ABSTRACT

FIRESTONE, GABRIEL. Molecular Fluorescence Thermometry to Probe Photothermal
Heating in Polymer Films. (Under the direction of Jason R. Bochinski and Laura Clarke.)

In this thesis, fluorescence thermometry is used to investigate nanoparticle-mediated
photothermal heating driven thermal reactions within polymer films. In photothermal heating,
light interacts with metal nanoparticles embedded within a solid or liquid material, and this
energy is transformed into heat, resulting in a significant temperature increase local to the
particle, and heat flow into the material. This allows a polymeric material to be heated from
within, and thus drive reactions inside the polymer, without heating the surrounding
environment. The ability to raise temperatures only in the area of interest while maintaining a
cool environment has wide ranging scientific and commercial applications, especially in the
biomedical and environmental resource management sectors. Fluorescence thermometry is
a versatile technique wherein fluorophores are excited with light and the resulting
fluorescence used to measure the temperature in their vicinity with (down-to) micron-scale
spatial resolution. By embedding the fluorophores within the same material as the metal
nanoparticles, the average temperature can be mapped within the heated material, and the
flow of that heat can be measured as the distance to the heat source is changed.

In a test study, gold nanopatrticles (AuNP) and perylene molecules are embedded within
uncured epoxy resin. We demonstrate that photothermal heating using green light can be
used to crosslink the epoxy, rigidifying the resin. Thermal and mechanical properties of the
cured epoxy are demonstrated to be equivalent to those obtained under traditional heating
methods (degradation, T4, and storage modulus). Additionally, selective curing of a shape is
demonstrated within a liquid epoxy bath, where a solid is generated by rastering a
spatially-confined light beam, while nearby resin remains uncured. Techniques for the
incorporation of the photothermal elements are discussed.

In another study, silver nanoparticles (AgNP) and lumogen-dye are embedded within
commercially available low-density polyethylene (LDPE) containing pro-oxidant additives. We
demonstrate that blue light can be used to passively accelerate the degradation of the LDPE

films by raising the internal temperature to 55 °C. The degradation is evaluated by



spectroscopic means (FTIR and UV-Vis), microscopy (TEM and SEM), and by monitoring
mechanical properties. The observed degradation under photothermal heating is almost

identical to that due to heating conventionally, as expected due to the non-local oxidative

process that drives degradation in LDPE.

In both studies, the average temperature throughout the heated region was the driving
factor in the extent of reaction. The factors that determine the average temperature in the
heated region were investigated in the final two studies. Gold nanoparticles (AuNP) and
perylene molecules were embedded in fully cured epoxy and amorphous
polymethylmethacrylate (PMMA) films and exposed to spot heating. The temperature
distribution at steady state was studied to quantify the flow of heat in the thin films. An
analytical solution for the temperature distribution was developed from first principles, which
for a large range of practical conditions was well-approximated by a single term. The falloff of
the distribution was found to be dependent on H/k, the ratio of the surface loss to the film
thermal conductivity. This was extended to layered films containing a core layer with
embedded heaters and sheath layers of differing thermal properties. The factors which
shaped the thermal distribution are more complex, but similar trends were found. In both
configurations, it was possible to invert the process and use the shape of the temperature

distribution to determine the thermal properties of the films being heated.
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Chapter 1

Intro/Background

1.1 Localized Surface Plasmon Resonances

Many materials exhibit enhanced and unique properties when reduced to nanoscale size. For
instance, surface chemistry can be greatly enhanced due to nanoparticles' very high
surface-to-volume ratio. Reducing the amount of material used and increasing the surface
area to bulk has important technological implications, such as increased catalytic activity for
nanoparticle-catalyzed reactions[1] since more active sites can be exposed simultaneously to
reagents[2], such as ef cient hydrogen generation[3]. Surface-to-volume increase is an
innate (geometrical) size effect. Other innate size effects arise from material properties, as
exhibited by the increased hardness of copper when reduced below 50 nm, the scale of the
dislocations that drive bulk ductility. When considering the interactions of a particle with a eld
(for instance, light), differences in relative size scales can also enhance existing or create new
physical effects, as is the case with the localized surface plasmon resonance (SPR), exhibited
by many metals. As it will be utilized throughout my dissertation, in this section, | explain this
phenomenon.

Propagating surface plasmon resonances (PSPR) are a type of surface wave that travels
along the boundary of a metal and dielectric, classically a planar boundary. One is formed

when an incoming electromagnetic (EM) wave traveling through the dielectric hits the surface



of the metal such that the wavevector < satis es the relations from Maxwell's equations [4]

<7

7> <75

. - = }H> St ST E & G?N}F >C?F?=NLC= (1.1

where <, _ is the component of the incoming wave's wavevector perpendicular to interface
inside the metal, m, which does not match <» ., the component inside the dielectric, d. <y is
the component of the wavevector along the surface, and is equal in both media. ,, is the
permittivity of each material.

The EM wave matching this relation intercepts the surface of the metal and induces a
plasma wave, an oscillation in the electron density of the atoms in the metal lattice. This
plasma wave couples to the dielectric, setting up an equivalent oscillation there. The plasma
wave is bound to the metal, and cannot travel into the dielectric, and the dielectric oscillation
likewise cannot travel into the metal, thus the coupled waves become bound to the interface.
< is hon-zero, and thus the coupled waves will travel along the surface. The PSPR is
characterized by evanescent elds in the direction perpendicular to the surface (into the metal
bulk and dielectric bulk) and a propagating eld along the surface that can travel hundreds of

microns before decaying[5]. The evanescent elds fall off into the metal (> ) and dielectric (5)
s

in a much smaller distance given by the skin depth ! > (5) = § 22%s5 ‘where 4 is the speed
of light and ~ the angular frequency of the EM wave. By con ning tF:Se) electric eld to the
interface of the two materials, the PSPR enhances its magnitude many fold [6, 7] and this can
be used for Raman spectroscopy (SERS), surface-enhanced uorescence (SEF), and
detection of molecular binding[8—10]. The bulk metal beyond the skin depth does not
contribute meaningfully to the surface plasmon resonance.

Metal nanopatrticles exhibit a localized surface plasmon resonance, which differs from the
PSPR introduced above in two important ways: by halting the propagation and by increasing
the mass ef ciency (the portion of the metal mass actively involved in the plasmon)
dramatically. A PSPR is bound to the surface at the point of excitation, then travels away from
that point along the at, large surface. However, a nanoparticle presents a closed surface of

nano-scale size, thus conceptually the SPR cannot propagate along the surface any

meaningful distance, localizing it, akin to a standing wave. A PSPR does not meaningfully



interact with the bulk of the metal away from the surface as given by the skin depth, however,
the skin depth for gold in air interacting with light of wavelength 600 nm, is 30 nm. Thus for
particles of similar size, no portion of the metal is signi cantly further that one skin depth (!)
from the surface. Effectively, the entire nanoparticle volume is part of the surface, with respect
to this phenomenon, and there is no "wasted" bulk metal. This greatly increases the mass
ef ciency of plasmonic nanoparticles. Though plasmonic nanoparticles have been
manufactured since at least Roman times (~ NEC. AD) as evidenced by the Lycurgus Cup,
Gustav Mie (1868-1957) was the rst to investigate this phenomenon from a theoretical
standpoint.

