured by cooling at 10 K/min
from 230 °C) measured a PMMA Tg within the composite of 115 °C. Silver epoxy (EPO-TEK
EJ2189-LV, Epoxy Technology) and silver wire (38 AWG, California Fine Wire Company) were
utilized to make electrical contacts.

A 20 weight-percent (Wt%) PMMA:DMF solution mixed (VWR 325 hotplate/stirrer,
approximately 160 rotations per minute) at room temperature overnight in a sealed container until
complete dissolution. Separately, equal masses of MWCNTs and Triton-X were added to DMF in
amounts depending upon the intended final MWCNT:PMMA weight percent (wt%) and MWCNT
were dispersed (Misonix Wand Sonicator 3000, 20kHz one second pulses interspersed with equal
rest times (duty cycle of 1) for a total of 10 minutes (5 minutes active)). The suspension was stable

and resulted in samples with similar conductivity for up to 55 days (Figure 4).
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The casting solution contained volume V of PMMA/DMF solution needed to create the
appropriate sample thickness after solvent evaporation, to which a V/2 volume of the
MWCNT/Triton-X/DMF solution and V/2 volume of acetone were added, and immediately hand-
stirred until the solution was visually homogenous (approximately 60 seconds). An angle-tip cut
pipette (FisherBrand Elite Adjustable Volume Pipette, 100 to 1000 puL) was used to measure and
transfer solution (e.g., 350 uL for a 0.06 mm thick sample) onto the center of a UV-0zone cleaned
(BioForce Nanoscience UV/Ozone ProCleaner; 15 minutes exposure followed by rinsing with DI
water and drying in 65 °C oven) borosilicate glass coverslip (VWR 48366-227, 2.2 cm % 2.2 cm
area, thickness 0.16 mm to 0.19 mm), which was immediately placed in a 65 °C oven (VWR

1300U) to enhance solvent removal. Solidified samples were removed from the oven after 30
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Figure 4: 0.125 wt% MWCNT composite conductivity versus the age of the sonicated
MWCNT/Triton-X/DMF solution used to make the samples. Average conductivity (over all
samples) was 2.5x107* £ 3.0 x107 S/cm. Sample thickness was approximately 0.06 mm.
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minutes and readily detached from the coverslip after cooling. Samples had 0.0625, 0.125, 0.250,
or 0.5 wt% MWCNT:PMMA and ranged in thickness from 0.025 mm to 0.14 mm.

To enable electrical measurements, silver epoxy contacts were painted in two parallel
rectangular strips (6 mm x 20 mm) on opposite sides of the top sample surface with a silver wire
(subsequently connected to the measurement apparatus) embedded in each contact. Epoxy was
cured in a 100 °C oven for 45 minutes. Header pins were attached to the ends of the exposed wires

for ease of multiple measurements.

2.2.2 Sample Characterization

Electrical conductivity was determined (Keithley Model 6430 Sub-Femtoamp Remote
SourceMeter) from voltage applied — current measured, two-probe measurements, controlled by a
specialized LabVIEW program. A standard sweep was 1 V increments (5 second rest time after
voltage applied) from zero to 10 V, 10 V to -10 V and -10 V to zero. The slope of the resulting

voltage-current plot corresponds to the inverse of sample resistance, which is then used to calculate
conductivity ¢ according to: o = RL—A, where L is the separation between the epoxy contacts (as

measured with a digital caliper), R the resistance, and A the cross-sectional area calculated from
the drop cast volume and confirmed by thickness measurement (The Starrett Co. No. 1230 outside
micrometer).

Optical characterization was performed using absorption spectroscopy (Agilent
Technologies Cary 60 UV-Visible Spectrometer) and Fourier transform infrared spectroscopy
(Agilent Technologies Cary 630 Fourier Transform Infrared (FTIR) Spectrometer) Additionally,
transmission electron microscopy (TEM) (Hitachi BioTEM HT7800) was used to image

MWCNTs within micro-tomed (Leica Ultracut UCT) approximately 90 nm thick) sample sections
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on a sub-visible wavelength scale. For each sample, the diameter of over 600 nanotubes across at

least six images was measured by hand in ImageJ.
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Figure 5: a) Optical extinction of MWCNT:PMMA composites. Characteristic broad absorption
from MWCNTs increases with increasing nanotube concentration with minimal contribution
from PMMA in the visible range. The vertical line represents the illumination of the 450 nm
source for photothermal heating. b) Transmission through the sample at 450 nm for varying

MWCNT loading. c) Transmission through 0.125 wt% MWCNT:PMMA samples at 450 nm for
different thicknesses of the sample.
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2.2.3 Photothermal Treatment

Extinction spectra of MWCNT:PMMA composites (Figure 5a) confirmed that the
MWCNT absorb across the visible wavelength range. Photothermal treatment was performed with
a 450 nm diode laser (Lasertree 4.5 W) with a variable user-selected (via custom-built input power
control) average intensity in the range 0-0.6 W/cm?. The beam was expanded to uniformly
illuminate the entire sample, placed with the epoxy-side down to avoid shadowing due to the
electrical contacts and positioned on a glass slide secured 3 mm above the table surface for thermal
isolation. A snorkel (18 cm % 18 cm input area) located 23 cm from surface of the sample provided
ventilation. Sample temperature was determined by a K-type thermocouple (RisePro
Thermocouple) firmly pressed to the nanocomposite surface at consistent time intervals; under
continuous photothermal heating, samples typically reached maximum steady state temperature
after approximately two minutes. A typical plot of conductivity increase versus treatment time
(Figure 6, 0.44 W/cm? intensity) shows that ca. 90% of the conductivity increase occurs within the

first hour, selected as the standard treatment time for this work.
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Figure 6: 0.125 wt% MWCNT composite conductivity versus photothermal heating time. The fit
line has a time constant of 0.52 hours
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2.2.4 Conventional Heating

Conventional heating in an oven or via hotplate was utilized as a control or in conjunction
with photothermal heating. For conventional heating, samples were placed in a custom-built oven
at a controlled temperature (100-110 °C, Watlow SD Temperature Controller) for one hour. To
increase the background temperature during photothermal treatment, samples were placed on glass
slides on a hotplate (VWR 120V Hotplate Pro) held at the desired temperature with all other
photothermal treatment procedures maintained as previously described. The two forms of

conventional heating showed the same results.

2.3 Results and Discussion
2.3.1. Basic Composite Properties

Composites were fabricated using standard laboratory-scale procedures and had expected
properties. Figure 7a contains typical current-voltage scans for 0.125 and 0.250 wt%
MWCNT:PMMA loading. A linear response is observed. At 0.0625 wt% MWCNT:PMMA (data
not shown) some curvature and hysteresis were noted, indicating proximity to the critical volume
fraction. Plotting average conductivity ¢ versus MWCNT loading (Figure 7b) shows the expected
dramatic increase around the critical value followed by slower growth. Power law scaling (Figure
7binset), o~(p — peric)? [130] (where o is the conductivity and p is the MWCNT loading), results
in critical value of 4 x 10 volume fraction (which is 0.057 wt%) with B = 2.1, within the range of
expected exponents for a three-dimensional sample [131]. The observed critical value is consistent
with the classic heuristic of nanotube inverse aspect ratio [132,133], which results in a range of 5
x 10" - 4 x 107 using nanotube dimensions and errors from the manufacturer, which are consistent

with TEM measurements (Section 2.3.4).
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Figure 7: a) Characteristic current versus voltage scans for 0.125 wt% (black squares) and 0.250
wt% (red circles) MWCNT: PMMA composites. Inset: Photo of characteristic 0.125 wt% sample.
b) Conductivity versus volume fraction (black squares). Percolation model (dotted line). Inset:
power law scaling used to determine crit and [ (see text).

= 0.0625 wt%

~25F e 0.125wt% .
2 A 0.25wWt%
L 0.5 wt%
>
R T
5
=]
©
C
(@]
O 15} J
@
=
5 :
q’ %

1 1 [ 1 1 [

0 0.1 0.2 0.3 04 0.5 0.6
Laser Intensity (W/cm?)

Figure 8: Relative conductivity (i.e., the ratio of final to initial conductivity) for different MWCNT
concentrations and laser intensity. Points are slightly offset in laser intensity to aid in viewing.
The data at each concentration is limited to a maximum laser intensity where the global
temperature reached ~110 °C (above the PMMA T,) and bulk sample deformation occurred.
Cases where the sample deformed (e.g., intensities greater than 0.55 W/em? for 0.125 wt%
MWCNT: PMMA or 0.34 W/em? for 0.5 wt% MWCNT:PMMA) are not included and were
associated with lower relative conductivity gain, as discussed in greater detail below. The largest
conductivity increase occurs for moderate (0.125-0.25 wt%) loading exposed to the highest laser
intensity possible without bulk deformation. Sample measurement consistency is visible in the 0
W/cm? point, where an untreated sample was repeatedly measured over multiple days.
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2.3.2. Increase in Conductivity due to Photothermal Heating

Photothermal treatment increased electrical conductivity, with applied light intensity being
the most important experimental factor. MWCNTSs absorb across the visible spectra (Figure 5).
Exposure of 0.125 wt% MWCNT:PMMA composites to 450 nm light at intensities greater than
0.25 W/cm? resulted in a consistent increase in conductivity, by a proportional factor dependent
on intensity (Figure 8, black circles). Lower light intensities (< 0.25 W/cm?) had no observable
effect. Specifically, the relative conductivity (o) increase (Gfinal/Ginitial) Was 1.01 £ 0.06 at 0.15
W/cm? (no change) compared to 2.5 £ 0.58 at 0.55 W/cm? (maximum change). For any given
MWCNT loading, initial sample conductivity could range by up to two orders of magnitude
(Figure 4), particularly through manipulating solidification time. Nevertheless, photothermal
heating at a given light intensity consistently resulted in a proportional change (e.g.,1.3x the
original value).

In photothermal modalities, local temperatures are controlled by laser intensity and the
interface between the particle and the rest of the composite. Elevated local temperatures from
photothermal heating of nanoparticles have been previously reported in solid polymer
nanocomposite systems [76,77,91,114—116]. Global temperature (or the background temperature
far from any particles) is also influenced by laser intensity but additionally depends on particle
concentration and environment (e.g., heat loss from the sample surfaces) thus enabling one to
distinguish the two mechanistic effects.

The observation of proportional conductivity increase, regardless of initial conductivity, is
consistent with photothermal treatment enabling modification of the existing percolating network
to primarily enhance particle-particle contacts while leaving the extended MWCNT supercluster

intact. The results indicate that under photothermal heating, the matrix around and between
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MWCNT experiences local temperature rise, enabling improved nanotube-nanotube connections
and thus increased composite electrical conductivity. If the effective resistance at each contact
decreases while the network remains largely unchanged, then the final and initial conductivities
should be proportional, with the scaling factor reflecting the average improvement in each particle-
particle contact.

Global temperature increase due to photothermal heating was not the dominant factor
causing observed change in conductivity. Figure 9 displays observed global temperature as a
function of intensity, which has a roughly linear dependence from room temperature up to the
PMMA matrix Tg. Higher particle concentration results in additional MWNCT absorbers per
volume and thus raises global temperature at any given intensity (Figure 9, e.g., 0.35 W/cm? data.)

but as seen in Figure 8, this does not increase the relative conductivity change. In addition, uniform
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Figure 9: Measured global (bulk) temperature at a given laser intensity. All samples experience

solidification in an oven at 65 °C during fabrication. Below Tg, temperature has a roughly linear
dependence on laser intensity, with a slope that increases with MWCNT concentration
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(where local temperature equals global temperature), conventional heating cannot reproduce the
photothermal results. For light intensities above 0.3 W/cm? where conductivity changes were
observed (see Figure 8), the global temperature varies from 75 to 100 °C. Exposure to these
temperatures using conventional means with no light present results in no conductivity increase
(of/ci ~ 1) as summarized in the 0 W/cm? control point in Figure 10.

By creating the same global temperature from different combinations of light intensity and
particle concentration, the two effects (global temperature and light intensity) can be further
distinguished. Figure 10 plots the data from Figure 8 and Figure 9 in a different way: relative
conductivity versus intensity, grouped by global sample temperature (indicated by color) for global
temperatures less than the PMMA T,. For non-zero light intensities, each temperature group

includes cases with different concentrations and different intensities - their commonality is they
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Figure 10: Relative conductivity increase versus laser intensity, plotted by global temperature
group. Each temperature range contains samples of varying MWCNT concentrations and laser
intensities that were measured to have the same bulk temperature during photothermal
treatment. The overlapping plots indicate that conductivity change is not determined by global
temperature during treatment. A linear fit from 0.25 W/em’ — 0.55 W/em? is applied to all data

(solid black line).
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result in the same global temperature. If global temperature were a significant factor, different
temperatures should be offset with, for instance, higher temperatures showing larger relative
change. Instead, the data for 75 °C to 100 °C, are superimposed and the highest temperature range
(95-100 °C) displays the same relative conductivity change as a function of intensity as the lowest
temperature data (75-80 °C). Examining each intensity, there is no observed trend with
temperature. For instance, exposure to 0.43 W/cm? results in temperatures that range (depending
on MWCNT concentration) from 75 to 100 °C (Figure 9); however, all of these cases have the
same relative conductivity increase of approximately 1.3 (Figure 8 and Figure 10). This indicates
that the change is driven by the intensity (related to the local heating) rather than the global
temperature.

Global background temperatures above 105 °C, which is near the PMMA glass transition
temperature, resulted in macroscopic changes to the sample, and thus set a limit on the controlled
range of treatment, given that the goal is to manipulate interior morphology without altering the
bulk sample size and shape. Thus, for higher concentrations, the maximum useful intensity is
restricted as reflected in data plotted in Figure 8. Samples that experienced deformation showed
lower average conductivity improvement than counterparts treated at the same laser intensity, even
when accounting for the changed geometry. For example, at 0.5 W/cm?, samples that did not
deform had a relative conductivity of 1.55 + 0.29, while those that reached global temperatures
resulting in shape change had a relative conductivity of 1.15 + 0.11. Combined with results above,
these observations indicate that elevated global temperature during photothermal treatment has
either a neutral (providing it remains below Tg) or detrimental effect on conductivity The effect of

global temperature above Ty is discussed further in Section 2.3.4.
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2.3.3. Effect of particle concentration

Altering concentration provides additional insights into the mechanisms that lead to
increased conductivity upon photothermal treatment. Higher concentration samples (0.25 and 0.5
wt%) have a 10x and 20x, respectively, larger average initial conductivity compared to the 0.125
wt% composites (Figure 7b). Moving down the percolation curve to lower concentrations, 0.0625
wt% composites have two orders of magnitude lower average conductivity (Figure 7b).
Considering all loading levels, initial conductivity spans three orders of magnitude. However, the
dominant effect of photothermal treatment is a proportional increase in conductivity as shown in
Figure 8, largely independent of the initial value. These results support the hypothesis that the
primary effect of photothermal treatment is altering the junctions within the particle network,
resulting in a proportional increase in conductivity, and that the exact nature of the particle
supercluster (branching, connectivity, and particle density, which depend on dispersion and
MWCNT concentration) has only a secondary effect, as discussed below.

Beyond global temperature (see Section 2.3.2) at a given intensity, there are three changes
with concentration: 1) the nature of the particle network, i.e., the characteristic distance between
particles as determined by MWCNT concentration, 2) the uniformity of light illumination
throughout the samples due to shadowing (absorption of light by particles closer to the light
source), and 3) changes in the temperature gradient pattern due the density of particles within the
sample. These are discussed in the next two paragraphs and Section 2.3.4, respectively.

The nature of the percolating network has a secondary effect on the relative conductivity
increase with particular loading values showing greater enhancement. The moderate concentration
of 0.125 wt% lies just above the dramatic increase in conductivity occurring at the critical volume

fraction (Figure 7b), indicating that a robust but relatively unbranched network has formed, and
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exhibits the largest change. At higher (0.25 and 0.5 wt%) MWCNT concentration, branching and
a more complete network may enable current flow to circumvent high resistance junctions, which
could decrease the conductivity impact of improving particle-particle junctions. Conversely, the
just-forming network at lower concentration (in the 0.0625 wt% case), may have larger particle-
particle junctions and/or more high resistance “pinch points” that cannot be productively altered.
These observations match the understanding of gauge factor (change in conductivity with applied
strain) sensitivity when similar composites are stretched or compressed to alter particle-particle
junctions [54]. Gauge factor is maximized in the region of the percolation transition. Thus, the
nature of the network influences conductivity improvement.