Mie developed an analytical solution to Maxwell's equations for the scattering and
absorption of light by very small spherical particles[11]. His nding for a plane wave incident
on a homogeneous conducting sphere produced the following results for the absorption,

scattering, and extinction cross section:

u X
Xpae= —— (' + )] +j30)) (1.2)

I<I =

u X
Xeg = —— ('+ )('6 (<1 +3)1)) (1.3)
X3D = X6E  XDac (1.4)

where < is the wavevector of incoming light, ! is an integer denoting dipole order (! =

representing the dipole contribution, ! = the quadrupole, and so on) and <, and 3, are the
following expressions composed of Riccati-Bessel functions u,,| | (variations of spherical
Bessel functions, u»(* )=  »(*Yand | »(* )= ‘3 2(*)):

>u (> udt) U Hui ()

>u (> )Y uee )

(> () > u0Gt ui()

S w eI >0l

where > = % the ratio of the complex refractive index of the conductor to the real refractive

index of the medium, and * = <. G the product of the wavenumber in the medium and the



particle radius.

Cross sections (1.2)-(1.4) can be simpli ed in the case of very small (compared to the
excitation wavelength) particles where . This represents a regime where the
nanoparticle volume + experiences a nearly homogeneous electric eld distribution that
varies with time (at the frequency of the incoming oscillating eld). In this case, the
Riccati-Bessel functions can be truncated to terms *  and below, which is physically
interpreted as the ! = dipole term is dominant in the homogeneous eld[12]. The simpli ed
expression for the cross sections are:

u,  (g)+ . (a)

Xee () = (1.5)
°F a G @+ =(@) +( (@)

u. (@+ ( (@ .>@) +( (a)

Xpac(q) = (1.6)
q (H (q) + |n > (q)) + (n (q))
X3D = X6E  XD4< .7
where > (q) = ?_ (q) is the dielectric function of the medium, ,(q) =, + G =7 isthe

complex dielectric function of the conductor, and | , the geometric factor that describes
particle shape, is = for a sphere. Though only strictly valid for extremely small
nanoparticles (C nm), the simpli ed equations are still relevant to much larger
nanoparticles, as the dipole term remains a major contribution.

Closer inspection of equations 1.6 - 1.7 leads to the following observation. As with
PSPRs, it is the interplay of the dielectric functions of the metal and surrounding dielectric
that de nes the plasmonic properties[13]. Resonance occurs where Xgg is maximized, which
is the wavelength where the denominator is minimized. In general, this occurs in metals in the
visible-infrared range, where ,, is negative, and ,, is small[14, 15]. Within this range, , is
the larger term, so the surface plasmon resonance is where , (q) = |, > (q). Thus the
SPR wavelength is also heavily dependent on the geometry of the nanoparticle, as
determined by | [16], and to lesser extent on the medium > . Different plasmonic structures
(different metals and sizes) will result in different SPR wavelengths. The type (scattering or

absorption) and strength (the effective cross section) of the interaction between light and the



particle can be tuned simply since the total extinction cross section xgg scales with particle
volume, and the scattering cross section X p4. scales with volume squared. Through the
combination of these factors, it is possible to tune the SPR wavelength and cross section over
a wide range by choice of geometry (| ), medium and material (,> and ,), and total
size/volume (+). Figure 1.1 is an example of the range of SPR wavelengths covered by the

various plasmonic particles synthesized over the course of this work.

Figure 1.1: Extinction cross sections of plasmonic nanoparticle particles are tunable over a
wide range by varying the nanopatrticle shape (small sphere, big sphere, capsule, or rod), the
nanoparticle material (silver or gold), or the surrounding medium (water or organic solvent).
Each nanoparticle con guration (cartoon) is associated with a distinct SPR wavelength.

1.2 Photothermal Heating

Photothermal heating describes any process in which light is used to excite a material and
the de-excitation (due to the inability to emit any or all of the resultant energy as a new
photon) produces heat in that material. Photothermal heating can be localized (targeted) by
con ning the incoming light to a small region of interest (such as in laser tattoo removal or
laser sintering), or by tuning the wavelength of incoming light such that the region of interest
is preferentially excited by the light (laser hair removal, where the wavelength of light cannot

penetrate the skin). Photothermal heating has several advantages over direct transfer of heat



(placing an object near something hot), a key factor being that since energy is transmitted as
light, there is no need for the path between the source and material to be heated. Not only is
direct contact with the heat source unnecessary, heat can be generated internal to the target
body without warming or damaging the surface to access the interior. Heat generation can
begin and end within the material as fast as the light source can be modulated, with
practically no thermal mass to delay the application of heat.

Materials that have limited interaction with visible light can be endowed with enhanced
photosensitivity to enable photothermal heating by the addition of strongly absorbing species,
such as chemical modi cation (e.g. UV-sensitized epoxy resins), dyes (e.g. rhodamine-6g),
or pigments (e.g. carbon black). As discussed below, plasmonic metal nanoparticles present
a particularly attractive option as they can ef ciently absorb light throughout the visible and
near infrared wavelength range and have a very low luminescence quantum yield (in the
range of for gold nanoparticles, for instance[17]) meaning that excited nanoparticles are
unlikely to release the absorbed light energy as a photon. As a result, the surface plasmon
resonance decays to localized heat. The surface plasmon maximum and extinction cross
section are tunable by changing the particle shape, material or surroundings as described in
Section 1.1. Metal particles display excellent photo- and thermal-stability as compared to
dyes. SPR relaxation times are faster than traditional dyes, on the order of 50
picoseconds[18], despite the complex de-excitation pathway of the LSPR in a
nanoparticle[19], increasing the maximum theoretical number of photons that can be
absorbed and converted to heat in a given time.

For the remainder of this section, the physical process of photothermal heating via the
SPR of metal nanoparticles is detailed. The decay of a localized surface plasmon resonance
can be brought about by any of the following events: re-emission of a photon,
electron-electron scattering, electron-phonon scattering, electron-defect scattering, or surface
effect scattering. The rst of these is a radiative decay, with the energy leaving the
nanoparticle, and is included in the scattering cross section (see equation 1.6). The
remainder of these processes are non-radiative, re ected by the absorption cross section,
and despite different particular mechanisms, all lead to photothermal heating of the

nanoparticle and transfer of heat to the surrounding local region[20]. One such process is



shown in Figure 1.2 and can be divided into four overlapping regimes where particular
sub-processes dominate.

The rst step in photothermal heating is brought on by electron-electron scattering, and
resulting in the creation of "hot carrier" electron-hole pairs[21-23]. This electron distribution is
a non- thermal electron distribution with regard to Fermi-Dirac statistics. The time scale for
this step, yiosz , is ~1-100 femtoseconds and is characterized by creation of the hot carriers
containing the plasmon energy, and a non-Fermi temperature distribution.

The metal work function energy is generally greater than the plasmon energy so a hot
carrier, with energy = '~ pag cannot escape across the nanoparticle surface and thus
experiences additional collisions in the interior. As the carrier travels it scatters off other
electrons, imparting some of its' energy to the new carrier, and holes can undergo Auger
transitions (where a core electron-hole is lled by an electron from a higher energy level falling
in, but the released energy difference ejects a valence electron) to similar effect: increasing
the number of carriers, while reducing the average energy per hot carrier. The time scale for
this step, yg s, is ~0.1-1 picoseconds and is characterized by carriers having distributed the
energy into a Fermi-Dirac like distribution at a high effective temperature, ) s.6aec@22, 24].

The population of excited carriers with energy low enough to interact with lattice phonons
grows signi cantly during the previous step, leading to a corresponding increase in
electron-phonon scattering and the hot electron distribution equilibrating with the nanoparticle
lattice. The time scale for this step, ys a, is ~1-100 picoseconds and is characterized by
electrons and phonons sharing energy, ) s.64aec@¥ ) ««eec48nd the nanoparticle reaching
equilibrium[25].

During the nal step heat moves from the metal lattice to the outside environment via
phonon-phonon scattering through the surface of the nanoparticle. The speed of this process
is dependent on the size of the particle, as well as the thermal properties of the environment.
The time scale for this step, ya a, is ~0.5 - 10 nanoseconds and it is characterized the
nanoparticle acting as a point heater in the environment, which results in a temperature

prole, ) (Q= f:’: = Where &5 is the heat deposited into the nanoparticle and <> is the

thermal conductivity of the surrounding medium([26].

Through this process, the energy ( = '~ pag 2.33 eV in the case of 532 nm light) of a



photon of several hundred nanometers in wavelength is absorbed and converted into heat (up
to 0.03 K temperature rise per photon in 20 nm gold nanospheres) within a nanopatrticle
structure only tens of nanometers, far below the diffraction limited spot size of the incoming
light. Moreover since all heat must ow out of the particle, this creates both a large thermal
gradient as well as a hot spot at the surface of each nanoparticle far in excess of the bulk
temperature which can be used for various things (Photothermal cancer therapy[27], polymer
processing [28], chemistry[1], and water puri cation[29]). In the work described in this
dissertation, photothermal heating is used at low concentrations and with moderate laser ux
(1-5 3 =G ) as a means of driving chemical reactions that are not necessarily local to the
heater. In this case, the photothermal heaters represent a different modality of raising the
average temperature of a polymer system, for the majority of the polymer system being
heated, though there still exists localized areas of much higher temperature near the
photothermal particles. We investigate the effects of the local heating and heterogeneous
temperature distribution as compared to more conventional heating methods on the end

products, such as localized degradation or mechanical changes.



(a) Plasmon Excitation (b) Hot Carrier Creation

(c) Carrier Thermalization (d) Lattice Thermalization

(e) Heat Flow

Figure 1.2: Surface plasmon resonance de-excitation pathway into localized heating in 20 nm
gold nanospheres. Horizontal distance is to scale.



1.3 Perylene Fluorescence Thermometry

Molecular uorescence thermometry is a group of techniques where changes to a molecule's
uorescence (or emission) spectrum is measured to determine the local temperature around
the molecule[30]. Molecular thermometry allows for "non-contact” temperature
measurements since physical contact is not required between the uorescing sample and the
outside world, though an input light path to excite the uorophore molecules and an emission
path for the uorescence to reach detectors must be present. Molecular uorescence
detection generally does not require large excitation intensities nor uorophore concentration,
in contrast to other non-contact techniques such as Raman spectroscopy[31, 32],
upconverting nanopatrticle emission[33, 34], and liquid crystal coatings[35, 36]. In fact, weak
light accessing a dilute collection of molecules is generally the preferred operating condition
for uorescence thermometry. These properties make it particularly well-suited to
applications in systems with small total heat capacities where other methods might disturb
the system under test and have in recent years led to the rise of the use of molecular
uorescence thermometry in the elds of cellular sensing biology, micro uidics, and
micrometric mechanical devices[37—-40].

The temperature dependent changes to the uorescence spectrum used for
thermometry arise from the complex interplay of the structure of the uorophore with the
surrounding environment[41-46]. The simplest example is ascribed to the increased number
and likelihood of non-radiative de-excitation pathways as temperature increases. When a
uorophore is excited to the rst singlet excited state, ( , it decays to a vibrational level of the
ground state, ( (¢ = ? ), through both radiative and non-radiative processes. The
likelihood of decay via a non-radiative transition is given by the rate constant <,¢ that has a
Arrhenius-equation based dependence on the temperature, <oc 6 ™ <) [38], where m is
the energy gap between the lowest level of the excited state and the overlap point to a
possible non-radiative decay state. Thus the total uorescence intensity varies in a simple
way with temperature, and can be used as a measure of temperature.

The total uorescence intensity varies simply with temperature, but also varies with many

other factors such as uorophore concentration, excitation intensity, and photobleaching,
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which limits its usefulness without careful measurement and consideration of the confounding
factors[38]. One method to compensate for this is to introduce a second uorescent species
which acts as a reference signal, which is excited by the same input signal, but emits a
spectrally distinct signal. The ratio is taken of the temperature dependent uorescence to the
reference signal, resulting in a uorescence intensity ratio (FIR). Since the reference varies in
the same manner as the sensor with respect to the confounding factors, the ratio stays
constant at a given temperature and is robust to small variation in excitation intensity and
concentration. The reference uorescence species is not required to have no temperature
dependence, only to not have the same dependence as the original uorophore. For
instance, a reference uorophore with an inverse temperature dependence to the original
uorophore results in a ratio that varies even more strongly with changing temperature than
one uorophore alone[37]. This desirable trait allows the determination of smaller differences
in temperature and its measure, called sensitivity, is often reported along with dynamic range,
the maximum and minimum temperature where the uorophores are usable, as the relevant
idealized metrics of a FIR system. In practice, ratiometric temperature measures are still
concentration sensitive, but they are sensitive to the relative concentration of the uorophores
rather than the absolute concentration. This sensitivity can be removed by xing the relative
concentration by chemical means, such as bonding both uorophores together with a linking
molecule[47], or physical means, such as encapsulating in micelles[48].

Perylene is a polycyclic aromatic hydrocarbon dye utilized in the work summarized in this
thesis, which can act as its own reference, eliminating the need for multiple species. The use
of perylene as a temperature sensor is largely phenomenological [49, 50] although our group
has worked on understanding the underlying mechanisms. The uorescence of perylene
presents multiple peaks related to distinct vibrational modes within the molecule[45] and
different wavelengths have differing dependence on temperature [43, 51]. In short, the shape
of the emission pro le (the width and relative prominence of various peaks) changes with
temperature. An FIR is formed by taking the intensity at one wavelength within the perylene
spectra divided by the intensity at a second wavelength. Thus perylene (or related
perylene-derivatives such as BASF Lumogen® F dyes) provide the capability of using a

ratiometric measure, with its associated bene ts, without the added complication of xing and
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calibrating multiple uorophores, which can be quite dif cult, particularly within a
chemically-reactive environment (as is the case for some portions of the research
summarized here). Thermometry with perylene can be successfully accomplished utilizing
several different wavelength ratios to form the FIR: the choice of wavelength ratio for a given
system is based on a calibration analysis, which is addressed in more detail in Section A.3.

On a practical level, perylene uorescence as used in this work (embedded in polymer
systems) displays temperature accuracy on par with a traditional K-type thermocouple (2 C)
while having a spatial resolution limited only by the size of the excitation laser beam, on the
order of hundreds of microns in this work. Other experimental setups can reduce this

signi cantly (e.g. confocal microscopy).

(b)
@)

Figure 1.3: a) Absorption spectrum of Lumogen Orange F 240 in LDPE. Emission spectra
at increasing temperatures exhibit distinct changes that are utilized for temperature measure-
ment. Dashed lines indicate wavelengths used in (b) to form ratio. b) Intensity ratio of Lumogen
uorescence at varying specimen temperatures, with linear t.

1.4 Polyethylene Degradation

The degradation of a polyethylene polymer chain (/\/ ) follows a similar route as that of

many other polymers, called autoxidation, the reaction of the polymer with nearby + . (Note:
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in this section, line drawings are utilized where each bend in the line represents a carbon
group and single lines connecting carbons represent sigma bonds with the assumption that
each carbon in a sigma bond is also bound to two hydrogen atoms, which are not shown. The
-mer repeat unit of each polymer is shown in parentheses with a subscript, indicating that the
polymer consists of many (e.g., ? or > ) such units. A dot represents an unpaired electron, a
radical compound.) Autoxidation in polyethylene is a process that can sustain itself once it
has started and results in the polymer chain breaking into multiple smaller pieces. It can be
split into three stages: initiation, propagation, and termination.