Because the photothermal process utilizes light to carry energy into the interior of the
composite, which is then collected by the MWCNT and converted to heat, optical transparency
(i.e., providing for uniform illumination throughout the entire sample thickness) is an important
factor for higher concentration samples. “Shadowing,” where the effective illumination in lower
(away from light entry) sample regions is reduced, will impact the ability to photothermal heat.
The fraction of light fully transversing a 60 um (the standard thickness used in this work) thick
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Figure 11: Conductivity for 0.125 wt% samples before treatment with varying thicknesses.
Thickness does not significantly impact the starting conductivity of the sample.
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sample decreases from 37 to 5% as the concentration increases from 0.0625 wt% to 0.5 wt%
(Figure 4b). To deconvolve innate concentration (nature of the network) and illumination effects,
0.125 wt% samples with thickness varying from 25 to 140 um, (leading to transmittance values
from 40 to 3%, Figure 4c) were tested (Figure 12). Initial conductivity was unchanged with
thickness (Figure 11). Bulk temperature under photothermal heating (for a fixed intensity of 0.35
wt%) increased with sample thickness, spanning the range of 75 - 95 °C. (Figure 12b). Sample
thickness had a non-monotonic effect on relative conductivity (Figure 12a). Samples with
thickness on the order of the MWCNT length (15 pm), showed decreased response. This may be
due to the inability to localize heat at junctions, as the MWCNTs (which are expected to be 15 um
long) are more likely to be in contact with the surface (and air that is cooler than the sample) in
these thinner samples than in a thicker sample. The MWCNTSs within a percolating path are
therefore more likely to conduct energy to the surface of the sample, providing a means of heat

transfer away from the junctions. The maximum relative conductivity occurred for samples with
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Figure 12: a) Relative conductivity increase and b) global treatment temperature versus thickness
for 0.125 wt% MWCNT samples due to photothermal treatment for 1 hour at 0.35 W/cm?. Thinner
samples exhibited lower conductivity increases, likely due to heat transport along MWCNTs in
contact with the sample surface. For thicker samples, MWCNTs on the light-entry side may
shadow those deeper in the composite, leading to non-uniform photothermal heating and thus a
reduced response.
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transmittance values around 20%, corresponding to samples with a thickness near the standard 60
um. For thicker samples, shadowing effects are more likely and the relative conductivity change
decreased. For example, a 140 um thick 0.0125 wt% MWCNT:PMMA sample with transmittance
of 5%, comparable to the transmission of a standard 60 um thick 0.5 wt% composite, had a 10%
decrease in relative conductivity change compared to the thinner samples. This could explain the
approximately 5-8% decrease in relative conductivity when comparing 0.5 wt% and 0.125 wt%

results (with the same thickness) at various intensities the surface.

2.3.4. The role of Tiocal

The photothermal process here utilized produces heat at light-absorbing particles,
surrounded by transparent polymer that will not directly absorb the incoming light energy. In many
solid polymeric systems, photothermal heating results in a steady state temperature gradient from
each particle outward [76,77,91,114-116]. However, there are several complications when
utilizing particles that form sample-spanning networks, rather than heating isolated objects.
Compared to isolated particles, where all heat must transfer through the polymer matrix to reach
the sample's surface, sample-spanning MWCNT pathways enable heat flow to the surface along
the particle network without passing through the bulk polymer. The polymer residing in inter-
particle junctions within the network will likely experience the highest temperature, with matrix
near the sides of each MWCNT (moving outward into the polymer) the second warmest, and
temperature decaying to a global background (the lowest temperature in the system) in regions far
from any particle.

We constructed a simple model of heat flow with the goals of estimating the local

temperature near the sides of the MWCNT, connecting this local temperature to the observed
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results, and comparing data from experiments that create different internal temperature patterns
(different concentrations, intensities, and surface heat loss conditions). As summarized in Figure
13, energy is captured by the MWCNT network, which warms and forms an extended heated
source within the matrix. For cases near the critical volume fraction (the "percolation threshold"),
a rough model of this aggregate internal heater is a meandering cylinder of order-of-magnitude
length equal to the sample size and a characteristic radius (probably a few times the MWCNT
length). One can approximate the smooth decrease in temperature outward from the nanotube
network into three steps: a local region within the characteristic radius where the average
temperature is high (and called Tiocar), matrix relatively far from the percolating cylinder where the
average temperature is Tglobal, and a linear transition between these two regions over a length scale

similar to the characteristic radius. Such a construct results in two macroscopic interfaces through
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Figure 13: a) Model of the MWCNT network from above showing individual MWNCT (black
lines) and one sample-spanning path. The matrix relatively close to the sample spanning
pathway (shown in red) is considered heated to Tioca in this simple model. The meandering tube
where T = Tiocal has order of magnitude dimensions with the characteristic radius set to the
MWCNT length and characteristic length set to the sample dimension. b) The approximated
temperature profile in a cross section showing a linear temperature difference between Tiocal
and Tglobal-
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which heat flows: conductive heat flow through the matrix in the transition region from Tiocal to

Tglobal

d_Q _ K(anl') (Tlocal - Tglobal) —
dt r

(1)

K(ZT(L) (Tlocal - Tglobal)

and convective heat flow through the composite surface to the surrounding air (with a temperature

Textemal)

dQ

E = HAsample (Tglobal - external) @

where « is the thermal conductivity of the polymer, L is the length of the aggregate internal heater,
T is the temperature at a given location, H is the convective heat transfer coefficient, and Asample 1S
the surface area of the bulk sample. In steady state, the heat flow is in balance:

K(ZT[L)(Tlocal - Tglobal) = HA(Tglobal - Texternal)- 3)
This order of magnitude approach enables an estimate of Tiocar based on Tgobar measurements,
which can then be correlated with the observed conductivity changes. Utilizing H = 12 Wm™2K"!
for natural air convection, the thermal conductivity of PMMA as 0.2 Wm?ZK", Textema = 23 °C,
and measured Tgobal Values for varying laser intensity, the Tioca for the 0.125 wt% composites
ranges from 60 to 150 °C, when heated only with photothermal means in a still air environment.
Plotting the relative change in conductivity versus Tiocal (Figure 14, black diamonds) shows
conductivity changes begin to occur when Tiocal i1s around 105 °C (which is the PMMA matrix
glass transition temperature) and increases as Tiocal increases. Electrical conductivity continues to
improve with higher Tiocal until Tgiobal reaches Ty (as discussed in Section 2.3.2, data not shown)

and the bulk properties of the sample begin to change.
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Overall, this analysis indicates that two conditions must be present to result in conductivity
change: light to drive photothermal heating and a Tiocal > T, the latter of which presumably enables
MWCNT rearrangement. Regarding the first condition, as discussed in Section 2.3.2, control
experiments where composites are heated conventionally (uniformly) to temperatures near Ty do
not result in conductivity increase. Above Tg, composites experience deformation and have a lower
conductivity change. The requirement for light is likely related to the need for different

temperatures in different parts of the sample - in particular, temperature rise within and near the
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Figure 14: Relative conductivity versus estimated local temperature near the effective internal
heater formed by the MWCNT network (from the model described in text) for four different
MWCNT concentrations. The PMMA Tgof 105 °C is indicated by a vertical line. For 0.125 wt%
samples, three different external conditions (ambient, forced convection with a fan, and elevated
temperature represented by black diamonds, open circles, and open left pointing triangles,
respectively) were utilized to tune the temperature profile, while keeping MWCNT concentration
and light intensity constant. This enabled a clearer delineation of the role of Tioca. The 0.0625
wt% (blue squares), 0.25 wt% (red upward triangles), and 0.5 wt% (green downward triangles)
composites were treated under ambient conditions. Error bars indicate standard deviation of
average conductivity change for samples with similar local temperatures.
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particle network enables rearrangement without overall bulk heating that may damage the network
(e.g., enabling side-by-side aggregation).

The observation that Tiocal plays a crucial role in enabling conductivity increase can be
further supported and delineated by manipulating heat loss at the external surface. This creates
situations where concentration and intensity are fixed but the internal temperature pattern during
treatment is alternated (e.g., pushing Tiocal above or below Ty) and the resultant conductivity change
can be observed. Heat loss at the external surface was changed by altering Textemal (the
environmental temperature around the composite) or by changing H (adding a fan to remove heat
from the composite surface, forced convection). Using eq. (3) with the appropriate external
temperature or H for forced convection (here, 30 Wm™K™!) results in Tiocal estimates represented
by empty shapes in Figure 14. Notably, as discussed further below, Tiocal €stimates from the simple
model again show that conductivity changes begin to occur when Tioca reaches Tg. Thus, even with
changing external conditions, Tiocar controls the conductivity change, such that the highest Tiocal
without Tgiobal exceeding the Tg results in the largest conductivity increase.

This experimental set represents three different internal temperature profiles within the
0.125 wt% composites. When the only heating source is MWCNT and still air surrounds the
composite, the difference between local and global temperatures ranges from 10 to 40 °C and
increases approximately linearly with applied intensity. As intensity increases, both temperatures
increase but Tiocal increases more rapidly enabling Tiocar > T and Tgiobal < Ty at sufficiently high
intensity. Lower intensity leads to a smaller Tiocal - Tglobat and in ambient conditions, lower intensity
(e.g., 0.25 W/cm?) does not result in Tioca > Tg, thus no conductivity increase is observed.
However, conditions with Tiocal > T can be created with low intensity light and an elevated,

because all temperatures increase with Texterna. The difference between local and global
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temperature is still dominantly determined by the intensity, regardless of the external temperature,
such that a 0.25 W/cm? and 0.35 W/cm? treatment results in an average Tiocal - Tglobal 0f 7.5 °C and
9.8 °C, respectively. However, raising to temperatures ranging from 70 to 95 °C, results in values
from 100 to 128 °C (Figure 14, open left pointing triangles) and again an increase in conductivity
occurs when is greater than T,. These samples experience deformation and for higher values,
Teloba™> Ty, but conductivity increase is observed, indicating that even with relatively low intensity
light, the difference between Tiocal and Tgiobal 1S sufficient to improve particle-particle junctions
while mitigating side-to-side aggregation and network collapse from a breaking of the percolating
pathway through significant nanotube movement. Therefore, one can increase conductivity by
either increasing intensity (which directly raises Tiocal) or keeping intensity fixed at a low level and
increasing Textemal to elevate Tioca above Tog.

Accelerating heat loss from the surface with a fan resulted in lower Tiocal and Tgiobal Values,
and a higher difference between Tioca and Tgiobal for a given intensity compared to ambient or
heated conditions. Here, higher light intensities (which in still air conditions would result in
Taloba>Tg , sample deformation, and no or a decreased conductivity increase) are needed to bring
Tiocal to T and thus enable conductivity changes. Intensities of 0.35 - 0.77 W/cm? resulted in Tiocal
values from 50 to 122 °C (open circles, Figure 14). The same trend that requires Tiocai> T 1s again
observed. The collapse of data from these three different temperature profiles indicates that the
predominant effect controlling the conductivity increase is the local temperature, however that is
achieved.

As discussed in Section 2.3.3, altering the MWNCT concentration will change the nature
of the percolating network: 1) providing greater or lesser ease in heat transport through the

MWCNT network directly to the surface rather than flowing through the matrix and 2) changing
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the surface area and branching of the extended heat source tube (where the average temperature is
Tiocal) and thus the geometry associated with eq. (3). In steady state, heat power entering the sample
must be balanced by heat power leaving the sample along either the MWCNT network or via the
matrix to the composite surface. The relative importance of the two exit pathways can be probed
by estimating the total heat power into the system from the light intensity, photothermal conversion
efficiency, and number of absorbers and comparing it with heat loss (through the matrix) from the
surface (eq (2)). Utilizing measured intensity and absorption values and an estimate of the
MWCNT photothermal efficiency of 60% [41-44] for 0.125 wt% and above, the ratio between
power in and power exiting through the polymer is 2.2 + 0.2 with no change as a function of
concentration from 0.125 - 0.5 wt%. This indicates that a significant portion of the heat generated
in the sample (~70%) travels directly through the MWCNT network to the surface with the
remaining ~30% moving through the matrix. The lack of concentration dependence indicates that
both processes increase relatively proportionally with increased doping above the critical volume
fraction. At higher doping there are a larger number of MWCNT pathways to the surface but these
pathways also produce a larger surface area of the Tiocal region to drive heat through the matrix.
Composites with only 0.0625 wt% (very near the critical fraction) show a lower ratio (1.81 +0.03)
which indicates the particles are more isolated, with a smaller fraction of the heat flowing through
the MWCNT network. This makes sense given the more fragile and unbranched nature of the
particle network just above the percolation threshold.

As discussed in Section 2.3.2, the conductivity increase under the same conditions is
smaller for MWCNT concentrations significantly above the critical volume fraction (e.g., at 0.5
wt%). Applying eq. (3) to higher concentration composites without any adjustments to account for

the larger surface area and branching results in Tiocal values (Figure 14, colored symbols) that are
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upper estimates. These values support the conclusion that temperatures near T are needed to result
in conductivity increases. The slight shift of the curves to higher Tiocal values likely reflects a more
branched and larger surface area region of Tioca, Which we have not included in our model.
However, the slope of the curves indicating less gain in conductivity as temperature increases for
higher concentration cases is consistent with earlier analysis (Section 2.3.3). The largest rise in
relative conductivity as Tiocal increases occurs for 0.125 wt% case, where a robust but relatively
unbranched MWCNT network is present. For this situation, utilizing photothermal heating to

reduce interparticle junction resistance is particularly fruitful.

2.3.5. Visualization of the Network and Matrix Stability

The goal of photothermal heating in this context is to locally warm regions within the
composite so MWCNT can slightly reorient to reduce particle-particle contact resistance. Ideally
this occurs without damage to the matrix (via for instance, thermal degradation). Tiocal €stimates in
Figure 14 exceed 150 °C, which is still below the lowest temperature PMMA degradation process
(165 °C, [134]). Infrared spectroscopy of composites before and after photothermal treatment
indicated no evidence of bulk degradation (Figure 15). Peaks associated with PMMA [135-138§],
such as 1721 cm™ (C=O stretching), 1432 cm™ (CH3 stretching), and 1189 cm! (-OCH3
stretching), remain unchanged with treatment. Residual DMF from sample casting contributes to
features at 1088 (C-N) and 1676 cm™ (C=0), which decrease in size with heating (T},;; for DMF

=153 °C).
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Figure 15: FTIR of 0.125 wt% samples before and after photothermal treatment at 0.35 and
0.55 W/cm?. Plot is normalized to 1140 cm™ (corresponding to C-O) for ease of viewing. Vertical
dashed lines indicate 1088 and 1676 cm™, which are associated with DMF (C-N and C=0
bonds, respectively) and decrease with treatment, as the Tpoi of DMF is 153 °C and local
temperatures are estimated to approach that (0.35 W/em? had estimated local temperatures of
110 °C, while 0.55 W/cm’ had estimated local temperatures of 140 °C. Peaks associated with
PMMA, such as 1721 cm™ (C=0 stretching), 1432 cm™ (CH; stretching), and 1189 cm™ (-OCH3
stretching), remain unchanged with treatment, suggesting no PMMA degradation from
photothermal treatment

Transmission electron microscopy enabled visualization of the cross-section of the
MWCNT network (Figure 16). Current flows into or out of the page in this geometry. Particle
counting (see Section 2.2.2 for procedure) was consistent with the expected MWCNT loading with
roughly twice as many MWNCT observed per image for 0.25 wt% composites as 0.125 wt% cases.
The number of MWCNT in each case was the correct order of magnitude considering the volume
accessed (as based on the image size and 90 nm thickness of microtomed slide) and the stated
MWCNT concentration. Adequate dispersion was observed with only 1/500 tubes appearing in
non-network related aggregates (see Figure 16b) characterized by tangled nanotubes and general

collection of material no larger than 500 nm across.
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Figure 16: Transmission electron micrographs of MWCNT:PMMA composite samples showing
the distribution of nanotubes. a) 0.125 wt% untreated, b) 0.125 wt% treated with 0.45 W/cm? for
one hour, c) 0.25 wt% untreated, d) 0.25 wt% treated with 0.5 W/cm’ for one hour. Figure a)
includes a cluster of tangled nanotubes mentioned in the text. Images were analyzed by measuring
the size of individual nanotubes and counting tangled clusters of nanotubes.