Idealized polyethylene consist of only C-C sigma bonds, fully saturated with hydrogen
atoms. Autoxidation in polyethylene must begin at a defect (a non-saturated or double (u)
bond)[52]. The initiation site absorbs enough energy from some source, be it photon
absorption, local temperature, or a nearby reaction/solvent/etc. that the bond is broken
between one of the nearby backbone carbon atoms and a hydrogen. This split transforms the
stable almost-completely-saturated carbon chain to a more-reactive and unstable "polymer
free radical" (\/\/\/\/ ) as well as a hydrogen radical ($ +), hydrogen with an
unpaired electron. There is the signi cant possibility that the polymer free radical and
hydrogen radical, which are in very close proximity, react with each other to re-form a stable
saturated carbon, ending the process (until another de-stabilizing event occurs). However, it
is also possible that the radicals separate from each other enabling them to react with other
species and begin the autoxidation reaction.

The primary way the reaction can proceed to the propagation stage is if the initiation
products encounter + before recombining. In this case, the polymer free radical (
\/\/\/\/ ) reacts with the + molecule to form a peroxy radical (\/\/\/\/
). The newly formed peroxy radical takes a hydrogen atom from elsewhere to form a strong
+$ bond via hydrogen abstraction. The hydrogen atom will most likely be taken from another
part of the backbone (again likely requiring a nearby defect), forming another radical there. In
this way, the rst polymer free radical transforms into a peroxy radical, which becomes a

. < . <

hydroperoxide ("7, ) at the original site, but a new polymer free radical has

appeared elsewhere on the polymer chain. The new polymer free radical can then repeat this

process and propagate the incorporation of hydroperoxides into the backbone. The
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Scheme 1.1: h-scission

hydroperoxide will decompose via scission of the weak oxygen-oxygen bond, resulting in two
new radicals: a "macro-alkoxy radical" (\/WV ) and a hydroxyl radical (++$ ).
The macro-alkoxy radical is the key intermediate in the continued degradation process, but
both radicals form various measurable oxidation products depending on the condition of
degradation.

Beyond incorporation of oxygen into the PE backbone, the macro-alkoxy radical is a
species that can react in a way that breaks the polymer backbone, in particular via a
h-scission reaction. In h-scission (Scheme 1.1), the carbon-carbon bond breaks between the
carbon atom once removed from the alkoxy radical group (the g -carbon) and that atom's
further removed neighbor carbon (the h-carbon). The alkoxy radical forms a double bond
from the single bond it had before, and that carbon atom's hydrogen is transferred to the
g-carbon, and a new radical appears on the former h-carbon, (\/\/ﬂ\ + ., /\/ ), now
part of a completely separate molecule.

A propagating autoxidation reaction will terminate if the reaction results in fewer free

radicals than prior to the reaction. A common way in which this occurs is the reaction of two
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radicals with each other to produce a stable bond. There are a multitude of possible reactions
but two are particularly noteworthy. The rst is the case where a bond breaks, such as a
hydroperoxide decomposing into a macro-alkoxy radical and hydroxyl radical, and the two
radicals simply react with each other to form the same bond again due to their reactivity and
proximity. This effect is enhanced as polar molecule mobility is decreased, such as in
solvent-less (solid phase) polyethylene, which is the case we will discuss in Section 1.5. The
other notable reaction is that of two polymer free rafjical§ on sgpara{mte polymer chains
reacting to form a cross-link between the chains (m ). Though rare in
autoxidation reactions, this can strengthen the polymer rAather then \E;veaken it. In general, the
radical reaction process produces an array of smaller inert products and chain fragments the
makeup of which depends on the degradation conditions as well as the defect density and
type in the original polymer.

Degradation in polymeric materials is generally considered a parasitic effect and several
decades of industrial research have focused on prevention of these chemical reactions to
improve polymer mechanical properties and lengthen the usable lifetime of plastic objects.
Research on the autooxidation process has identi ed two prominent methods by which the
required energy to initiate polyethylene degradation is absorbed by the material: interaction
with a (generally uv) photon of suf cient energy to break the initial bond (photo-oxidation) or
by raising the average temperature such that random thermal uctuations break the bond
probabilistically (thermo-oxidation). In both of these cases, the absorbed energy transitions
the electrons from the bonding (lower energy and stable) state to the anti-bonding (higher
energy with no bond) state. When in the higher energy anti-bonding state, the system can
decay into two separate products or back into the bonding state. The energy source type has
little effect on the main autoxidation process of hydroperoxide formation, but can greatly affect
the various oxidation end-products and their relative concentrations. In photo-induced
degradation, the presence of UV photons adds new reaction pathways such as the Norrish
processes to further break down ketones (. ™) and aldehydes (. “>""+) into products
with less likelihood to absorb UV photons, such as vinyl groups (- ~~~ ), as well as
lactones and esters (. =~ o"~>. and . “™. --°). Thermo-oxidation has no such selection

against UV absorbing groups, including the strongly UV absorbing g-h unsaturated ketones (
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IS ). Without the Norrish processes thermo-oxidation also produces almost no
lactones or vinyls. The concentration of many of these species can be measured to monitor

the extent of degradation.

1.5 Cobalt-Catalyzed Degradation

The degradation of polyethylene depends heavily on the production, transfer, and
consumption of free radicals. The key chemical intermediaries that form radicals are
decomposing alkyl hydroperoxides (. ++$, where R is any hydrocarbon). The addition of
cobalt ions can enhance this decomposition reaction through homolytic catalysis[53]. In a
homolytic process, the reactions involve a change-of-one to the oxidation state of the metal
ion, and free radicals are the intermediates. Thus the cobalt ion is able to give and take single
electrons to facilitate the formation of radicals. The principal redox (reduction (receiving
electrons) and oxidation (giving electrons)) reactions of metal ions with alkyl hydroperoxides
are:

reduction: . ++$ + )R+ —— 4.4 Y RE P 4 g4

oxidation: . ++$ + )R ) —— 4.4 ) (RF 4 g7

Where superscript and + represent a gained or lost electron, and * is the number of
electrons gained or lost. Dots represent unpaired valence electrons. If the reduction and
oxidation reactions both occur at similar rates, alkyl hydroperoxides are decomposed into
alkoxy and alkyl peroxy radicals, and the metal ion is continually returned to its original
oxidation state. This enables it to act as a catalyst rather than being consumed in the
reaction. In contrast, depending on the speci ¢ metal ion and solvent, one of the reactions
can dominate. In this case, the metal ion acts as an initiator rather than as catalyst, as once

the oxidation state has been reduced (or raised) there is no effective reverse process to
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renew the catalyst population. This imbalance can be characterized by the redox potential,

and is known for many metals in aqueous solution, but not generally for solids.

[1*/1 %]

L ++S e+ e+ S+

This indicates that Co cycles fromthe | * stateto | * state while decomposing two
alkyl hydroperoxides into two different radicals with water as a side product. Note that the
alkyoxy radical (\/\/'\/\/ ) is speci cally featured in the oxidative degradation path
summarized in section 1.4. Slight imbalances in the oxidation and reduction reaction rate can
exist for Co compounds, depending on solvent or lack thereof (i.e., in solid state as in the
work described in this dissertation). Which state is in excess can be monitored by the
oxidation dependent color of the cobalt ions, which is a useful trait of Co. We observe that our
samples are initially pink and retain a pinkish hue even after degradation, indicating that both
redox reactions occur and that Co acts as a catalyst.

Side reactions can also affect the ef cacy of metal ion catalysts. Alkyl peroxy radicals are
strong oxidizers formed in the catalytic reaction, but they can oxidize and bond to the reduced
cobalt ions shortly after formation. In doing so, the polymer bonded cobalt effectively halts the
free radical propagation that drives the greater degradation process. This leads to a counter
intuitive result that at high concentration the cobalt acts as a degradation inhibitor rather than
a catalyst. This effect is more pronounced in non-polar solvents and media due to the metal
ions' preference for polar regions, such as those where free radicals exist. However, there is
no evidence the concentration used in this work was suf cient to suffer this effect. Beyond the
immediate hydroperoxide decomposition products, oxidation end-products can affect the
catalytic action. For instance, aldehydes might slow the catalytic process by competing with
alkyl hydroperoxides for | * ions. These effects tend to be minor since side products are
rarely present in large amounts.