Images were analyzed for changes in dispersion and general clustering before and after
treatment. The estimated number of nanotube clusters (found by counting the number of tangled

clusters across all images and dividing by the number of images analyzed) is presented in Table
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1b. There is no consistent trend for the number of clusters after photothermal treatment, which is
consistent with the discussion above. Furthermore, if polymer degradation were present due to
treatment, it might manifest as additional electron-absorbing material forming around each carbon
nanotube. MWCNT diameter was studied for composites having experienced 0.6 W/cm? intensity
light from 2 to 20 hours (Table Ic). No significant trend was observed from as-made sample
MWCNT diameter (9.6 = 4.1 nm) to that in a composite treated for 20 hours (12.0 + 3.6). Thus,
electron microscopy and spectroscopy studies are consistent by showing no systematic evidence

of matrix degradation or MWCNT damage.

Table 1: Features in TEM images of 0.125 wt% samples treated at 0.6 W/cm?.

a) Time treated (hr) | b) Number of Nanotube Clusters per c¢) Diameter of Nanotubes
Image (nm)
0 0.59 10.5+3.9
2 0.83 10.5+£3.5
5 0.35 10.9+3.9
10 0.06 11.3+42
20 0.58 11.1+3.8

2.4 Conclusions

Photothermally heating MWCNTs in PMMA has been shown to improve the electrical
conductivity of the composites by 2.25 times the initial conductivity. The conductivity change was
based upon the local temperature of the sample, which could be controlled with the incident laser
intensity, as the local temperature provide increased contact between nanotubes without sacrificing
the bulk distribution of the MWCNTSs. Samples were tested in a range of concentrations and laser

intensities to manipulate the heating conditions to fully map out these conductivity improvements.
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There are a few interesting avenues for additional research. For example, a shorter
nanotube may be more free to move within the sample, thus allowing better overall contact
between nanotubes to be achieved with photothermal heating and consequently higher
conductivity improvements. Similarly, the conductivity gains may be improved by changing
surfactants to one more prone to degradation. While Triton X-100 (as used in this work) is a very
common surfactant, it requires temperatures above 200 °C [139] to degrade or evaporate. In
contrast, a surfactant such as polysorbate 20 (referred to as Tween 20) exhibits a degradation
around ~100 °C [140], and thus may degrade into a conductive carbonaceous material around the

nanotube, providing a different mechanism of improving the conductivity.
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Chapter 3: Water Evaporation from Hydrogels via Photothermal heating of Nanoparticles

3.1 Hydrogels

Hydrogels are crosslinked polymer networks known for their swelling ability. These water-
based networks can then be engineered with specific structures to support cells, tissue growth, or
mechanical stability. Stimuli-responsive hydrogels have become a subject of growing
interest [141] recently due to their broad potential in applications such as water purification, tissue
engineering, drug delivery, and more. These hydrogels respond to environmental stimuli through
structural changes, mechanical properties, or chemical bonding energy. Environmental changes
can include simple changes such as heat, pressure, or pH, but can also include more complex
situations, such as the presence of specific enzymes or an electric field [142—-146].

The potential for both quick water uptake and release through environmental changes has
placed stimuli-responsive hydrogels as a contender for driving water purification
processes [142,146—-149]. Water purification through forward osmosis is one such process, where
contaminated water is placed on one side of a membrane and a draw agent on the other. The draw
agent applies osmotic pressure upon the water, pulling it through the membrane and separating the
water from any contaminants. The now-fresh water can be separated from the draw agent, and the
process can begin again with the reused draw agent [150—-153]. The choice of draw agent is a
critical factor in this process, as the energy requirements to separate the draw agent from the fresh
water can rival that of other water purification techniques like forward osmosis [151,154], which
reduces the application potential. In other words, increasing the water recovery rate or decreasing
the energy of these water purification processes is limited by the draw agent. Thus, the potential
for using stimuli responsive hydrogels to release water through environmental conditions alone

would be a notable improvement in water purification processes.
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For example, one of the most famous thermally-responsive hydrogels is poly(N-
isopropylacrylamide) (NIPAM). When raised to 32 °C, NIPAM switches from a hydrophilic
polymer to hydrophobic one, rejecting all water within the hydrogel as the polymer chains collapse
in on themselves [148,155—158]. In the context of water purification, this allows for a quick
transition between absorbing water and releasing it, without a large temperature increase. This 32
°C transition point is referred to as the lower critical solution temperature (LCST). The thermal
response is reversible, such that once NIPAM is cooled below the 32 °C LCST, it will once again
become hydrophilic. This relatively low LCST has led to a variety of interesting applications in
biology and medicine [73], but also allows the release of water well below the vapor point of water,
providing a natural solution to the energy intensive separation of water from the draw agent.

Promising results wusing hydrogels as water purification drivers have been
reported [99,142,146], though there are other ways to utilize the hydrogels. For example, the
structure of the hydrogels can be engineered to act as both membrane and draw
agent [99,143,144]. Layering different types of hydrogels allows for the isolation of specific
environmental responses that can increase the efficiency of a water purification system [159,160].
Alternatively, using hydrogels as the coatings of other structures can increase the mechanical
stability of the hydrogels [161,162] while preserving their swelling potential. The hydrogel itself
can also be made into micron-sized particles which increase the surface area to volume, creating
microhydrogels that become more sensitive to the environment due to the quick diffusion of water
through the microhydrogel, as compared to macrogels [163—166]. While microgels are of
particular interest in biological applications due to their size and the quick swelling and collapsing

of the gels [163,167], there has been interest in them as well for water purification [168—170].
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Alternatively to physical changes, the chemical composition of the hydrogel can be
modified to balance maximum water draw with water release [148,170—177]. In particular, the
combination of NIPAM (a hydrogel with a strong LCST response) with sodium acrylate (SA) (an
ionic hydrogel able to quickly draw water) has been of interest. However, the mixing of these
hydrogels changes the water release and reduces the LCST response expected from NIPAM,
encouraging more research into water removal processes from this composite hydrogel.

Deswelling can be triggered by several environmental parameters. The temperature of the
hydrogel is a simple example. While this heat can come from a conventional oven, there has been
much interest in utilizing photothermal heating to drive the dewatering process. Photothermal
heating opens avenues for heat to come from the Sun, making hydrogel-based water purification
processes accessible off the grid [42,178,179]. Beyond water purification processes, light
controlled hydrogels have potential as biological switches [167], especially with the ability to
tailor the nanoparticles to specific wavelengths.

While these works demonstrate excellence in application, few investigate the mechanics
behind the deswelling process. However, understanding the deswelling process gives insight into
the limiting factors preventing further energy or time-based improvements to water purification
processes. Therefore, this dissertation investigates the differences between the thermally driven
deswelling via either conventional heating or photothermal heating. Furthermore, the photothermal
capability of a biologically friendly material — melanin nanoparticles — was compared to the more
commonly used metallic nanoparticles, to better understand how the deswelling process may
change with the heating source. In addition, the basic behaviors of the composite hydrogel were
tested, including the swelling properties, dependence on surface area for deswelling, and the

LCST.
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For this study, hydrogels were made with and without nanoparticles, then either treated in
a conventional oven or through photothermal heating. The water loss from the hydrogel and the
temperature were tracked over time and used to compare the water loss process from each heating

method (oven heating, photothermal heating with GNP, photothermal heating with MNP).

3.2 Materials and Methods

3.2.1 Hydrogel Synthesis

The hydrogels wused in this work were based on previously established
procedures [169,170], using an equal parts mix of sodium acrylate (SA) and N-
isopropylacrylamide (NIPAM). Throughout this work, the hydrogel powder will refer to the dry,
2-30 um diameter microhydrogel particles (Figure 17a). More broadly, ‘hydrogel’ will refer to the
collection of powder that has been swollen with water (resembling a vicious, sticky gel, Figure
17b) and potentially de-swollen but not ground up, and thus treated as one object.

All materials were used as received. To synthesize the microhydrogels, one gram each of

SA (Sigma Aldrich) and NIPAM (Fisher Scientific) were dissolved through vigorous magnetic
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Figure 17: Photo of a) dried hydrogel powder and b) swollen hydrogel
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stirring in 9.13 g deionized (DI) water (VWR 325 hotplate/stirrer). Then 0.028 g of the crosslinker
N,N’-methylenebisacrylamide (MBA, Sigma Aldrich) was added and stirred vigorously.
Nanoparticles were added according to the desired final concentration (8x10 wt% for GNP, and
3.1 wt%, 4.1 wt%, and 14.6 wt% for MNP), followed by the addition of 0.02 g of the initiator
ammonium persulfate (APS, Sigma Aldrich). Concentration of the nanoparticles was set to have
equal extinction values at the laser wavelength for both nanoparticles, or in other words, a 2x10*
wt% GNP concentration had equal extinction at 520 nm as the 0.8 wt% MNP concentration. To
ensure the homogeneous dispersion of the nanoparticles, the solution was sonicated with a wand
sonicator (Misonix Wand Sonicator 3000, 20kHz one second pulses with one second rest times)
until the solution reached 70 °C, at which point, the solution turned into a gel and the nanoparticles
were locked in place within the polymer network. The gel was placed in a 70 °C oven overnight
to ensure the polymerization stopped and to remove excess water. The hydrogel was then removed
from the oven and washed over a period of 48 hours, where water was replaced at least twice a
day to remove any leftover reactants. Finally, the swollen hydrogel was placed in an 80 °C oven
to remove all water.

To create the microhydrogel, the fully dried hydrogel was cryo-ground (SPEX SamplePrep
6870 freezer mill) into 2-30 pm diameter particles (Figure 18 inset) and stored in airtight glass
containers until testing. Microhydrogel size was determined through dynamic light scatter (DLS)
of the dry hydrogel powder in acetone (Malvern Zetasizer Nanoseries with temperature control)
and through observation under a Nikon 80i Fluorescence Microscope (20x magnification). The
DLS measurement determined the microhydrogel diameter to be 3.7 pm + 0.5 pm, while the
microscope measurement found the highest number of particles in the 3-6 um, with more that were

significantly larger (Figure 18). The microscope measurements resulting in larger particles than
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the DLS measurement is expected due to the likely clumping of the powder, as this would be
broken up in solution. Thus, the average size of the microhydrogel was considered to be about 4

pum for the remainder of this work.

0 6 12 18 24 30 36 42 48 54 60 66
Hydrogel Powder Size (um)

Figure 18: Microhydrogel diameter as measured from microscope images of powder (inset).

3.2.1 Nanoparticle Synthesis

Gold nanoparticles were harvested from aged cetyltrimethylammonium bromide (CTAB)
stabilized gold nanorods. Absorption spectroscopy (Agilent Technologies Cary 60 UV-Visible
Spectrometer) indicated a peak LSPR absorption of 542 nm (Figure 19a). Transmission electron
microscopy (TEM, Hitachi BioTEM HT7800) (Figure 19b) analysis of 190 particles on stabilized
TEM grids (Ted Pella Inc, Prod 01800-F, Formvar/Carbon support films, 200 nm Cu mesh)
confirmed that the gold nanoparticles used in the hydrogels consisted of 80% spheres (diameter 44

+ 23 nm), 14% triangles (height of 113 nm + 65 nm), and 6% rods with an aspect ratio of 3.5 (102
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nm £ 58 nm by 29 nm £14 nm). As the absorption (LSPR peak) matches well with the laser
wavelength, the mixture of shapes generalizes the photothermal heating process described later to
include non-specific particle sizes or shapes. All of the gold nanoparticles are much smaller than
the average hydrogel power as well, such that the different shapes should not interact with the
hydrogel differently.

Melanin nanoparticles were synthesized from the neutralization and auto-oxidation of
dopamine hydrochloride [60,61]. To make the nanoparticles, 90 mL of DI water was heated and
held at 50 °C on a hotplate. Under vigorous stirring, 180 mg of dopamine hydrochloride (Sigma
Aldrich) was added, followed by 760 puL of 1 N NaOH solution (Sigma Aldrich). Upon the addition
of NaOH, the solution immediately turned yellow, then gradually transitioned to a dark brown
(over approximately 10 minutes). The solution continued to stir while held at 50 °C for five hours
to form nanoparticles of approximately 100 nm diameter. The size of the MNPs was controlled by

the time and temperature of this solution. After five hours, the solution was centrifuged (Eppendorf
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Figure 19: Extinction of stock solutions of GNP and MNP, normalized to the laser wavelength
at 520 nm. TEM images of b) GNP and c) MNP.
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Centrifuge 5702) at 4400 RPM for three minutes and the top 60% was collected as the supernatant.
This supernatant, which contained the desired MNPs, was further centrifuged (Eppendorf
Centrifuge 5418) at 14000 RPM for 3 minutes to form a pellet, which was extracted and rehydrated
with fresh DI water.

The MNPs were measured with absorption spectroscopy to confirm the existence of a broad
absorber (Figure 19a). The MNPs were then dried onto TEM grids (Figure 19¢). An analysis of
over 350 particles indicated an average MNP size of 78 nm + 25 nm. The MNPs were added into

the hydrogel solution immediately to prevent aggregation.

3.2.3 Thermal Treatment

Thermal treatment of the hydrogels was performed while the hydrogels were suspended on
a clear, monofilament nylon string, such that all sides of the hydrogels were exposed to the air
(Figure 20). This also isolated the hydrogels from any heat coming off any surface it otherwise
may have been placed on. Room temperature measurements were taken by leaving the hydrogel
in a well-ventilated space. Oven measurements were done in a laboratory oven with a vent at the
top (VWR 1300U Oven). Photothermal treatment was done with a 0.5 W 520 nm diode laser beam
expanded to cover the entire hydrogel, resulting in a 0.25 W/cm? intensity. Thermal measurements
were taken by placing the K-type thermocouple on the hydrogel (RisePro Thermocouple).
Temperature and humidity were monitored for room temperature, photothermal and low
temperature oven treatments using a relative humidity meter. Samples were weighed (Ohaus
Pioneer Balance, 0.001 g) at regular intervals throughout treatment in order to track water loss.
The initial mass for the swollen hydrogel was kept at 0.5 grams during thermal treatment unless
otherwise noted (as in Section 3.3.1). The mass of the hydrogels was monitored throughout the

deswelling process for all treatments. The treatment concluded once 97% of the water had left the
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hydrogel, as determined by the starting mass of the sample and initial water content. The
concentration of nanoparticles within the hydrogel was determined and changed by mixing a
microhydrogel containing nanoparticles with a microhydrogel without nanoparticles. This is

discussed further in Section 3.3.2.

Mirror
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Figure 20: Depiction of hydrogel on string for treatment. The laser beam is expanded to cover
the entire hydrogel, which is suspended on a string that is stretched over a petri dish.

3.3 Characterization of the Hydrogel System

This work is interested in the differences between the deswelling process for
photothermally heated and oven-heated hydrogels. However, there are some basic system
characteristics that must be understood before directly comparing the deswelling behaviors. These
include the swelling characteristics of the hydrogels, the LCST of the mixed-polymer system, and

the nanoparticle concentrations and spacings throughout the process.