Incorporation of cobalt ions into non-polar media such as polyethylene is usually
accomplished by adding cobalt in the form of hydrocarbon soluble salt such as stearates (as

depicted at top of section), naphthenates, octonoates, and acetylacetonates. Beyond the
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extent of initial incorporation of the cobalt salt into the medium, the choice of ligand appears
to have little effect on the resulting reaction, and the ligand is thought to be among the rst

molecules to be destroyed in the oxidative degradation process.

1.6 Epoxy Crosslinking Reaction

Commercial "two-part epoxy" materials are actually a wide range of substances containing
varying solvents, chain length, and chemical makeup, but generally share two properties. A
resin or "epoxy" component consisting of molecules that contain two or more epoxide group,
and the "hardener” component, designed to react with those epoxide groups and join them
together in a process known as cross-linking. A common epoxy-resin is diglycidyl ether of
bisphenol-A (DGEBA) which consists of a Bisphenol A (BPA) molecule with an epoxide group
attached at each terminal oxygen by a carbon linker. This is the epoxy material utilized in the

work summarized in this dissertation, particularly section 2.

+ +

PARN AN

The BPA does not participate meaningfully in the cross-linking reaction and thus the

molecule can be generalized to
+ +

ZARNGPARN

where ' represents the non-reactive BPA group.
A common hardener is polyoxypropylene diamine which is a short chain polymer with an

amine group (. * $ ) on each end.
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Scheme 1.2: Epoxide-Amine reaction

J\i \)\é
+ .
$ * ?*$ simpliedas $ *~ *$

Each amine group can react with an epoxide ring to permanently join the hardener and
resin molecules in an (# type reaction (a reaction involving the simultaneous breaking of
one bond and forming another, without intermediate state). An amine nitrogen attacks the
terminal carbon of the epoxide, simultaneously breaking the bond between terminal carbon
and oxygen in the epoxide ring and forming a new bond between the terminal carbon and the
amine nitrogen of the hardener. Finally a hydrogen ion is transferred from the nitrogen to the
oxygen.

This reaction repeats on either end of the new molecule, alternately adding hardener and
resin to form long polymer chains. The hardener's amine groups can react with two epoxide
rings each, since the primary amine (* $ ) becomes a secondary amine (* $) after reacting
once, which can react again. Through these extra reactions, polymer chains can not only
grow longer, but also ef ciently branch and bond to each other, linking the chains together
with chemical bonds like a shing net, rather than being separate chains held together by
inter molecular forces. The resulting mass can be described as a network of small chains all

covalently bound into a single macromolecule. Epoxy networks, once fully crosslinked, cannot
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be dissolved or melted to be reshaped. Crosslinked polymers, as well, generally display
better thermal and mechanical properties as the number of crosslinks increase. These
properties are advantageous for the work done in this thesis at steady state, where the higher

stability reduces confounding effects.
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Chapter 2

In-situ Curing of Liquid Epoxy via
Gold-Nanoparticle Mediated

Photothermal Heating

Foreword

This chapter is a published article (January 3, 2017) in the journal Nanotechnology describing
the use of plasmonic nanoparticles to cure epoxy using light. It was the result of a
collaboration between our group and Dr. Gorga and his student Ju Dong. Ju Dong and |
contributed equally to this work. My contribution was to synthesize gold nanoparticles, as well
as adapting the method of incorporating the nanoparticles for epoxy system 2. | developed
the laser rastering system which allowed us to move a small focused light spot across the
larger sample, conducted all laser curing experiments, including temperature monitoring, and
conducted some mechanical testing. This work rst demonstrates our ability to use
photothermal heating to drive thermal reactions selectively on a millimeter scale, without any
loss of mechanical properties. The ability to simultaneously map the temperature within the
indirectly heated parts of the epoxy and the relation to the size of the cured shape motivated
our use of this method for measuring thermal transport in Chs. 3 and 4 to ne tune the factors

that determine the nal cured epoxy size.
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2.1 Abstract

Metal nanoparticles incorporated at low concentration into epoxy systems enable in situ
curing via photothermal heating. In the process of nanoparticle-mediated photothermal
heating, light interacts speci cally with particles embedded within a liquid or solid material
and this energy is transformed into heat, resulting in signi cant temperature increase local to
each particle with minimal warming of surroundings. The ability to use such internal heating
to transform the mechanical properties of a material (e.g., from liquid to rigid solid) without
application of damaging heat to the surrounding environment represents a powerful tool for a
variety of scienti ¢ applications, particularly within the biomedical sector. Uniform particle
dispersion is achieved by placing the nanoparticles within solvent miscible with the desired
epoxy resin, demonstrating a strategy utilizable for a wide range of materials without requiring
chemical modi cation of the particles or epoxy. Mechanical and thermal properties (storage
modulus, Tg, and degradation behavior) of the cured epoxy are equivalent to those obtained
under traditional heating methods. Selective curing of a shape is demonstrated within a liquid
bath of epoxy, where the solid form is generated by rastering a spatially-con ned,
photothermal-driving light beam. The non-irradiated regions are largely unaffected and the
solid part is easily removed from the remaining liquid. Temperature pro les showing minimal

heating outside the irradiated zone are presented and discussed.

2.2 Introduction

The ability to transform the mechanical properties of a material in situ would be a powerful
tool for biomedical applications. For example, one can envision a soft, exible object that can

be compressed (e.qg., folded or rolled) and inserted within the body requiring a minimal
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incision size before subsequently being expanded and rigidi ed to serve a functional purpose.
Not only is a mechanically soft material capable of forming a compact con guration, such a
exible object is less likely to damage surrounding tissue when being implanted and
positioned. For instance, a soft polymer ber or nano brous web lled with liquid epoxy resin
could be placed within a bone break without damage to the surrounding, intact tissue, and
then cross-linked in situ to provide a rigid tissue scaffold with suitable rigidity and stiffness to
stimulate bone growth. The nal mechanical properties of tissue scaffolds are particularly
important because local stem cells that migrate to a wound within any tissue are in uenced
by a variety of environmental factors (including stiffness) that determine the differentiation
pathway along which the stem cells progress (i.e., local environment determines the type of
tissue (e.g., bone, connective, fat) that ultimately results from the stem cells) [1-5]. Materials
with dramatically controllable moduli could contribute to a new "healing from within" paradigm
in biomedical applications where indigenous proteins or stem cells within the body are
recruited to migrate to a material device by suitable choice of materials. This transformative
approach within medicine (e.g., already in use for arti cial joints [6]) results in healing and
repair passively-stimulated by material design.

Thermosets (such as epoxy) are polymeric materials which undergo dramatic changes in
mechanical properties (occurring generally by transforming from an unconstrained liquid to a
rigid, tough solid) when heated, which drives a cross-linking reaction between the resin
chains. Thermosets cross-link at temperatures in the 50 to 100 C range - levels which would
cause signi cant damage to surrounding biological tissues if curing took place within a living
being via conventional means. However, if heat could be selectively generated only in the
interior of the thermoset material, then the temperatures on the object's surface would remain
signi cantly lower. In the selective process of plasmon-mediated photothermal heating, light
interacts speci cally with embedded nanoparticles and is transformed into heat locally,
resulting in signi cant temperature increase near each nanoparticle with minimal warming of
the surroundings [7—14]. Previous work has shown that even objects in physical contact with
photothermally-heated material may have a negligible increase in temperature [7]. This
process relies on the localized surface plasmon resonance (SPR) of metal nanopatrticles,

which can be tuned signi cantly by altering particle composition, shape, and size [15-17].
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Thus, the light intensities and wavelengths required for photothermal heating can be adjusted
to ensure minimal effect on the surrounding material: for instance, with anisotropic
nanoparticles the SPR can easily be tuned within the rst so-called near-infrared window
(~650 — 950 nm for biological tissues [18]) where interaction with tissue is minimized [19, 20].
In this report, a proof-of-principle study demonstrates that photothermal heating can be
usefully utilized to cross-link epoxy with minimal heating of the surroundings - a fundamental
capability that would enable the applications discussed above. In order to test the selectivity
of heating and the temperature rise in non-irradiated regions, lines of a thermoset are
cross-linked within an epoxy bath by controllably scanning a collimated laser beam in the
desired pattern within the liquid, then removing unaffected epoxy, leaving the resultant
cross-linked object. This con guration (forming a shape via cross-linking of an uncon ned
liquid precursor) also has implications for three-dimensional printing without need for
lamination, which is an approach likely to produce enhanced mechanical properties in
comparison with the traditional layer-by-layer scheme [21]. Epoxy matrix with hardener (i.e.,
cross-linking agent) can present a corrosive environment for metal, thus strategies to
ef ciently incorporate metallic nanoparticles were developed. The mechanical properties of
thermoset cross-linked via photothermal heating are shown to be identical to those measured
in samples cured by conventional means. Temperature pro les from the irradiated region
outward are discussed. In all cases, a spatially-scanning laser beam is utilized so that in the

future arbitrary shapes can be generated.

2.3 Experimental

2.3.1 Gold Nanoparticle Fabrication

Metal nanoparticles are utilized in a plethora of diverse technical applications, including for
subwavelength con nement in nano-photonic devices [22], to generate enhanced scattering
in biological imaging [23, 24], or as nanoscale electronic components in fundamental charge
transport studies [25-28]. In recent years, their photothermal effect [11, 29] (e.g., the ability to

ef ciently convert optical energy into local heat) has been frequently exploited. Spherical gold
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nanoparticles (AuNP) were synthesized using the Frens method [30]. A near boiling aqueous
solution of tetrachloroauric(lll) acid (Sigma-Aldrich) was reduced with sodium citrate
(Sigma-Aldrich) to form well-dispersed, citrate-stabilized gold nanospheres. Upon cooling,
powdered polyvinylpyrrolidone (PVP) (360 kg/mol, Scienti ¢ Polymer Products, Inc., in an
amount equal to the original mass of tetrachloroauric acid) was added to further stabilize the
nanoparticles, including for solvent exchange. The AuNP were characterized in two ways.
AUNP solution was drop-cast on copper grids for inspection via transmission electron
microscopy (TEM) (JEM 2000FX), which revealed roughly spherical particles with diameter
19 7 nm (n=75). In addition, ultraviolet-visible (UV-Vis) absorption spectroscopy (Cary 50
Scan) showed a SPR peaked at 521 nm, indicating a particle diameter of 18 - 20 nm, and a
peak amplitude yielding an estimated concentration of 1.3 - 1.6 nM [31]. These values are
consistent with TEM results for size and with the expectation for concentration assuming
almost complete conversion of the gold salt to gold within the nanoparticles.

To facilitate solvent exchange, PVP-stabilized agueous AuNP solutions were rst
dehydrated to 1/30th of original volume by placing them in conventional oven at 60 - 65 C for
4 - 5 days. Solvent exchange involved incrementally adding dimethylformamide (DMF)
(Sigma-Aldrich) to the concentrated solution within the oven as additional water evaporated
until the majority of the water had been removed (an additional 2 - 3 days, 60 - 65 C). Final
concentration of the AUNP in DMF as measured from UV-vis observations was 29 nM
indicating minor losses, with a SPR peak shift to 532 nm, as expected due to the change in

dielectric constant of the solvents [32].

2.3.2 Epoxy Systems

Two epoxy systems were utilized in this work. System 1 consisted of epoxy resin polyglycol
di-epoxide (DER 736, Olin Epoxy) and triethylenetetramine curing agent (DEH 24, DOW
Epoxy). System 2 consisted of resin bisphenol-A-diglycidyl ether (20-3302RCL, Epoxies, etc.)
and polyoxypropylenediamine based curing agent (20-3302CCL, Epoxies, etc.). Both
systems exhibit relatively low viscosity and long pot life in uncured form. Epoxy system 2 is

more rigid than system 1 after curing and is optically clear from 400 — 600 nm which aids the

29



perylene uorescence measurement (see Section 2.3.4). System 1 (2) consisted of a 9:1
(5:3) epoxy:hardener ratio by volume and cured at 60 - 65 C (52 - 55 C) for 2 (2) hours,
respectively. Both systems cross-link via the same reaction: brie y, the amine nitrogen atom
attacks the epoxy ring at its terminal carbon; a primary amine can react in this way with two
epoxy groups, such as in epoxy system 2, while a secondary amine can react with only one

epoxy group as in epoxy system 1.

2.3.3 Apparatus

For conventional heating experiments, samples were cured using a commercial hotplate
(VWR 7x7 CER) upon which was placed a 40x70x9 mm copper block having an embedded
type-T thermocouple (Omega Engineering). A customized aluminum cover was placed over
the hotplate to provide isolation from ambient air currents without blocking the optical path
needed for later photothermal curing. Epoxy liquid was poured onto clean glass coverslips
(VWR) on the unheated copper block, which was then raised to the curing temperature as
monitored by a second thermocouple immersed in the liquid, and allowed to cure for the
designated time.

One challenge in utilizing photothermal heating for fabrication of macroscopic objects is
the need to irradiate a large spatial region, which for continuous illumination may require
expensive, high power laser systems to obtain suf cient light intensity across the entire
shape. In the research presented here, an alternative approach of rapidly and controllably
moving a small, focused light spot over a much larger area (Figure 2.1) is employed, which is
referred to as laser "rastering”. In particular, a 532 nm, 4 W continuous-wave diode laser
manipulated with converging lenses formed an approximately collimated, 6 spot diameter
of 1.9 mm. Using a 2-axis mirror galvanometer system (SpacelLas PT-20K) controlled by dual
MCP4725 12-bit digital-to-analog converters (Adafruit Industries), the laser spot was scanned
across a horizontal sample surface mounted on a copper block, where access to the sample
was through a hole in the aluminum cover. The laser beam power was manually adjusted
over the range 0.3 to 0.8 W by rotating the linear polarization direction witha q  waveplate

(Melles Griot) relative to a xed Glan-Thompson polarizer (Thorlabs), then subsequently
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making the beam circularly-polarized with a q  waveplate (Melles Griot).

Figure 2.1: Schematic of laser rastering system. "Galvo" refers to the 2-axis mirror gal-
vanometer system (SpacelLas). "DAC" are the MCP4725 digital-to-analog converter break-
outs, controlled by any microcontroller with 12C output (Raspberry Pi). The sample is a glass
coverslip supporting a thin layer of epoxy liquid. The green (532 nm) laser is de ected by
the mirrors to trace out an arbitrary pattern (yellow L shape in the schematic). The sample is
surrounded by an aluminum cover with an access opening through which the laser passes.