3.3.1 Basic Swelling and Deswelling Behavior

Before treatment, hydrogels were swollen to a specific water content, which is referred to
as the Q value:

we—wg _ Aw @
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where w; is the total mass of the swollen hydrogel (powder plus water added), and wy; is the mass
of just the dried hydrogel powder. Using this equation, a swollen hydrogel can be said to have Q
times the amount of water as the mass of dry hydrogel powder. The visual differences in Q values
can be seen in (Figure 21a-c). The Q value will change with time as the hydrogel loses water. The
swelling behavior of the hydrogels was tested by placing 0.1 g of hydrogel powder into a water-
permeable dialysis bag (Sigma Aldrich). The bag was then placed in an excess of water for

approximately nine days. At regular intervals (twice a day), the hydrogel and bag were removed
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Figure 21: Images of a swollen hydrogel at a) Q=6, b) Q=12, and c) Q=24, made by adding the
appropriate amount of water to dried hydrogel powder, mixing, and allowing it to sit for several
minutes until the powder had fully absorbed the water. The hydrogel becomes increasingly
translucent with the addition of water, but also loses structural integrity. d) Swelling value over
time when hydrogel powder is placed in a dialysis bag and allowed to freely absorb water.
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from the water and weighed, and the swelling of the hydrogel calculated (Figure 21d). Any water
on the surface of the bag was wiped off before measurement, and the weight of the bag was
subtracted from the measured value. This was repeated for two independent batches of hydrogels,
to confirm consistency in the procedure, as well as for a hydrogel with gold nanoparticles, to test
any potential interference caused by the nanoparticles.

The swelling behavior was consistent across all hydrogels (Figure 21d), regardless of the
addition of nanoparticles, and matched previously reported data [169], indicating that the
nanoparticles do not interrupt nor change the swelling behavior. Past work has suggested that while
the nanoparticles (tens to hundreds of nanometers in diameter) may interrupt the hydrogel chemical
crosslinks (thus increasing the swelling ratios possible, as the hydrogel is bound to itself and can
contain more water between polymer chains [180]), they may effectively act as physical crosslinks
(by holding the hydrogel together, and decreasing the swelling ratio), thus keeping the swelling
behavior consistent with or without nanoparticles [181-184].

Although the LCST of NIPAM is expected to be approximately 33 °C, this will change
with the addition of SA. To gauge the LCST for the mixed hydrogel, the hydrogel was swollen
and measured by DLS while undergoing thermal treatment. When a swollen hydrogel becomes
hydrophobic, it experiences a collapse and formation sphere-like structures expected to be the
similar size as the microhydrogel particles measured earlier. This size change can be tracked with
DLS, where a decreasing particle size suggests a transition to hydrophobic behavior. While DLS
is typically not suited for non-spherical and non-monodisperse particles, and thus results in fairly
noisy data, the general temperature transition can still be measured.

Figure 22 shows the diameter (as measured by DLS) for NIPAM, SA, and the NIPAM+SA

used in this work. NIPAM and SA were synthesized with the same method as described previously
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and simply replaced the other polymer in the recipe. The smaller initial size for the NIPAM and
SA swollen hydrogels is likely due to the cryogrinding process, as the NIPAM and SA were both
cryoground in smaller batches than the NIPAM+SA microhydrogel. Cryogrinding small batches
achieves smaller particles than a larger batch. As the goal of this plot is to note the transition of
the polymers, which should be unaffected by the starting size of the microhydrogel.

NIPAM shows the expected decrease at 33 °C [148,155-158], which is marked by a
vertical line in Figure 22. There is a decrease in the size of the SA particles from 45 °C to 90 °C,
suggesting a wider temperature range through which SA transitions from hydrophilic to
hydrophobic (as compared to the ~15 °C range for the NIPAM). The NIPAM+SA, which is the
recipe used throughout this work, has a much noisier size distribution with increasing temperature,
but does have a generally decreasing size with heat. This suggests that there is still thermal
response of the NIPAM+SA used for deswelling in this work, however, that response requires a

higher temperature than pure NIPAM.
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Figure 22: DLS measurement of heated swollen hydrogel. The large error bars are an artifact
of the lack of uniformity of the hydrogel particles, as DLS measurements are not well suited to
particles with large polydispersity.
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The surface area of the swollen hydrogel is an important factor in how quickly water can
escape it. Figure 23 displays the deswelling curve (evaporated water over time) of initially Q=24
hydrogels with variable starting masses from 0.5 to 3 grams, and thus with variable starting surface
areas. A smaller initial mass results in more evaporated water at a given time. This can be further
seen in Figure 23 inset, where a six times increase in mass nearly doubles the time for half of the
water to leave the hydrogel. In order to remove this variable from consideration, the starting mass
of the total hydrogel was kept constant at 0.5 g for all further experiments, as the goal was to
investigate deswelling behaviors driven by heat. This did result in the mass of dried hydrogel (once
the water fully leaves) varying in size when the Q value was changed, where a Q=6 hydrogel had
0.07 g of dry hydrogel, while Q=24 had 0.02 g. That being said, the difference (0.05 g of dry
hydrogel powder, or 10% of total starting mass) is relatively small, such that other variables impact

the water loss more considerably.
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Figure 23: Deswelling of hydrogels with varying surface areas. There is a steady increase in the
time for 50% of the water to come out with increasing overall surface area.
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3.3.2 Particle Concentrations and Length Scales

The separation of the nanoparticles is an important factor in the heating process, as the
more isolated a particle is or the fewer nanoparticles there are, the higher the temperature
difference between the global and local temperature. The spacing within the system used in this
work will be described here.

As discussed previously, the starting mass of the swollen hydrogels was kept at 0.5 grams

to remove dependence on the surface area. This means that

Myater + mhydrogel powder = 0.5 grams. (5)

The relationship between the mass of the water and the mass of the dried hydrogel was determined

by the swelling:

Q — Myater ( 6)

m hydrogel powder

Thus, the amount of hydrogel powder in a swollen sample was determined using the Q value:

05g
=— 7
mhydrogel powder Q +1 ( )

The amount of hydrogel powder used for GNP hydrogels with varying Q values is in Table 2.
Because there is a different amount of hydrogel powder in each sample if a single,

nanoparticle-containing hydrogel formulation was used, there would be a different number of

nanoparticles present in samples with different Q values (Table 2). Furthermore, the number of

Table 2: Hypothetical gold nanoparticle concentration in hydrogel of different swellings using
hydrogel with 2.46x10'° particles per gram polymer

starting Q (g Total Starting Mass of Dried | Mass of Particles/g | Particles/g
water/g polymer) | Mass (g) Hydrogel (g) | Water (g) | polymer water

6 0.5 0.071 0.428 2.46x10' | 4.10x10°
12 0.5 0.038 0.462 2.46x10" [2.05x10°
24 0.5 0.020 0.480 2.46x10" [ 1.03x10°
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particles per gram of water would be different in these three swelling examples, making the Q=6
case likely an overall warmer sample, simply due to the presence of more heaters within the
system. To combat this, the hydrogel and particle concentrations were prepared in such a way as
to keep the particle number per gram of water constant across different samples, which necessarily
means that at lower values of Q, the number of particles per polymer must decrease.

The particle number per water ratio of 1x10° particles/g water was chosen as the desired
ratio for all samples. The standard hydrogel recipe with GNP created a hydrogel powder that was
8x10* wt% GNP to polymer, or 2.46x10'° particles/g polymer. In a Q=24 hydrogel, this creates a
ratio of 1x10° particles/g water, as desired. However, a Q=6 hydrogel created using the same recipe
had a 4x10° particles/g water ratio. This is self consistent, as the Q=6 hydrogel has four times more
hydrogel powder than Q=24, and thus the ratio is also four times greater. Therefore, to meet the
goal of maintaining an equal number of particles per water, the Q=6 swelling must be made from
a hydrogel with a quarter the concentration of nanoparticles as the standard hydrogel recipe.

This could have been done with a new recipe for the hydrogels, but it could also be done
by simply mixing a hydrogel powder containing nanoparticles (H-GNP) with a hydrogel powder
containing no nanoparticles (H). In such a case, the Q=6 hydrogel would be made with one part
H-NP and three parts H. This creates a hydrogel with 6.9x10° particles/g polymer, or a 2x10™* wt%
GNP, which corresponds to a 1.2x10° particle/g water ratio, as desired (Table 3).

Table 3: Experimental gold nanoparticle concentration in hydrogel of different swellings made
by varying the number of particles per polymer

starting Q | Total Starting | Mass of Dried Mass of Particles/g Particles/g
Mass (g) Hydrogel (g) Water (g) polymer water

6 0.5 0.071 0.428 6.89x10° 1.15x10°

12 0.5 0.038 0.461 1.28x10'" 1.07x10°

24 0.5 0.020 0.480 2.46x10' 1.03x10°
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To summarize, the method utilized for this research proceeded as follows: starting with the
microhydrogel powder with 2.46x10'" particles/g polymer, microhydrogel powder with no
particles was added to reach the necessary particle concentration that kept the particle per gram
water ratio constant at 1x10° particles/g polymer.

The downside of this method was that the separation of particles within the hydrogel would
vary between each hydrogel, which is not ideal for comparison of different hydrogels. However,
the nature of microhydrogels minimizes this effect. Again, using the GNP samples as an example,
the average density of the polymer mixture as 1.3 g/cm? was used to determine the spacing of the
particles. In the standard recipe (2.46x10'° particles/g polymer), each gold nanoparticle in the dried
hydrogel was approximately 4.1 pm away from the closest other nanoparticle. However, the
microhydrogel size was determined to be approximately 4 um, implying that each microhydrogel
contained, on average, only one nanoparticle.

In comparison, the hydrogel recipe that would have resulted in four times less nanoparticles
(as required for a 1x10° particle/g water ratio when swollen to Q=6), would lead to nanoparticles
being approximately 7.4 um away from any other nanoparticle in the hydrogel powder, on average.
This increased spacing would have resulted in microhydrogels which have, on average, either one
or no nanoparticles. Thus, making a new hydrogel with lower concentration is equivalent to the
method used in this work of mixing H with H-GNP. In both cases, the microhydrogel has either
no particles or just one particle.

The melanin nanoparticles were larger (diameter of 78 nm + 25 nm), and more were
required to match the extinction at 520 nm as compared to the GNP. The lowest concentration of
particles was 3.1 wt%, corresponding to a separation of approximately 0.3 um and a particle per

water value of 4x10'? when at Q=24 swelling. The same particle per water amount in a Q=6
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swelling was done with a 0.8 wt%, again made using one part H-MNP and three parts H. This
lower concentration results in a separation of 0.83 um. Both of these concentrations and all others
done for the MNP had multiple MNPs in each microhydrogel particle. This may have interacted
with the deswelling behaviors slightly in the diluted cases, as in these cases, the melanin
nanoparticles were not as evenly dispersed. This was more apparent for the low concentrations of
Q=6 cases, as these are mixed with the most non-nanoparticle microhydrogel.

Throughout this work, microhydrogels with nanoparticles and without nanoparticles were
mixed to create variable effective concentrations. While all the following notation will reference
the comparative extinction values of these hydrogels at the laser wavelength to the standard GNP
recipe extinction value, the particles per water would also be a reasonable equivalent naming
convention (using the baselines of 1x10° particles/g water for GNP hydrogels and 4x10'?

particles/g water for MNP).

3.4 Hydrogel Deswelling

With a more complete understanding of the hydrogel system, attention can now turn to how
the application of heat impacted the deswelling behaviors. This section will compare the
deswelling behavior of hydrogels in three different heating scenarios: ambient heating at room
temperature, heating within an oven, and photothermal heating with the two types of nanoparticles.
A visual for the hydrogel during ambient deswelling and photothermal heating of GNPs is shown
in Figure 24. The analysis will begin with typical deswelling curves, then a discussion of the impact
of starting swelling on the deswelling process, followed by investigation of the role of humidity

and heat.
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Figure 24: Images taking during the deswelling process of a Q=6 hydrogel in a) ambient
conditions and b) with embedded GNP undergoing photothermal heating. There is a 0.5 cm by 0.5
cm grid pictured behind the hydrogels.

3.4.1 Simple Deswelling Behaviors

Figure 25a and Figure 25b shows a typical deswelling curve and the corresponding
temperature of the hydrogel for the different heating methods starting at the same Q=12 swelling

amount. Oven heating was selected to be done at the hydrogel temperature measured at the end of
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photothermal heating of GNPs. The hydrogels used in the ambient and oven cases contained no
nanoparticles, while the MNP photothermal heating case used hydrogels containing nanoparticles
with two times the extinction value of the GNP case, which corresponds to a MNP concentration
of approximately 3.1 wt%.

Looking first at Figure 25b, the temperatures during photothermal heating ranged between
the temperatures from ambient deswelling temperatures before the laser was tuned on to
temperatures of the oven deswelling process at the end of the photothermal deswelling process.
The temperature during photothermal heating is due to the water content and spacing of the
nanoparticles, which will be discussed further later. The 2x extinction concentration of MNP and
1x extinction concentration of GNP resulted in similar temperatures. Ambient deswelling
conditions exhibited temperatures lower than room temperature, suggesting evaporative cooling
(which occurs as evaporating water takes energy, and thus heat, with it from the sample, resulting

in a cooling effect).
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Figure 25: The a) evaporated water and b) temperature over deswelling time. Points are
averaged within groups of data within 30 minute increments. The horizontal line in b) marks
room temperature.
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Figure 25a shows the water loss over time. The ambient conditions resulted in the slowest
water evaporation, as expected, however, the 2x extinction concentration of MNP appeared to have
a very similar rate of water loss, despite being at a higher temperature for most of the deswelling
process. Interestingly, the GNP and 33 °C oven heated hydrogels had similar rates of water
evaporation, although the GNP-hydrogel was measured at a lower temperature than the oven
except for at the very end of the deswelling process.

Figure 25 gives a few insights into the deswelling process. Firstly, the two photothermal
particles are not driving the deswelling process at the same rate, suggesting that the MNPs are a
less efficient photothermal heater, especially because there is a higher extinction value for the
MNP than the GNPs. This is an expected outcome, however, as GNP are an excellent photothermal
converter with a conversion efficiency at minimum to be 70% [19-21], while MNPs are reported
to have conversion efficiencies around 40% [66,68,185]. Secondly, comparable deswelling rates
of the GNP photothermal heating and the oven heating would suggest higher temperatures driving
the photothermal deswelling process than what is measured in the bulk hydrogel.

To investigate the latter of these two insights, we can think about the geometry that occurs
during hydrogel deswelling. As the hydrogel loses water and collapses, the nanoparticles gradually
get closer together. This raises the bulk temperature, or average temperature, to be closer to the
local temperature near the nanoparticles (Figure 26a, Figure 26b). The final temperature is thus
also a rough measure of concentration, as if the nanoparticles have the same spacing at the end of
the deswelling, the average temperature should be approximately the same for all deswollen
hydrogels with that nanoparticle concentration. Plotting the temperature vs water content Q (Figure

26¢) for GNP photothermal heating aligns with this conclusion, as the measured temperature of
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the hydrogels is consistent for hydrogels of the same swelling, regardless of the starting water
content.

The initial swelling does impact the overall rate at which water loss occurs, particularly at
high initial swellings. To display this, the swelling over time is plotted for the 33 °C oven

treatment, along with the time for half the water to come out for all heating cases. Using the 33 °C
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Figure 26: Sketch of how local temperatures contribute to the global temperature, such that (a)
nanoparticles with more separation will result in a lower global temperature than (b)
nanoparticles with less separation. c¢) Temperature of a GNP hydrogel undergoing photothermal
heating plotted against the swelling throughout the deswelling process. Initial temperature data
(when the laser was not on) is removed. In this plot, increasing treatment time goes from left to
right. The temperatures for different hydrogel swellings collapse onto a similar curve,
regardless of the initial swelling.
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oven deswelling as an example, the time for 50% of the water to leave the hydrogel stayed in the
range of 1.5 to 2.5 hours, regardless of the initial swelling and without a clear trend (Figure 27a).
This necessitates that the rate of water evaporation must be greater for larger initial Q values, in
order to remove more water molecules in the same amount of time. Figure 27b demonstrates this
by plotting the swelling at a given time during the deswelling process. The slope of the data (the
rate of deswelling) for varying starting Q values has a clear negatively increasing value (Figure
27b inset), as expected.