It can be shown by explicitly monitoring the average sample temperature (see Section
2.3.4) in the irradiated and nearby non-irradiated regions for a wide range of laser intensities,
with and without laser rastering, and by iterating the pattern at different scan rates, that if the
laser spot returns to each spatial point on the pattern within a time period which is short
compared to the time required for the heat to transport away from the irradiated area, all
rastering rates result in identical heating outcomes. Under continuous (i.e. non-scanning)
photothermal heating, the important parameter is the laser spot intensity (laser
power/cross-sectional area of the laser beam). When rastering, the time-averaged intensity
(laser power/cross-sectional area of the illuminated pattern) is the controlled and pertinent
guantity. The raster rate refers to the frequency with which the scanning pattern is repeated;
for all raster rates over the same pattern using the same laser power, the time-averaged
intensity is the same. We observe that when irradiating sample regions centimeters in size,

applying raster rates greater than 1 Hz results in essentially equivalent temperature changes
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for polymeric materials (including epoxy) because thermal transport within polymers is a
relatively slow process[33], occurring on the order of minutes. For the experiments described
in this work, triangle waves of 25 and 307 Hz (non integer-multiple frequencies) were used to
drive the galvanometric mirrors that de ected the laser beam and thus traced out a

two-dimensional shape within the thin layer (~2 mm thick) of liquid epoxy (Figure 2.1).

2.3.4 Internal Temperature Measurement

Perylene, a uorescent dye molecule, was incorporated at a low concentration (0.005 weight
percent (wt.%)) in the uncured epoxy to enable an estimate of the average internal
temperature during conventional and photothermal curing. Such an internal molecular
thermometer enables con rmation of bulk temperature measurements (e.g., embedded
thermocouples), which is particularly important for photothermal heating where the
steady-state temperature within the sample is not homogeneous (with the region near each
nanoparticle much warmer than the portions of the sample between nanoparticles) and
internal and surface temperatures differ signi cantly. The thin Ims and liquid baths utilized in
this work were less than 2 mm thick and thus dif cult to monitor with external probes.
Perylene molecules are distributed throughout the sample: thus the vast majority of the dye
molecules are far from a nanoparticle. [8]. The temperature near photothermally-heated
nanoparticles decreases rapidly over the rst 100 - 200 nm, moving radially outward from the
AuNP [8]. For the particle loading utilized in this work, the average AuNP particle-particle
spacing is ~1 Z G, which means the maximum possible, average distance between a
perylene molecule and a particle is 500 nm. 75% of the molecules reside in regions 300 - 500
nm from any particle and only about 5% of the perylene are within 180 nm of a particle, that
is, within the region of signi cant sharp temperature increase. Thus, when monitoring the
temperature increase due to photothermal heating, the perylene measurement most closely
re ects the background temperature far from any nanoparticles. This is an appropriate
comparison to the uniform sample temperature achieved via conventional heating.

When excited by 405 nm light, perylene uoresces in the spectral range 430 to 530 nm

(Figure 2.2) with a characteristic emission shape which is sensitive to the local temperature of
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the surrounding material, as described previously [7-9, 33, 34]. Taking the ratio of the
uorescence amplitude at two different wavelengths (465 nm, which is a local minimum in the
spectrum, over 475 nm, near a peak position) results in a ratio which is quasi-linear in
temperature, and also robust to variation in illumination intensity or potential photo-bleaching.
A violet, continuous-wave diode laser (MaXYZmodules 405 nm, 25 mW) was spatially- ltered
with a 50 ZG pinhole, collimated into ~1 mm diameter beam having ~10 2G power and
ywheel-chopped at 2 kHz. Laser uctuations were separately monitored. The perylene
uorescence was imaged onto a double-grating scanning monochromator (SPEX 1680B) and
the output signal was measured with a side-on photomultiplier tube (PMT) detector
(Hamamatsu 931B). Optical Iters blocked any unintentional scatter from either the violet (435
nm dielectric low-pass interference lter (Omega Optical)) or the green (532 nm, notch lter
(CVD) lasers. The ampli ed PMT output was photon-counted (Stanford Research Systems
SR400) for both the active (with uorescence present, violet laser on) and background
measurements (with the violet laser blocked).

The "peak-to-trough" uorescence ratio is approximately linear with temperature having a
slope and offset that depend on the modes of the local environment, which in this case, may
change signi cantly during the curing process. Thus, actively monitoring the ratio during a
curing process may convolve changes due to the increasingly stiff environment (switching
between different ratio versus temperature "lines") with changes due to temperature (moving
along a single line). To obtain consistent results, measurements on fully-cured Ims were
utilized to establish the laser intensity required to match the average temperature during
photothermal heating with that in conventional heating experiments. In particular, a calibration
curve (converting perylene uorescence ratio to temperature) was established by
conventional heating a fully-cured epoxy+AuNP Im over the temperature range of 20 C to
90 C. The ratio was then monitored as fully-cured Ims were photothermally heated in order
to determine the requisite laser intensity to achieve an average temperature of 60 - 65 C (52
- 55 C) within epoxy+AuNP 1(2), respectively. These irradiation conditions were
subsequently applied to uncured epoxy+AuNP liquid samples to cause cross-linking.
Temperature values within the thermoset during curing were estimated by monitoring the

perylene ratio and converting to estimated temperature by using the offset value at room
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temperature after curing and an estimated slope from the measurements on cured samples.

2.3.5 Sample Characterization

The mechanical properties of cured epoxy and epoxy+AuNP were investigated using dynamic
mechanical analysis (DMA) (Thermal Analysis Q800) in tension Im mode from -60 to 100 C
with a heating rate of 3 C/minute (gauge length 10 - 12 mm). All measurements were carried
out at 1 Hz with amplitude 15 ZG and preload force of 0.01 N. Samples were cut from
drop-cast Ims to approximately 6x15x0.8 mm. Decomposition was investigated using
thermogravimetric analysis (TGA) (Perkin Elmer Pyris 1) under a nitrogen atmosphere.
Sample masses of approximately 7 mg were heated from 30 to 600 C at a rate of 20 C/min.
Extinction spectra of the AuNP, perylene, and epoxy were obtained from UV-vis spectrometry
from 300 to 1100 nm wavelength with an integration time of 0.0125s, using liquid samples in
polycarbonate cuvettes having 1 cm path length and solid samples (epoxy+AuNP Ims)

mounted in a homemade holder.

2.4 Results and Discussion

2.4.1 Incorporation of AUNP into Epoxy Systems

One outcome of this work was to identify facile pathways to incorporate metallic
nanoparticles, or other nanoscopic objects that could be utilized for heating-from-within, into
reactive materials. A challenge in this regard is degradation of particle quality or particle
aggregation due to interaction with reactive species, such as curing or cross-linking agents.
Additionally, nanoparticles (particularly, gold particles) are commonly fabricated in aqueous
solution, which is incompatible with many polymeric systems including most thermosets. As
described in the experimental sections, AUNP solutions were concentrated and placed into a
solution of DMF. Spectroscopy measurements indicated no signi cant aggregation,
destabilization, or change in particle size due to the concentrating process (Figure 2.2). DMF
is miscible with the both epoxy matrices and thus provides a mechanism for particle

incorporation.
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Figure 2.2: UV-vis absorption spectroscopy of the as-prepared aqueous AuNP solution
(closed squares) reveals the distinctive SPR at ~520 nm. The ~30x concentrated AuNP so-
lution in DMF (re-diluted in DMF to ~1x, open circles) shows an SPR shift to ~530 nm due
to refractive index change of the solvent and no signi cant peak widening, indicating that the
particles are still dispersed and intact. The same SPR position and breadth is present for
the cured epoxy+AuNP 1 (closed triangles) and 2 (open triangle) Ims (which also contain
perylene, features at 400 - 450 nm).

For epoxy 1, optimal particle dispersion was obtained (Figure 2.2) from a multi-step
approach. First, epoxy resin and curing agent were combined and reacted slowly for 8 - 10
hours at room temperature. This initial step minimized the attack of AUNP by the cross-linking
agent. Then, this viscous liquid was combined with the nanoparticle/perylene/DMF solution.
Immediately after initial mixing (i.e., before any evaporation of DMF), the liquid had an
approximate composition by weight of ~80% epoxy, ~20% DMF, 0.01% AuNP, and 0.005%
perylene, which will subsequently be referred to as epoxy+AuNP liquid 1. The viscosity of
resultant liquid is appropriate for electrospinning in a core-sheath con guration with a liquid
epoxy core. In general, this liquid (in a bath or within nano bers) was then cross-linked by
exposure to elevated temperature (e.g., 65 C for 2 hours). A similar, but single stage,

approach was utilized for epoxy 2. Epoxy resin 2 was combined with cross-linking agent and
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then immediately mixed with the AuNP/perylene/DMF solution resulting in epoxy+AuNP liquid
2 having an approximate composition by weight of ~90% epoxy, ~10% DMF, 0.01% AuNP,
and 0.005% perylene.