The likely reason for the differences in swellings is the nature of the water bonds within
the hydrogel. Water within the hydrogel can be divided into bound water (directly bonded to the
polymer chains or side groups within the hydrogel) and bulk water, also known as free water (water
that is held through hydrogen bonds with other water, and can be considered independent to the
polymer).

Using NIPAM as an example polymer, the bound water occupies two places along the

polymer side chain (Figure 28). At the end of the NIPAM side chain, what is referred to as a “water
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Figure 27: a) Time for 50% of the water to be removed from the hydrogel under various heating
conditions. b) Swelling Q over time for initial Q=6 to Q=40 hydrogels in a 33 °C oven.



62

cage” surrounds the terminating isopropyl groups. During the LCST transition process when the
hydrogel is heated, this is the first bound water to be expelled from the hydrogel [186], as it
requires the lowest energy to be rearranged into bulk water [187]. The water bonded to the amide
groups (C=0 and N-H) is removed next, leaving the polymer chains free to form hydrogen bonds
with each other (C=O — HN) [186,188]. These new intermolecular hydrogen bonds are what
causes the globular state of the hydrogel. The heating of the hydrogel above the LCST changes the
bonds within the hydrogel, causing shrinking of the polymer in on itself [158].

Because the experiments were generally conducted below the LCST of the mixed-polymer
hydrogel, there was likely only water coming from the lowest energy bonds, or from the bulk
water, especially during the initial deswelling process. However, with less water (a lower Q value),
the hydrogel is directly bonded to a larger percentage of the water in the system. Increasing the
initial swelling increases the percentage of water that acts as bulk water, which is able to evaporate
off more easily than bound water, leading to the increased rate of water loss seen in Figure 27b.
This is perhaps unintuitive, as more water would usually suggest more volume and thus longer

times to remove the water; however, the volume is specifically held constant, and thus the only

Figure 28: Diagram of water (blue circles) bonded to NIPAM.
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change is the increased availability of water to be removed, as well as the proportion of water to
polymer. This does bring additional nuance, as the constant volume means that a lower Q value
will also contain more microhydrogel particles than a larger Q value. With more microgel particles,
there are also more interfaces for water to leave from, and thus the time for diffusion through a
microhydrogel would be reduced (as compared to a more swollen microhydrogel). This may lead
to an increased water evaporation rate for the lower Q values, though this effect may be more
noticeable in a study of isolated microhydrogels, rather than the groups of microhydrogels used
here.

The preference for removing free water over bound water further suggests that within one
sample, the initial deswelling process should be the quickest, as it will be removing free water. In
contrast, the end of the deswelling would have a lower rate of water loss as the hydrogel has no
water left available besides the bound water. The presence of a difference in rate between the
beginning and end of deswelling will be discussed more in Section 3.4.2.

In summary, the hydrogels which underwent oven heating at 33 °C and photothermal
heating via GNP were able to remove equal amounts of water in a similar amount of time, while
photothermal heating with MNP required more time due to the lower photothermal efficiency of
MNP [66,68,185] as compared to the GNP [19-21]. The swelling of the hydrogel did impact the
water loss rate, as the time for 50% of the water to be removed remained constant despite
increasing water content in the hydrogel, leading to an increased rate of water loss for higher initial

water content. In addition, water left the hydrogel when the system was left at ambient conditions.
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Evaporation in ambient conditions was very dependent on the humidity of the environment
the hydrogel was in. Water will evaporate from a container of water left at room temperature, albeit
slowly. The air of a more humid environment is less able to contain more water, causing the
evaporation of liquid water to slow. This evaporation process drives the water loss from hydrogels
in ambient conditions as well. The deswelling curve of evaporated water versus time (Figure 29a)
shows that even for the same initial swelling, the humidity changes the rate of water evaporation.
For example, a Q=6 swelling at a low humidity of 3.8 grams water per meter cubed (3.8 g/m?) of
air reached 50% of water evaporated in 2.1 hours, while a Q=6 hydrogel at a humidity of 9.4 g/m*
took 3.6 hours to reach 50% water evaporated. The humidity also determined the temperature of
the hydrogel (Figure 29b), as the lowest humidity is 2 °C cooler than the highest humidity, and all
were well below the room temperature. This suggests that the hydrogel was experiencing
evaporative cooling, which is the same process by which sweat cools the human body. As the

water leaves the hydrogel, it takes heat with it, lowering the overall temperature of the sample.
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Figure 29: a) The evaporated water over time and b) temperature of hydrogels in ambient
conditions at multiple swellings. The swelling dependence is less than the impact on humidity
level, as the humidity drives the water loss in this hydrogel system.
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The removal of water in ambient conditions is a relatively weak driver of the evaporative
process. This can be seen in the dependence on humidity of other heated hydrogels (Figure 30),
where humidity matters in the ambient case, but does not impact the oven or photothermally heated
hydrogels. A hydrogel in ambient conditions showed a steadily increasing time to remove 50% of
the water with increasing humidity. When compared to both oven heated and GNP photothermally
heated hydrogels at a similar range of humidities, there was no dependence on the humidity. This
implies that applying even minimal heat is enough to overpower the contribution of environmental

humidity in driving water loss.
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3.4.2 Impact of Heat on Water Output

So far, the impact from geometry, swelling, and humidity on the deswelling of hydrogels
has been described, as well as a characterization of the system’s more fundamental components
that impacted the deswelling. The focus will now turn to a more detailed discussion of the impact
of heat on the deswelling process.

The most simple case in modifying the hydrogel heating was done by varying the oven
temperature during conventional heating. As seen in Figure 31, when starting at the same initial Q
of 12, a hydrogel at a higher oven temperature had a faster deswelling process. The time for half
of the water to leave the hydrogel (the point at which the swelling is reduced to a Q of 6) dropped
from 1.8 hours at 33 °C to 0.5 hours at 65 °C. This was an expected response that would be present

with bulk water as well.
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Figure 31: Swelling over time for varying oven temperatures. A warmer oven results in a higher
rate of water evaporation, which is expected, and indicates the hydrogel is not interfering with
the deswelling process.
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In the photothermal case, the temperature was raised by increasing the concentration of
nanoparticles with respect to both the polymer and water. Figure 32a shows the temperature over
time for both a standard GNP hydrogel and a GNP hydrogel with 4x the extinction of the standard,
as well as a MNP hydrogel with 1x, 2x, 8x, 16x the concentration of the standard GNP hydrogel
extinction. The increased number of heaters increased both the average temperature and the
maximum possible temperature at the end of the photothermal deswelling process. For gold
nanoparticle hydrogels, a four times increase of the concentration in the hydrogel decreased the
time to remove 50% of the water (Figure 32b) from 1.5 to 1.1 hours (a 26% decrease). Similarly,
four times increase in the concentration of the MNPs resulted in a decrease in time to remove half
of the water from 2.7 to 1.9 hours (a 30% decrease). The similarity of percent improvement in
water output for the same concentration change suggests a similarity in the deswelling process
from photothermal heating, regardless of the type of nanoparticle.

As a rough consideration of energy within the hydrogel system, an Arrhenius equation will

be used. The Arrhenius equation traditionally describes the energy barrier required to complete a
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Figure 32: a) Temperature of and b) water evaporated from the hydrogel versus time during
photothermal treatment with variable quantities of particles. More nanoparticles increased the
temperature and consequently increased the water output at a given time.
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chemical reaction [189], however, it can be expanded to model much more [190], including the

behavior of water [191-195]. The general Arrhenius equation is

k = Ae~Ea/RT,

8)

In this work, k is the rate of water evaporation (s'), R is the universal gas constant (8.314
Jmol ™ K™1), A is an experimental prefactor (s!), T is the temperature in Kelvin, and E, is the
activation energy required to remove water from the hydrogel (J). The rate k is calculated from the
slope of the fraction of water evaporated over time presented earlier (Figure 25a), though the rate
excludes any data points where the hydrogel lost more than 96% of its starting water. This equation

can be solved in the form of a linear equation:

i (%) =" E?(%) ©)

k . . - o
such that when the In (Z) and inverse temperature is plotted (as in Figure 33), the activation energy

is calculated from the slope of the line. The prefactor A is estimated as 10'* s [194,196]. Using
the data presented in Figure 33, the energy to remove water from the hydrogel in the case of the
conventional oven heating was calculated to be 31.55 + 3.4 kJ/mol. This value agrees with past
work regarding the energy to rearrange water in a hydrogel [159,187] and the general energy
required to vaporize water of 40.7 kJ/mol.

With this energy in mind, the GNP and MNP photothermally treated deswelling data can
undergo a similar treatment. Because of the temperature variation during the deswelling process,
this analysis will not be suited to a discussion about the contribution of the photothermal heating
process, but rather a means to consider the theoretical heat requirements that drive the deswelling

process at the rates that were measured. As suggested previously, the increasing bulk temperature
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may be a means to estimate the local temperature, which may be the primary driver of the
deswelling process.

To test this, the GNP and MNP samples were plotted with average temperature over the
entire deswelling process. Figure 33 indicates that the GNP and MNP deswelling processes require
a notably different energy than the oven requires (activation energies of 52.6 £ 11.9 kJ/mol and
74.8 £ 6.5 kl/mol, respectively). This is not particularly surprising, as the average temperature is
(1) a high-error estimation of the temperature in this process and thus not well described by the

Arrhenius relationship and (2) likely not the driver of the deswelling process.
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Figure 33: The natural log of the rate vs inverse temperature of conventionally and
photothermally heated cases, using the average measured temperature during photothermal
heating. Linear fits allow for the calculation of activation energy for removing water from the
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If the local temperature is indeed the driver of the photothermal deswelling process, rather
than plotting the rates with average temperature across the deswelling time, plotting with the final
temperature of the hydrogel — which may be an approximation of the local temperature near the
nanoparticles — should result in a similar plot for the oven and photothermal data. Figure 34 does
this, and the alignment of the data supports the hypothesis that the local temperature is the more
critical temperature in describing the hydrogel system.

As a reminder, the estimation of local temperatures estimate using final bulk temperature
comes from the decreasing volume of the hydrogel moves the particles closer together, reducing
the number of “cool” regions in the hydrogel and raising the overall temperature to be closer to
the local temperature (Figure 26a, Figure 26b). This may be particularly true in the case of the
MNP. As an example, two MNP samples used previously had a volume percent of 4.8% (2x) and

10.5% (16x) MNP to polymer. This corresponds to a distance between nanoparticles in a fully
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dried hydrogel of approximately 290 nm and 160 nm, respectively. The spacing is therefore on the
scale of the diameter of the nanoparticle itself (78 nm). In contrast, the GNP hydrogels had a
volume percent of 1.6E-5% and distance between particles of approximately 5900 nm. Thus, the
temperature profile of local heating around the MNP is likely to look very different from a
nanoparticle with a lot of space, as the local temperature gradients will add together and raise the
average temperature much closer to the local temperature (Figure 35). This temperature profile is
more complicated within the experimental system used here, due to the mixing of nanoparticle-
microhydrogel with microhydrogel to get specific nanoparticle concentrations and thus may
impact the deswelling rates and heating in the hydrogel, however, the basic understanding remains
and interesting consideration, particularly since both the GNP and MNP hydrogels were tested
with this mixed system.

This work has shown that using MNP - a larger, less efficient photothermal particle - is
effective for photothermal heating. Creating an equivalent photothermal response to GNP - a very
efficient photothermal heater - however, results in changing the local temperature profiles by

increasing the number of nanoparticles, likely resulting a less localized heat.
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together particles.



72

Although the temperature may not be particularly localized for the MNP hydrogels, there
was still a measurable difference between the photothermal heating and conventional heating.
Previously in this work, the rate of water evaporation was calculated across the entire deswelling
process (as used in Figure 34). The rate can instead be calculated independently for the first and
second halves of the deswelling process to show any changes in how the water deswelling occurs
at different points in the process (Figure 36).

Using the average measured temperature during the first and second parts of the
deswelling, the rate of deswelling found in Figure 36 was plotted versus average temperature, and
the linear fit of this plot was calculated for the two time intervals (Figure 37a). Broadly, the rate
of water evaporation decreased for all heating cases (filled data points at a given temperature are
generally higher than the unfilled data points marking the second half of the deswelling at the same
temperature), though the oven case has a much wider spread between the rates than the

photothermally heated cases do. To quantify this spread, the percentage difference between rates
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Figure 36: The percent water evaporated over time for Q=12 cases, with points labeled as either
the first half of deswelling (solid shapes) or second half (open shapes). The slope of these
regions, when compared to each other for a given heating method, are indicators of changes in
the dewatering process.
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of the first and second half of deswelling (Figure 37b) was calculated. First, the deswelling rate at
a given average temperature (R(T)) for the different heating methods was calculated from the
linear fits of Figure 37a. Then, the percentage difference for the rates at a temperature was found
using

Rpirst 5006(T) — R o (T 10
%Difference(T) — FlrstSO/( ) SecondSO/( )*100% ( )

RFirst 50% (T)
where Rpirs¢ 500 (T) is the rate in the first half of deswelling and Rgecona 500, (T) is the rate of the

second half of deswelling at a given average temperature. Figure 37b displays the differences
between deswelling rates with increasing temperature for the different heating mechanisms. As the
overall temperature as increased (using different concentrations nanoparticles of hydrogels), both
of the photothermal cases displayed a decreasing difference (lines trend towards zero in Figure
37b) between first and second half dewatering; that is, as there were more photothermal heaters
within the hydrogel to make the average temperature larger, the rate of water evaporation became

more stable throughout the entire deswelling process, such that the difference between the first and
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Figure 37: The a) rate of water evaporation versus the average temperature during the period
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deswelling at a given temperature. Data from the first time interval is presented as solid shapes,
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second half of deswelling was reduced. The opposite is true for the oven case- as the temperature
increased, the rates between the first and second half of deswelling became more different (larger
negative percent difference).

There are two potential sources for the difference in the rate of water loss. Firstly, as
discussed in Section 3.4.1, removing the last water of the system is the most challenging, as this is
the water most closely bonded with the hydrogel. This explains why the overall rate for all samples
is lower for the second half of the deswelling process. However, the photothermal cases also have
a self-correcting loop that aids in keeping the rate constant, as the temperature increases by about
15% between the first and second half of deswelling. While water may be more challenging to
remove, the overall system temperature increases and provides more energy to that water,
mitigating the difficulty in removing the closely bonded water.

Secondly, the hydrogel in the oven may be experiencing a case hardening effect. In an

oven, heat moves from the outside of an object inwards, such that the polymer on the surface of
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Figure 38: Diagram of the case hardening effect in an oven heated hydrogel and photothermally

heated hydrogel. In an oven, a hydrogel (a) is exposed to heat (b). Water from the edges is

removed (c ), creating a hydrophobic shell (d) until the hydrogel cools or otherwise reswells (e)

In contrast, a hydrogel with nanoparticles (f) has heat throughout the system (g), allowing water
to exit without the formation of shell on the edge of the polymer (h).
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the hydrogel will lose water and become hydrophobic before the center of the hydrogel. This
creates a hard, hydrophobic shell around a swollen hydrophilic center (as diagrammed in Figure
38a-e). This effect, known as case hardening [158,187,197,198], slows down the water release
process, as the interior water must move past the hydrophobic shell. This is particularly relevant
to the end of the deswelling process, as that requires water to move through the most already-
hydrophobic hydrogel regions. Although the composite hydrogel used in this work does not have
a sharp LCST response, at a high enough temperature, there may still be a case hardening effect,
as indicated by the increased difference between the beginning and end of deswelling in Figure
37b.

In contrast, the localized heating of nanoparticles within hydrogels mitigates the impact of
case hardening, which is why the GNP and MNP trend the opposite way in Figure 37b. During
photothermal heating, the water is heated throughout the sample the entire time, which creates
hydrophobic pockets around the nanoparticles instead of on the hydrogel surface (as diagrammed
in Figure 38f-h). Water is thus able to continuously leave the hydrogel without the slowdown from
case hardening, making photothermal heating an effective option for ensuring all water is

recovered.

3.5: Conclusions and next steps

In conclusion, this work has investigated the deswelling mechanics of the composite
hydrogel SA+NIPAM by comparing traditional oven heating with the photothermal heating of
embedded gold and melanin nanoparticles. The photothermal heating of GNPs was able to drive
water loss at rates comparable to that of oven heating, while doing so at a lower bulk temperature.

Additionally, photothermal heating kept the water output rate more consistent throughout the entire
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dewatering process, due to both the increase in heat near the end of deswelling (from the reduced
nanoparticle separation) and the lack of case hardening that became apparent in the case of high
temperature oven treatment. Both of these outcomes from photothermal heating would improve
the water purification process using hydrogels as a draw agent, as all of the water within the
hydrogel would be removed efficiently, with the added benefit of a light-based driver of
dewatering that could be set up to use sunlight.

MNPs have been shown previously to be an effective photothermal heater, however with
a lower conversion efficiency compared to GNPs. This work showed that reaching the same
extinction values or temperatures during photothermal heating required significantly more melanin
particles than gold particles (on the order of 4000 times more particles, for an 8 times higher
extinction). Such a high concentration of melanin particles is expected to change the temperature
profile within the hydrogel to be less heterogeneous than what would occur for gold nanoparticle
heating. Despite this, the MNP still resulted in an interior heating that, like the GNP, was able to
deswelling hydrogels at rates similar to oven treatment without a slowdown at the end of the water
loss process.

There are multiple further questions raised by this work to further enhance the capabilities
of hydrogels in water purification and the use of melanin nanoparticles as photothermal heaters.
In the context of applying hydrogels to water purification, comparing the MNP heating to the GNP
heating in a solar simulator may improve the MNP performance, as the MNPs have a broad
absorption spectrum (no LSPR like the GNPs). Comparing MNPs to a different broad absorber
may also provide interesting insights into the specifics of MNP as a heater, such as how melanin
specifically may interact with the polymer system that it is in, since melanin is a free radical

scavenger [58,61], but while keeping the direct photothermal capabilities more similar than those
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of MNP and GNP. An analysis of the energies within the hydrogel during photothermal deswelling
would provide further insight into the role of photothermal heating compared to oven heating. This
would require a more calorimetric approach to monitoring the energy, as the Arrhenius equation
is not well suited for the changing temperatures of these hydrogels. Regarding the hydrogel
composite itself, there are questions about the role that microhydrogels play in the case hardening
effect, as a macrogel would be expected to exhibit a more dramatic case hardening. In such an
experiment, using just NIPAM as the hydrogel would provide a more clearly defined translation
and thus a sharper difference between the hydrophobic and hydrophilic states. This supplementary
work would complement and further describe case hardening seen here, as well as the ability for

photothermal heating to minimize the effects of case hardening.
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Chapter 4: Degradation of PVA and Melanin Nanoparticles under Photothermal Heating

4.1: Melanin Nanoparticles and Polymer Degradation

Chapter 3 studied melanin nanoparticles (MNPs) in the application of a water purification
system and focused on replicating the photothermal response of gold nanoparticles (GNPs). This
happened in a biologically similar environment; that is, the MNPs were able to dissipate energy
into the water-based environment during the photothermal process, analogous to the environment
in which melanin naturally occurs. Placing the MNP in a water-lacking environment may change
the heating capabilities or stability of the particles. To look more closely at the fundamental science
behind and capabilities of the photothermal heating of MNPs, this section will explore the heating
of MNPs in a water-lacking environment, specifically in the polymer poly(vinyl alcohol) (PVA).

In order to examine the heating of MNP in PVA, the low-temperature, fundamental
degradation properties from both traditional and photothermal heating of PVA will be presented.
The bulk degradation properties of a polymer matrix after photothermal heating have been shown
to provide insights into the temperature profile around the particle [91]. This became of particular
interest in 2016, when a polymer-independent method of tracking the progress of polymer
degradation was proposed [199]. By taking a luminescence measurement of a polymer after
thermal treatment, researchers found that regardless of the polymer type or innate luminescence,
degrading polymers would luminesce at varying degrees during different stages of degradation.
This degradation-based luminescence has distinct characteristics, including being depolarized
from the excitation light (such that the emission polarization would not match the excitation
polarization) and having a peak location that depends on the excitation wavelength. Eventually,
the degradation luminescence decreases and disappears as the optically-active species created

during the degradation breaks down with continued thermal treatment. Similar luminescence was



79

observed from multiple polymers and is hypothesized to be a general property of polymer
degradation [92,199-201].

There are several other bulk properties — including mass, absorption, and chemical
composition — that can also be used to track changes to the polymer as a result of heating, as this
often leads to either solvent loss or polymer degradation. By tracking these quantities, a more
complete understanding of the polymer response to heat can be developed. In particular, the
reactions and byproducts occurring during thermal polymer degradation may change when driven
by conventional versus photothermal heating [91]. Thus, the goal of this work is to investigate the
change in mass, optical properties, and chemical composition of a polymer undergoing degradation
from both traditional and photothermal heating, and using that to better understand the
photothermal capabilities of MNPs.

PVA is a semicrystalline, water soluble, and biodegradable polymer [202-205]. As one of
the most widely used polymers, it has been studied in the context of coatings and adhesives [206],
stabilizing nanoparticles, drug delivery systems [207,208], and films [209,210]. GNPs and MNPs
readily disperse in the polymer without additional modifications. The degradation of PVA has
been previously reported [211-214], but past work relied on higher temperatures (generally above
200 °C, as this is near the T,,of PVA at 200 °C) than of interest here. Typically, these low
temperatures (~100 °C) are used for annealing the samples. However, this annealing process may
still modify the polymer properties, depending on the temperature and time of the annealing.
Furthermore, the low temperatures studied here are more likely to be encountered by the PVA in
real-world applications and thus an understanding of how the PVA responds is important in

ensuring the usability of the polymer in a given situation.



80

This work explores the low temperature degradation of PVA while utilizing bulk polymer
changes to compare the photothermal heating of nanoparticles to conventional heating. PVA was
degraded conventionally (uniform heating in the oven) and through photothermal heating of gold
and melanin nanoparticles. Throughout the process, material characteristics, such as the
absorption, luminescence, and chemical composition, were tracked and compared between the
different heating mechanisms. In addition, it is proposed that the MNPs undergo a similar universal
degradation process, resulting in modified photothermal particles as the MNPs transform into a

carbonaceous product.

4.2: Materials and Methods

The same nanoparticles reported in Section 3.2.1 are used here for the PVA samples. Once
again, MNPs were used immediately after making them to prevent aggregation. Granular PVA
(molecular weight of 95,000 g mol ™) was purchased from Scientific Polymer Products Inc. and
used as received. Sample fabrication began with a 10 wt% PV A:deionized water solution that was
gently stirred while heated to 85 °C (VWR 325 hotplate/stirrer) to fully dissolve the PVA without
the addition of significant bubbles. Nanoparticles were then added in the desired concentration,
and 1000 pL of the solution was dropcast onto 2.2 cm x 2.2 cm glass slides. Samples were left to
solidify at room temperature overnight. Once dry, samples were removed from the glass coverslips
and cut into slices to match the laser illumination region (approximately 2 cm x 0.75 cm).
Thickness was measured to be 0.02 cm £ 0.002 cm (The Starrett Co. No. 1230 outside micrometer).

Samples dried at room temperature overnight. Tracking sample mass in ambient conditions
over the next two weeks showed both positive and negative fluctuations that were less than 5%.
For example, samples were measured after drying at room temperature overnight (Mass 1) and

after two additional weeks of sitting at room temperature (Mass 2). Mass 2 was measured to be
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94.7% (# 0.48%) of Mass 1. However, this drying process stabilized, and after an additional five
days at room temperature, the samples did not lose any further mass (98.48% + 1.32% of Mass 2).
Thus, although the samples did not undergo an annealing process typical in other sample
preparation methods, they did reach a stable or cured state before the treatment process.

The GNP/PVA samples had a final concentration of 0.74 nanomolars (nM) (extinction
value of 6.6x10'° M! cm™! [8,9,15]), corresponding to a particle spacing of 1.6 um. As in Chapter
3, the GNPs consisted of 80% spheres (diameter 44 + 23 nm), 14% triangles (height of 113 nm +
65 nm), and 6% rods with an aspect ratio of 3.5 (102 nm £ 58 nm by 29 nm +14 nm). The MNP
concentration was chosen to result in a similar to the extinction as the GNPs, such that the 0.02 cm
thick samples had measured extinction values of 1.4 and 1.0, for the MNP and GNP samples
respectively. The final MNP samples had a concentration of 136 nM (extinction of 4.85x10% M™!
cm’!, which is based on particle counting in TEM images and absorption measurements of the
PVA samples, and which is consistent with previously reported MNP extinction
values [66,67,70,71]), corresponding to a particle spacing of 0.3 pm for the 78 nm + 25 nm
diameter MNPs.

For oven treatment, PVA samples were held at a constant temperature (110 °C to 185 °C,
Watlow SD Temperature Controller) for times ranging from 15 minutes to several weeks. The
PVA rested on a clean glass petri dish during the oven treatment. Samples that curled during the
treatment process were gently flattened immediately after removal from the oven, such that once
cooled, samples remained flat. For the case of photothermal heating, the edges of the samples were
secured between two glass coverslips (to prevent any warping) before being treated at a laser
intensity of 0.6 W/cm? (0.5 W, 520 nm laser) for 1 to 70 hours. If samples curled during

photothermal heating, some regions would no longer have full exposure to the laser (as some
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sections of the sample would end up shadowed). However, excessive contact with glass surfaces
could lead to heat exiting the polymer, disrupting the treatment process. This is why only the edges
of the sample were secured in order to balance these factors. Measurements of the PVA were taken
from the center of the sample, which was not in contact with the glass. Bulk temperatures during
treatment were measured by placing a K-type thermocouple (RisePro Thermocouple) on the
surface of the samples, in the center of the treatment region.

At regular time intervals during thermal treatment (for example, every hour for the highest
treatment temperatures), the samples were removed from heat and allowed to cool, before then
being tested for signs of degradation, including changes in the mass (Ohaus Pioneer Balance, 0.001
g), absorption (Agilent Technologies Cary 60 UV-Visible Spectrometer), chemical composition
(Agilent Technologies Cary 630 Fourier Transform Infrared (FTIR) Spectrometer), and light
emission (PTI QuantaMaster 40 Spectrofluorometer). Data from these measurements were used to
characterize the rate and mechanisms of the PVA degradation from heating.

As suggested earlier, a notable signifier of polymer degradation is luminescence. The
specifics of measuring this property, and the steps taken to remove machine bias, will now be
described.

For the luminescence measurements, the excitation wavelength was selected to be 305 nm,
with a corresponding notch filter to block any source leakage. This wavelength has been reported
previously to excite the innate luminescence of PVA [215-218]. The luminescence emission from
the polymer at that excitation wavelength was measured from 340 nm to 900 nm, with a 370 nm
long pass filter to block the excitation beam that may have been reflecting off the sample. The
intensity of the source was recorded throughout all measurements and the emission normalized

accordingly, allowing for the comparison of emission signals despite any fluctuations in the light
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source. General luminescence trends are shown with emission polarization at the magic angle
(54.7°), which removes the polarization dependence that may come from the sample’s
reflections [219].

The polarization dependence of the emitted light was also considered. The degradation-
based luminescence is depolarized relative to the excitation polarization, such that the emission
from degradation will not match the polarization of the excitation light. This occurs because during
the degradation of polymers, many two-level energy systems are formed. Photons are emitted and
reabsorbed between these interacting systems, which can subsequently change the polarization of
the eventually emitted light. This has been confirmed with multiple polymers and is considered to
be a general property of polymer degradation [92,199-201]. Monitoring the polarization
dependence in addition to the general luminescence intensity and wavelength (which are other
indicators of degradation, as described in Chapter 4.1) thus provides additional confirmation about
the degradation state of the polymer.

The luminescence polarization dependence is described with the r-factor [220]. Physically,
the r-factor indicates the degree to which the emission and excitation are aligned in polarization.
A larger r-factor (approaching 0.4) occurs when the linear excitation and emission polarizations
are similar, while a smaller r-factor (approaching -0.2) indicates that the excitation and emission
beams have perpendicular polarizations. Therefore, the expected depolarization of the
luminescence during degradation should appear as a decreasing r-factor. Mathematically, the r-
factor is defined as the relationship between the perpendicular and parallel components of the

luminescence emission, in reference to the excitation polarization:

r= IVV - GIVH
Iyy + 2Gl,y (11)
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where I, is the intensity parallel to the excitation (vertical excitation-vertical emission
polarization), Iy is the intensity perpendicular to the excitation (vertical excitation-horizontal
emission polarization), and G is the grating factor, which will be described in greater detail shortly.

During the luminescence measurement, treated samples were excited with vertical
polarization, and either the vertical or horizontal polarization of the emission was blocked from
the detector with a polarizer. This measurement was repeated with the opposite emission
polarization so that the r-factor could be calculated at each stage of thermal treatment.

The calculation of the r-factor requires the grating factor (or G-factor), which quantifies
and corrects for innate system polarization bias [219,220]. To measure the grating factor, four
fluorophores in dilute solution were measured, such that there was no preferred luminescence
polarization direction (due to the fluorophore’s random orientations and ability to reorient between
excitation and emission in solution) and thus depolarized luminescence. Perylene was dissolved in
methanol (8.6x10°® M), while Lumogen F Yellow 083 (2.3x10° M), Lumogen F Orange 240

(1.65x10% M), and Lumogen F Rot 305 (4.36x10°° M) were dissolved in DMF (Figure 39a). Each
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Figure 39: a) Absorption of the four fluorophores in solution used to measure and calculate b)
the G-factor. The G-factor is a wavelength-dependent intensity correction used in the calculation
of the r-factor.
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solution was excited with horizontal polarization at the appropriate wavelength for that
fluorophore, and the vertical and horizontal emission were measured. The G-factor was then
calculated using the ratio:

I
G =V (12)
IHH

Using multiple fluorophores with different emission profiles and averaging the results generated a
G-factor that spans a longer wavelength range. The final G-factor (the average at each wavelength
of Figure 39b) was applied to each wavelength used in the r-factor calculation described above.
The wavelength range of the r-factor is thus restricted by the range over which the G-factor has

been defined.

4.3: Results

With the samples and characterization methods selected, samples were treated and
measured. This section will present the results and describe the internal processes which occurred
during both conventional oven treatment and photothermal treatment of GNPs and MNPs. The
changes in mass and absorption will first be described, followed by the luminescence of the
samples and the indicators of the universal degradation luminescence. The chemical changes and
degradation products will be described next, followed by the way those chemical changes modified
the PVA solubility. These combined techniques work to accurately present the low-temperature
degradation of PVA and describe the photothermal response of MNPs in a water-lacking
environment.

First, the general degradation characteristics expected from PVA will be briefly
described [211-214,221]. PVA is typically made from poly(vinyl acetate) (PVAc), and thus the

first step in the degradation process is the removal of residual PV Ac and water (the solvent) [214].
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From there, PVA experiences mass loss and breaking of the polymer side chains, forming new
chemical crosslinks or radicals [206,211,221], which may also change the crystalline
structure [212]. Finally, a range of degradation products may form as the PVA fully breaks

down [212]. These physical and optical changes will be described in further detail below.

4.3.1 Absorption, Mass, and Temperature

Perhaps the most obvious indicator of polymer degradation is the discoloring (yellowing)
of the polymer after thermal treatment. Figure 40 shows a photo of PVA samples after treatment
in a 145 °C oven for variable amounts of time, where there is a clear change from a transparent
polymer at 0 hours to a brown sample at 69 hours. This color change is quantified for the oven-
treated samples in Figure 41, which shows the initially transparent PVA forming an absorption
wall centered around 480 nm with thermal treatment. The yellowing of PV A has been suggested
to come from an increase in C=C bonds [206] that form as a degradation byproduct. Double carbon
bonds are a common polymer degradation product often attributed to aromatic rings, and are thus
a good indicator of the degradation progress. This wall appears to stabilize at a specific treatment
time dependent on the treatment temperature (46 hours for the 145 °C, and 1 hr for the 183 °C case

due to the difference in temperature and thermal stability of PVA). This may suggest an upper

0 hr 0.5hr 1hr 2 hr hr 17 hr 46 hr 69 hr

0.5 cm

Figure 40: PVA sample treated at 145 °C for 0 hour to 69 hours. With treatment, the sample
yellows and eventually browns.
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limit to the degradation process at these temperatures. At the lowest oven temperature used (110
°C), only a slight discoloration is present after nearly 3.5 weeks of thermal treatment. This suggests
that an annealing temperature near or below 110 °C will not significantly change the polymer.
Photothermally-treated samples also experienced quick discoloring, indicating a similar
thermal response as in the oven-treated samples. The absorption of the GNP-PVA samples
included the GNP peak at 555 nm (Figure 42a). With photothermal treatment (which resulted in
sample temperatures from 100 °C - 123 °C), there is a visual yellowing of the sample and the
formation of the absorption wall. However, compared to the oven-treated samples, the absorption

wall stayed at a lower wavelength (415 nm) for photothermal treatment ranging from 1.5 to 12
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Figure 41: Absorption spectra of PVA treated in an oven at a) 110 °C, b) 145 °C, and c) 183 °C
for variable amounts of time, as determined by the treatment temperature. The visual yellowing of
the sample is represented by the formation of an absorption wall centered at 480 nm. Noisy signal
near an extinction of 4 indicates a maximum measurement of the equipment
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hours, suggesting fewer C=C bonds (again, an indicator of degradation products) form than in the
oven case.

Similarly, MNP-PVA samples included the broad absorption of the MNPs (Figure 42b).
After photothermal treatment that measured temperatures from 105 °C - 125 °C, a wide wall
formed on top of the MNP signal. While continued treatment did result in an absorption wall that
shifted slightly in wavelength, the impact was not as extreme as in the oven-treated case.

The mass was also tracked throughout treatment, however, the samples never experienced
degradation related mass loss. The primary mass loss occurred entirely during the first time a
sample was thermally treated, the length of which varied from 0.25 to 25 hours, depending on the
temperature and treatment type. This suggests the mass difference is primarily a loss of solvent (as
there was no annealing step of the sample preparation), which is water in these samples. These
results are displayed in Table 4. All oven-treated samples regardless of treatment temperature
experienced an initial percent mass loss (mass loss after the first treatment of a sample, where

treatment time depends on the temperature) of around 10.0% (£ 3.3%) (Table 4, column d), and
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Figure 42: Absorption spectra of a) GNP and b) MNP. Both spectra include characteristic signals
from the nanoparticles - a 555 nm peak from the GNP, and a broad absorption signal from the
MNP (250 nm — 1100 nm). Noisy signal near an extinction of 4 indicates a maximum measurement
of the equipment.



Table 4: Mass loss of PVA exposed to different treatment times, temperatures, and methods.

89

a) Treatment b) Time c) % of d) Change from e) Change from
Method (hr) initial mass starting mass (%) annealed mass (%)
25 86% -14.38%
68 89% 3.48%
110 °C Oven
141 90% 5.38%
191 88% 3.23%
0.5 94% -6.27%
5 95% 1.44%
145 °C Oven 17 94% 0.38%
46 93% -0.60%
69 91% -2.54%
0.25 91% -9.38%
0.5 94% 3.23%
0.75 94% 3.56%
1 91% 0.92%
183 °C Oven
1.25 94% 4.09%
1.5 90% -1.05%
2 90% -1.13%
5 92% 1.02%
Photothermal, 1 93% -7.27%
GNP (100 °C -
123 °C) 2 98% 5.21%
Photothermal, 1 89% -11.22%
MNP (105 °C -
2 93% 5.20%

125 °C)
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then remained constant (within + 5.5% of the ‘post-annealing’ sample mass) throughout the
increased treatment time (Table 4, column e). The photothermally heated samples, which reached
bulk temperatures above the evaporation point of water, experienced similar levels of water loss
and then stabilization. Overall, this indicates that photothermal heating of both MNP and GNP was
able to anneal the bulk PVA sample to a similar degree as the oven-treated PVA.

Despite these indicators of bulk degradation, the bulk temperature measured during
photothermal treatment of both GNP and MNP samples was generally low and near temperatures
of the 110 °C oven, although the temperature did increase with time (Figure 43) from around 100
°Cto 125 °C.

However, the expression of degradation processes in a relatively short timescale despite
the low bulk temperatures of 100 °C to 125 °C suggests that the local temperatures near the
particles during photothermal heating are significantly higher than the bulk temperatures. This then
indicates that the local temperatures are able to productively drive the degradation to a point that

bulk effects are visible. This will be explored further in the other signals of degradation, but is
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Figure 43: Bulk temperature measured during photothermal treatment for both GNP and MNP.
Error bars for PVA-GNP samples are calculated from the standard deviation of temperature
measurements across multiple samples at a given time treated.
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notable - the nanoparticles are able to produce bulk effects, despite a low bulk temperature. As the
110 °C oven resulted in no noticeable markers of degradation, this suggests the presence of
localized, significantly warmer regions around the nanoparticles drive the degradation.

Thus far, absorption spectroscopy has shown a low temperature degradation of PVA, as
indicated by the presence of an absorption wall after thermal treatment for both oven and
photothermal treatment. The lowest oven temperature test (110 °C) results in minimal discoloring
even after 3.5 weeks of thermal treatment. The mass loss indicates an annealing process within the
first thermal treatment of all samples, though the stabilizing of the mass afterwards suggests that
the temperature was not high enough to degrade the PVA fully (as would be indicated by mass
loss [214,221]). These two simple results have shown similarities between GNP and MNP
photothermal heating, as both result in the same absorption wall and mass loss, without the
significant increase in MNP quantity that was required in Chapter 3. These simple checks for
degradation are useful in gauging the polymer state, particularly when matched with the more

sophisticated measurements described in the subsequent sections.

4.3.2 Universal Luminescence from Degradation

The attention will now turn to the universal luminescence from polymer degradation, which
first requires an understanding of the innate luminescence of the PVA, as this will be present as a
background signal.

Typically, luminescence in polymers arises from n-bonds within the molecular structure.
PVA does not naturally have n-bonds present, and thus the innate luminescence from PVA has
been attributed to the aggregation-induced emission (AIE)[222] from the hydroxyls [215].

According to the AIE understanding, the polymer chains are arranged such that the functional
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groups (the hydroxyls, as seen in Figure 44) form electron-dense areas. The hydroxyl groups can
be excited by and emit a range of wavelengths, based on the size of the cluster/electron group.
However, because the size of the electron group determines the luminescence, that luminescence
can be altered by modifications to the polymer structure, such as if water is bonded within the
PVA, the water effectively quenches the luminescence signal [216]. Similarly, if a solution of PVA
is too dilute to form significant clusters of hydroxyls, the luminescence will have a weak or
nonexistent signal. PVA powders or films display significantly stronger luminescence than PVA
in solution because of this [215].

The oven-treated PV A samples will be discussed first. For excitation wavelengths near 300
nm, there was an expected luminescence peak at 415 nm [215-218]. This is seen in Figure 45.
Looking at the 145 °C treatment, there was an increase in luminescence emission and a wavelength
shift to around 450 nm with increasing time. After approximately 5 hours of treatment, the
luminescence signal began to decrease, until 46 hours, at which point there were no further changes
to the signal. This agrees with the absorption measurement, as the absorption wall similarly
stopped changing around this time. For both the 145 °C and 183 °C treatment, the end of the
luminescence changes result in two distinct peaks - a broad signal at 555 nm, and a small peak at
380 nm. The 380 nm peak is likely still related to the innate PVA luminescence. The 183 °C
samples had a smaller remaining innate luminescence. The broad degradation peak at 555 nm

agrees with past work on polymer degradation peaks, and is associated with the formation of
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Figure 44: The PVA chemical structure.
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carbonyls (C=0) or proto-aromatic rings (including C=C) [199]. In contrast, the 110 °C oven
samples only increased in emission.

The two peaks that form in the final stages of treatment for the higher temperature oven
cases can be further understood using polarization analysis. As discussed in Chapter 4.2, the r-
factor gives a numeric value to the polarization dependence of the emission signal relative to the
excitation beam’s linear polarization direction. When the r-factor is high, the polarization of the
emission is predominately along the same direction as the polarization of the excitation light. As

the r-factor decreases, the emission signal becomes depolarized with respect to the excitation.
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Figure 45: Luminescence measurements for a) 110 °C, b) 145 °C, and c) 183 °C treated PVA
samples. The degradation luminescence is associated with a broad increase in luminescence,
shift in wavelength, then decrease in luminescence. This is primarily seen in the higher
temperature treatments, as the low temperature is not enough to fully degrade the PVA.
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Physically, a large r-factor indicates a relatively straightforward excitation and emission pathway
within the sample, such as what would be associated with isolated fluorophores in the material. As
the polymer degrades, the hypothesis proposed by previous research [92,199] is that there are
many isolated two level systems, and luminescence results from many absorption and emission
events, which changes both the energy and the polarization of the emission, resulting in a lower r-
factor. Therefore, a larger r-factor would indicate luminescence from innate polymer properties,
while a low r-factor would indicate luminescence from a more universal degradation process.
The r-factor calculated at both 423 nm (close to the innate luminescence peak) and 555 nm
(at the final degradation luminescence peak) for the higher oven treatments is shown in Figure 46.
Initially, both 145 °C and 183 °C samples had a high r-factor at the innate luminescence
wavelength, as expected. The r-factor then decreased with treatment as the 423 nm signal was
overpowered by the universal degradation luminescence, but returned with the separation of the

two final peaks seen in Figure 45, particularly for Figure 45b and Figure 45c. The 555 nm signal
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Figure 46: R-factor for the a) 145 °C and b) 183 °C oven treated PVA at both 423 nm (near the
innate luminescence) and 555 nm (the final location of the degradation luminescence). For each
data point, the intensity of the luminescence signal was extracted at the appropriate wavelength
and used in Equation 11. Although the 183 °C oven was measured at longer treatment times, the
signal was below the background noise level of the equipment for one of the polarization
components, and thus unsuitable for an r-factor calculation.
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begins at a somewhat high r-factor, which is likely due to the low signal intensity at the beginning
of treatment, and moves to lower r-factor values with treatment, confirming that this peak is from
the degradation.

With context from the emission patterns from oven-treated PV A, the photothermal samples
will now be similarly described. As before, this must begin with a discussion of the innate
luminescence present in the samples.

The GNPs did not exhibit luminescence, and the innate PV A signal was similar to that of
PVA without nanoparticles (Figure 47a). In contrast, there is a clear emission signal from the
MNPs at 475 nm, overlapping with the innate luminescence of the PVA at 390 nm (Figure 47b).
Melanin has been reported to only slightly luminesce until it has been oxidized [223-226], at
which point it will have an increasing luminescence signal with increasing oxidation [227]. This
oxidation can be done during synthesis (as is done in this work), through light, or through contact
with hydrogen peroxide. The melanin luminescence can be excited with many wavelengths [226],
including the UV range used to excite the PVA, resulting in a peak around 475 nm.

With photothermal treatment, the GNP samples showcased an increase in luminescence
with a shift in wavelength, followed by a decrease in intensity (Figure 47a). The new peak around
475 nm could be a universal luminescence degradation peak, based on the r-factor plotted in Figure
47c. The r-factor near the innate luminescence (423 nm) and at the degradation peak (475 nm for
the photothermally treated samples) remained similar and relatively low throughout the treatment,
likely because of the proximity in wavelength to the degradation peak and thus an overpowering
of the degradation signal.

The photothermal heating of MNPs in PVA had a much different response than the GNP

in PVA (Figure 47). The emission peak associated with MNPs immediately decreased in intensity
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Figure 47: Fluorescence throughout photothermal treatment for a) GNP-PVA and b) MNP-
PVA. ¢) The r-factor of the GNP and MNP treated samples at 475 nm, which is expected to be
the degradation peak for photothermal treatment. For each data point, the intensity of the
fluorescence signal was extracted at the appropriate wavelength and used in Equation 11. For
the 42 hour MNP photothermal treatment, the signal was below the noise level of the machine
for one of the polarization components at this wavelength, and thus unsuitable for an r-factor
calculation. d) Peak intensity of the PVA-MNP fluorescence. Between 21 and 23 hours of
thermal treatment, the peak intensity switches from indicating the MNP (0-21 hours) to
indicating the PVA universal degradation fluorescence (23-42 hours).

with photothermal treatment. After seven hours, only the innate luminescence remained, although
with a modified shape compared to the PVA with no nanoparticles. With continued treatment, a
signal around 475 nm began to grow (visible at 21 and 23 hours), until extended treatment reduced
that signal once more, leaving just the innate luminescence of the PVA. Throughout the entire
treatment, the signal at 475 nm was relatively depolarized from the excitation wavelength (Figure

47¢).



97

This interesting pattern in the luminescence data of the MNPs in PVA suggests two
independent degradation processes, which may be in part due to the free radical scavenging of
melanin. It has been shown previously that melanin in PVA will increase the thermal stability,
raising the degradation temperature of PVA [221]. PVA degrades via an ‘unzipping’ of the
polymer chains [221,228]. The MNP may scavenge the radicals produced by this
process [206,221] and interrupts further degradation. Therefore, it may be that in the first seven
hours of treatment, there was no formation of a degradation peak of PVA because the MNPs were
interrupting that process.

However, the melanin itself is also a polymer, and thus may be undergoing a universal
degradation process during that early treatment, perhaps indicated by the slight shift from 475 nm
to 495 nm before a decrease in the luminescence signal. Melanin is known to undergo oxidative
degradation when interacting with light, also known as bleaching. This corresponds to a change in
the absorption spectrum and a change to the free radical centers [225,229]. As the degraded
melanin is no longer able to scavenge free radicals from PVA, the PVA is able to proceed along
the same degradation pathway as when photothermally heated with GNPs, considering the similar
final emission wavelengths. Although the melanin may be changed, we observe that it can still
photothermally heat, perhaps even more effectively than the undegraded MNP, as suggested by
the increase in temperature with extended treatment (Figure 43). Despite differences between the
two particles, heating from either resulted in PVA emission with a peak wavelength shift that was
different from the oven-treated samples. Figure 48 plots the peak luminescence wavelength over
normalized treatment time for all heating cases, prioritizing tracking the degradation peak over the
innate luminescence. The peak wavelength of the photothermal cases did not shift as far as the

oven-treated samples (Figure 48) and stabilized near 475 nm.
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Figure 48: The peak location measured at different treatment times, with preference given for
the degradation peak. Peak location is found at the highest intensity value of a smoothed
luminescence curve. Time is normalized to the final time the sample was treated to. All samples
start at the same innate PVA luminescence wavelength, except for the MNP-PVA samples, as
the MNP overpowered the innate PVA luminescence. For the MNP-PVA sample, the first half of

the data points correspond to the MNP, while the second half correspond to the PVA
degradation luminescence.

4.3.3 Chemical Structure Changes from Thermal Treatment

The information presented so far characterizes the degradation of the PVA, both from oven
treatment and photothermal treatment, with indications in the absorption, mass loss, and
luminescence of the samples at different stages of the treatment. Several of these signals suggest
the presence of C=C or C=0O formation. The presence of these bonds and other insights into the
changing PVA structure can be found through Fourier Transform Infrared (FTIR) measurements.
The changes in structure will then be confirmed with a simple solubility test, as the degraded PVA
is expected to become less soluble in water.

The FTIR measurements were taken with a diamond attenuated total reflectance (ATR)

sampling tool, with a measuring depth of approximately 2 pm. Therefore, this is functionally a
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surface measurement of the approximately 210 um thick samples. Data was normalized to the
transmission value at 1089 cm™!, which is associated with C-O bonds and thus is common in the
PVA (Figure 44). Chemical changes are then considered by tracking the relative height of several
transmission peaks. This work specifically will look at the crystallinity, C=0, C-O-C, and C=C
peaks that experienced the most change from thermal treatment. The crystallinity and C—O-C
peaks both give insight into the structural changes occurring within the PV A with treatment, while
the C=0 and C=C correspond to the degradation products.

The raw FTIR peaks are presented in Figure 49, with notable peaks marked with vertical
lines. As before, the signals from the nanoparticles in the PVA must be considered. For the GNP
samples, the most notable change from pure PVA was a large peak at 1654 cm™ that disappeared
immediately with both photothermal treatments. These nanoparticles were harvested from
collapsed CTAB-GNRs, and thus this peak and the small peak at 1387 cm™! can be attributed to
aromatic rings that have been previously identified in CTAB-GNRs [230]. Similarly, the C-H
bending indicated by the small peak at 840 cm™ is present only when the CTAB is bonded with
the GNRs. Finally, the starting crystallinity peak was notably higher, which is discussed more
below. The MNP samples did not have any notable peaks compared to pure PVA save for one
slight peak increase at 1560 cm™!, which is associated with C=C aromatic rings that are present in
MNPs.

As a semicrystalline polymer, PVA exhibits two peaks corresponding to the crystalline
(peak located at 1141 cm™') and amorphous (peak located at 1095 cm™) C-O structure present in
the polymer. The ratio of these two peaks corresponds to the crystallinity, where a higher value of

this ratio indicates a more crystalline polymer [231,232].
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Figure 49: FTIR spectra for all samples. Vertical lines are placed at the notable wavenumbers
of (from left to right) 1710,1576, 1141, 1095, 1089, and 1022 em™.
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The ratio of the crystalline and amorphous peaks is plotted over time normalized to the
final treatment (Figure 50). All samples exhibited an initial rise followed by a stabilization, with
the 110 °C oven taking more time overall to stabilize. The initial rise in crystallinity suggests an
annealing process, where the first thermal treatment adjusts the PVA structure as the solvent is
removed [233]. The 110 °C oven sample stabilizes at a lower crystalline/amorphous ratio than the
other oven cases or the photothermally treated samples. Both the GNP and MNP samples began
with a larger crystallinity ratio than the pure PVA samples (0.66 for nanoparticle samples
compared to 0.55 for pure PVA). This is unsurprising, as the nanoparticles can serve as a
nucleation site for a crystalline structure. With photothermal treatment, the GNP containing
samples stabilized at a ratio of 0.75 £ 0.02, while the MNP containing samples stabilized at 0.73

+ 0.02, which are values comparable to treatment in an 183 °C oven (GNP) and 145 °C oven

(MNP).
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Figure 50: Crystallinity ratio for all thermally treated samples, plotted with time normalized to
the end of the treatment process.
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The other interesting structure change in the PV A after thermal treatment is apparent in the
broadening and shifting of the normalization peak at 1089 cm™ (associated with C-O bonds). Broad
peaks in FTIR suggest more complex energy transition possibilities than narrow peaks, which
correspond to pure, isolated energy levels. This broadening is much more apparent in both of the
photothermal cases.

The broadening of this peak also corresponds to an increase of the 1022 cm™ peak, again
particularly for the photothermal cases. This is associated with C-O-C bonds, which may occur
during the degradation as radicals are removed from the PVA and the now open bonds form
crosslinks with other PVA chains [206,212]. This process is described in Figure 51b.

The attention will now turn to the formation of C=0 and C=C, both of which are expected
to contribute to the luminescence.

PVA is typically made from poly(vinyl acetate) (PVAc), which naturally includes C=0O
bonds. Thus, the transmission peak at 1710 cm™ is expected to begin high, then decrease with

treatment or annealing as the PVAc is removed from the PVA. This is seen in Figure 52 for the

a)
A~ CH;— CH~~ = A~ CHy— CH~~ = ~~ CH;— CH~™

I I
OH 0 0

b) A~ CH;—CH~  ~~CH;— CH~~

A~ CH;—CH~~ —

0 - 0

A~ CH—CH~~ ~~CH;—CH~~

Figure 51: Chemical diagram showing the potential restructuring of bonds with PVA during
degradation. a) As energy enters the system, the polymer side group undergoes oxidation (loss
of an electron or hydrogen) of the side chains. The radicals are then able to either form C=0
bonds or b) C-O-C crosslinking bonds. Based on work by Ref [206,212].
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three oven-treated cases. The minimum transmission at this peak occurs at 600, 17, and 0.5 hours
for 110 °C, 145 °C, and 183 °C oven temperatures, respectively, though the 110 °C case may
continue to decrease with further treatment. After this initial decrease, the 1710 cm™! peak increases
again, as new C=0 bonds are formed, through oxidation of the polymer side group (Figure 51a)
or from the breakdown of the polymer chains into byproducts like ketones and aldehydes [212].
Both photothermal cases show no initial decrease; rather, they show an immediate increase
and thus an immediate formation of the degradation products, particularly for the MNP samples.
The lack of the PVAc removal signals in the photothermal case suggests one of two possibilities:
either the PVAc was removed much faster in the photothermal case, and thus was not visible on
the timescales measured; or the PVAc was unable to be removed, and was simply added onto by

the degradation products.
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Figure 52: Tracking the C=0 peak at 1710 cm™ over normalized time to the end of the treatment
process. The photothermal treated cases show an immediate increase in C=0, with the 183C
oven treated sample following after an initial decrease indicating a removal of PVAc. The two
lower oven temperatures did not ever reach the same final amounts of C=0 bonds, as indicated
by the comparatively lower ratio values.
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The signal at 1576 cm™! was the largest indicator of C=C products (Figure 53), and suggests
the presence of aromatic rings. The 110 °C oven did not show a significant peak. However, both
the 145 °C and 183 °C oven samples showed a steady increase in the peak size as treatment
continued, with the 183 °C growing much more quickly to a higher ratio than the 145 °C oven.

The chemical changes described are consistent with the previous measurements. For
example, the innate luminescence of PVA before treatment was larger than the luminescence after
(Figure 45 and Figure 47), potentially due to the removal of -OH pendent groups as they turned
into C=0 (1710 cm™"), or was reshaped into C-O-C bonds (1020 cm™). The C=0 (1710 cm™") bonds

and C=C (1576 cm™") bonds can both contribute to the universal degradation luminescence.
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Figure 53: Transmission peak at 1576 cm™ over time for all treatment cases. The 110 °C

continues at the same level for the entire treatment time and is not included to ensure visibility
of data at lower time scales.
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The changing bonds within the PV A lead to an interesting bulk application, as the solubility
in water of PVA depends on the presence and availability of the -OH side groups [233-236]. Water
acts as a plasticizer for PVA, making the polymer film more like a gel and broadly softening
it [233]. As a demonstration of the changing PVA structure, PVA was treated under standard
conventional and photothermal conditions for variable amounts of time, and then placed in an
excess of DI water for 3 hours to swell completely. With no treatment, the PVA quickly formed a
loose gel in the water and was unable to be handled. However, the treated PVA displayed clear
changes in the ability to hold water, as will be described below.

The water uptake of the PVA was calculated by a Q value, as used in other hydrogels,

wy —wg  Aw

Q= (13)

where here w; is the total mass of the water and polymer after three hours, and wy is the mass of

W3 Wq

the PVA sample after treatment but before being placed in water. For the untreated PVA samples

that become gel-like, the Q value can be assumed as very large.

Table 5: Swelling test of PVA after thermal treatment.

Treatment method Treatment time (hr) Q afi;?eil/;u;zli}ilm\)z?;er (g
Photothermal - GNP 1 9.28
Photothermal - MNP 1 5.33

1 1.22

Oven - 145 °C 17 0.28
69 0.10

0.25 0.31

Oven - 183 °C 1 0.49
1.5 0.44
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As seen in Table 5, there was a decreasing water content for samples that had been treated
for longer times and consequently proceeded further along in the degradation process. This aligns
with the breaking of hydroxyls to form new structures or byproducts, as discussed previously.
Although the FTIR signals suggested that the GNP and MNP samples resulted in similar
degradation products (such as the C=C bond increase shown in Figure 53), both photothermally

treated samples showed significantly more water swelling than the conventionally treated samples.

4.4 Conclusion

This chapter has described the low temperature degradation of PVA. The characteristics of
this degradation have been detailed, including the changes in the absorption, mass, luminescence,
and solubility.

The degradation from photothermal heating of GNPs and MNPs was also described. Both
effectively degraded the polymer, with MNPs notably undergoing a similar universal degradation
pathway as other polymers. This raises interesting questions about the temperatures being reached
by the MNPs, which could be investigated with fluorescence thermometry measurements [21,77].
Isolating the MNPs in the FTIR would additionally provide insight into the changes in structure to
the melanin, as the MNPs share many of the same peaks with PVA, making them difficult to

1solate.
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Chapter 5: Conclusions

5.1 Conclusions and Outlook

The photothermal heating of nanoparticles has been shown to have wide ranging
possibilities and capabilities in changing polymer composites. This dissertation has investigated
the potential to improve electrical conductivity, increase water evaporation rate, and modify
polymer structures through photothermal heating, including through the photothermal heating of
non-metallic nanoparticles.

In Chapter 2, we described how the electrical conductivity of MWCNT:PMMA composites
could be improved by 2.5 times the starting conductivity. Local temperatures around the nanotubes
(which were controlled by the laser intensity) were determined to be the primary driver of the
conductivity change and allowed the nanotube junctions to improve electrical connection without
large scale particle agglomeration. A simple temperature model suggested that only once the local
temperature was above the Ty of the PMMA was there a conductivity improvement, as only then
would there be the possibility for slight nanotube adjustments. This result was consistent even with
variations to the global temperature. Reducing the thickness of the sample meant single nanotubes
were more likely to be in contact with the surface, resulting in a heat loss that lowered the
conductivity improvement. In the other direction, increasing the sample thickness eventually
resulted in a shadowing effect from the nanotubes, such that the nanotubes near the top surface
likely blocked light before it could reach nanotubes near the bottom surface of the sample. This
reduced the possible conductivity improvements. Finally, the nature of the local heating allowed
the bulk properties that were measured to remain constant. FTIR measurements suggested no

polymer degradation, and the nanotube network appeared visually constant throughout treatment.
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Several applications of such conductive composites are suggested in Chapter 2. The
improvement of such a composite after manufacturing would allow for a reduced cost of the
conductive filler. For example, a 0.125 wt% sample used here had a starting conductivity of
2.5%10% S/cm. A 0.25 wt% sample (2x the number of MWCNTSs) had a starting conductivity of
7.0x10* S/cm (2.8x the conductivity of 0.125 wt%). This level of conductivity improvement for a
0.125 wt% therefore could be achieved by doubling the number of MWCNTs (2.8x improvement),
which would double the cost of materials, or through a short laser treatment process that does not
modify bulk properties of the material (2.5x improvement). Such improvement could be done for
any application of conductive composites, regardless of end application, as long as light was able
to penetrate the sample. These conductivity levels (10* S/cm) are in the correct range to be used
in sensor applications (10 S/cm to 10 S/cm) [54,121,123-125]. Photothermal treatment would
thus allow for a lower quantity of MWCNTs to be used in these sensors, though one could also
imagine increasing the conductivity only in specific regions of the sensor by shaping the laser
illumination to control the sensitivity in specific regions of the sample.

Chapter 3 investigated the use of photothermal heating in driving water evaporation. To
begin, the microhydrogel composite NIPAM and SA, which has been suggested as a draw agent
for water purification, was tested for basic properties of swelling capability and lower critical
solution temperature (LCST). The combination of the two polymers did not exhibit the low LCST
commonly associated with NIPAM, but there was still a transition at higher temperatures. The
deswelling process was tracked for different applications of heat (ambient conditions, oven, and
photothermal heating of both GNPs and MNPs) and different initial swellings of the hydrogel,
though the initial swelling of the hydrogel had a minimal impact on the rate of water output. Once

again, the temperatures present during photothermal heating — both globally and locally — were the
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most notable aspect of the deswelling process. For photothermal heating, sample temperature was
initially below room temperature (due to evaporative cooling) and increased significantly as the
hydrogel lost water. The final measured temperature, which corresponds to the point at which all
water had evaporated, was suggested to be an estimation of the local temperature. The local
temperature is hypothesized to be the primary driver of water loss in the system. Both GNPs and
MNPs were able to drive the water evaporation, though more MNPs may be required to achieve
equivalent rates as the GNPs, due to the lower photothermal conversion. In comparing the oven
heating to photothermal heating, it was seen that heating in an oven exhibited a slowdown at the
end of the deswelling process, such that the deswelling rate at the beginning of the process was
higher than that at the end. This was not seen in photothermal heating, suggesting that
photothermal heating has self-corrective heating that prevents case hardening of the hydrogel.

The design of water purification technologies will become increasingly important in the
current climate crisis, and understanding materials that can be used in this process provides options
for energy, cost, and complexity. Utilizing photothermal heating in the deswelling process opens
avenues in off-the-grid water purification processes, particularly with a broad light absorber like
MNP that could use the Sun to power the evaporation process. This work thus investigated the
properties and capabilities of both a composite hydrogel and photothermal heating, in an effort to
improve understanding of hydrogels and MNPs in this context.

Chapter 4 further investigated and characterized MNPs. MNPs are effective photothermal
heaters in hydrogels, which is a water-based environment. However, when placed in a water-
lacking environment and photothermally heated, the MNPs appeared to degrade, exhibiting the
universal polymer degradation luminescence. Even after degradation, the MNP degradation

products were still able to photothermally heat, resulting in the degradation of the surrounding
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PVA in a similar outcome as when photothermally heating with GNPs. MNP may provide an
excellent option for nanoparticles in a variety of situations, from healthcare to materials, but such
application requires a more complete understanding of the MNP in unique environments, which
this work has attempted to begin.

In addition to the photothermal experiments, the PVA was degraded at several oven
temperatures to both compare to the photothermal heating and to provide detailed results of PVA
degradation processes, which previously have not included a tracking of the universal degradation
luminescence. Understanding the degradation of polymers, particularly in a non-invasive
mechanism such as a luminescence measurement, allows for better analysis of polymer lifespans.
If universal degradation luminescence could be correlated with mechanical properties, a polymer
material in use could be regularly checked and removed from service before a breaking point,
which would allow for better planning and logistics and the prevent of any delays that may come

from a sudden breakdown of equipment.

5.2 New Directions

There are several possible avenues to continue this work.

Looking at the conductive composites, there may be higher improvements possible using
a different length of MWCNT, or using a different surfactant. In particular, the use of a less
thermally stable surfactant may allow for the degradation of the surfactant around the nanotube,
potential creating carbon bridges between the nanotubes.

The dewatering of hydrogels has both theoretical and practical directions. In the former, an
investigation of the deswelling process (a more mathematical model of how the water evaporates)
would allow for predictions of water evaporation and loss from the hydrogel, which could be used

in cycling processes where a hydrogel is swollen and deswollen in order to retrieve maximum
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water collection. Furthermore, an analysis of the energies within the system would provide a more
complete understanding of the mechanisms driving the water loss, especially comparing the low
LCST NIPAM with the combined NIPAM+SA. In general, a more theoretical understanding of
how the combination of these two polymers may change the swelling and deswelling process
would be an interesting study. On the practical side, there was no consideration of collecting the
evaporated water in this work, which would naturally be required for any water purification
process. An interesting direction here would be to utilize photothermal heating in a low LCST
polymer like NIPAM, as that would support the collection of liquid water instead of vapor.
Photothermal heating of a low LCST polymer and the use of macrohydrogels in photothermal
heating would also provide insight into the case hardening effects and ways to minimize it.

Finally, the work done with MNPs here leaves many questions unanswered. Regarding the
photothermal heating process, a study of the local temperature experienced by the MNPs,
potentially through fluorescence thermometry, would give a more accurate understanding of the
melanin degradation process. Further understanding of the degradation of MNPs could also be
done through a more detailed chemical analysis of isolated MNPs (without the background of
another polymer) and a variety of environments for the MNPs to degrade within, such as thermal
treatment from both an oven and photothermal heating while the MNPs are in air, in solution, or
in other polymers.

Overall, the photothermal heating of nanoparticles, as demonstrated here, has a wide range
of potential applications. This relatively simple process of generating heat is able to be tailored
through the particle composition, structure, spacing, and environment, and thus, this work aimed
to expand the understanding of how a variety of nanoparticles could be utilized in a variety of

situations.
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