This scheme has multiple advantages. Solvent exchange enables particles fabricated in
aqueous environment to be incorporated within organic solvent systems. This approach is
straightforward due to the relatively high stability of the PVP-coated AuNP. The solution is
concentrated by heating the solution in a narrow-necked vessel at moderate temperature
(e.g., 60 - 65 C for 2 - 3 days in a conventional oven) before another solvent with a higher
boiling point (Typ) is introduced. The higher boiling point solvent (for DMF, Ty, = 153 C) has
a lower vapor pressure than water, which continues to slowly vaporize at the moderate
temperature over an additional 2 - 3 days. DMF is a polar aprotic solvent which ensures
solubility and miscibility with a wide range of materials, including most epoxies. Thus, this
method provides an alternative approach for high dispersion of gold nanoparticles within an
epoxy matrix without requiring functionalization of the nanoparticle shell (i.e., the ligand
matrix that commonly surrounds each particle) [35].

The AuNP/DMF solution was cooled in ambient to room temperature and then mixed with
epoxy with cross-linking agent present, resulting in a slightly swollen epoxy matrix (10 - 20%
DMF) with well-dispersed AUNP. The resultant epoxy+AuNP liquid can be cured immediately
with DMF evaporation coincident with cross-linking. The thin Im con guration utilized here
has high surface area to volume which enhances DMF loss. In this approach the
epoxy+AuNP liquid viscosity can be tuned over a wide-range to be suitable for various
processing techniques. For example, if desired (e.g., for a nano ber forming process such as
electrospinning), pre-curing the epoxy before introducing AUNP/DMF increases viscosity
without signi cant cross-linking. Conversely, swelling with DMF reduces the epoxy+AuNP

liquid viscosity which can be controlled via the DMF:epoxy ratio.

2.4.2 Optimal Curing Conditions

In order to determine optimal processing conditions, thin Im samples (~1 mm thick) of

epoxy+AuNP liquid 1 were conventionally cured at 65 C for different time intervals. TGA
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showed no difference in the thermal stability of the network for curing times of 2 hours or
longer (Figure 2.3). For lower cure times, the weight loss below 160 C in the 0- and 1-hour
cured samples can be attributed to residual DMF evaporation. After the 2 hour cure, no
signi cant DMF is present. Epoxy degradation occurs at ~300 C, which shifts from 304 2
C for a O-hour cureto 306 2 C (1 hour),312 2 C(2hour),314 2 C (3 hour), and
314 2 C (4 hour), indicating that samples cured for 2 hours or more are similar. Thus, for
all further experiments, epoxy+AuNP liquid 1 was cured at 65 C for 2 hours. For
epoxy+AuNP liquid 2, samples were cured according to the manufacturer's suggested

protocol of 2 hours at 52 C.

Figure 2.3: TGA scans of epoxy system 1 as a function of curing time at 65 C. Complete
sample curing is achieved after 2 hours. In addition, the residual DMF present in the uncured
and 1 hour cured samples (i.e., the mass loss at ~160 C) is minimized after 2 hour processing
time.
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2.4.3 Comparison Between Photothermal and Conventional curing of Epoxy

Green light at 532 nm is resonant with the SPR of the AuUNP (Figure 2.2) while epoxy has
minimal absorption at this wavelength. Thus, the optical energy from the applied laser beam
will be virtually solely absorbed by the AUNP and then rapidly converted into heat (within
~100 ps [17]). This process causes each gold nanoparticle to serve as a nanometer-sized
heater embedded within the liquid epoxy and enables curing from within. The temperature
within the irradiated regions of the epoxy is inhomogeneous at the mesoscale, with warmer
temperatures near each particle and cooler regions in the material further removed from any
nanoparticles [8]. Nanoparticles are, on average, separated from their nearest neighbor by a
distance of ~1 2G at the loading level employed. As discussed in Section 2.3.4, the internal
temperature measurement utilizing embedded perylene was employed to best match the
overall average sample temperature achieved during heterogeneous photothermal heating

with the mostly homogeneous temperature achieved under conventional treatment.

As a rst experiment, tuned to match optimal conventional curing conditions,
photothermally-heated samples were cured at an average temperature of 65 C for 2 hours or
52 C for 2 hours, for epoxy+AuNP liquid 1 or 2, respectively. In particular, for photothermal
treatment, the 532 nm wavelength laser spot of 1.90 mm diameter with a spot intensity of 23
3 =G was scanned over a rectangular area of 6x22 mm, which resulted in a time-averaged
intensity of 0.48 3 =G . The laser beam traced out a two-dimensional shape within a thin
Im (~1.5 mm thick) bath of epoxy (Figure 2.1), the sample was removed from the
surrounding uncross-linked liquid material, and subjected to mechanical testing.
Characteristic estimated temperature versus time curves for photothermal and conventional
treatment of epoxy+AuUNP liquid 1 (Figure 2.4) indicate that the intentional match of the
temperature versus time and the resultant epoxy curing processes are nearly identical.

This enables a fair comparison between the photothermally and conventionally cured

Figure 2.4 footnote: The arti cially low temperature values at short times are a result of using the calibration
curve for a cured sample to convert observed ratio to temperature. This is appropriate at the end of curing however
the system is softer at the beginning of the cross-linking process, resulting in a different conversion between tem-
perature and observed ratio (a larger change in ratio with temperature). Thus temperature changes are arti cially
enhanced for times less than 1 hour. An uncured sample cannot be calibrated because it would cure during the
calibration process. (See Section 2.3.4)
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Figure 2.4: Estimated temperature versus time for conventional (lled triangles) and pho-
tothermal (open circles) curing of epoxy+AuNP liquid 1, demonstrating the ability to match the
temperature pro le and curing process. Heating is applied during the shaded region time in-
terval. The sharp slope at short times results from a true temperature increase whereas the
slower growth over longer times reveals changes in the mechanical properties due to curing.
(See footnote.) As shown, photothermal heating under these conditions (1.9 mm diameter,
26 3 =G 532 nm laser rastered at 25 Hz) provides as rapid an increase in temperature as
conventional heating and thus curing could in principle occur at short time scales with high ef-
ciency. Here a two hour cure time is utilized to match the conventional results. Epoxy without
AuNPs displayed no evidence of curing (open triangles).

samples. Note that in the absence of nanoparticles neither evidence of curing nor any
temperature increase (Figure 2.4) was observed when epoxy 1 liquid (with DMF and perylene
but no AUNP) was exposed to identical irradiation, Figure 2.5 shows representative
mechanical properties of the photothermally cured epoxy-nanocomposite 1 in comparison
with a conventionally cured sample. The average maximum storage moduli are 1.5 and 1.9
GPa, respectively, and the estimated glass transition temperature, (Tgy) as indicated by the
peak intanj, occurs at-11 or -13 C. The differences in these values are within
sample-to-sample variation. This observation suggests that photothermal heating produces a

cross-linked network with mechanical properties essentially identical to those generated from
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curing with conventional means. Thus, the ability to cure completely via photothermal heating
from a dilute concentration of nanoparticles is con rmed. Unlike conventional means,
photothermal heating enables in situ curing without signi cant warming of the surroundings,

as discussed in the next section.

Figure 2.5: Comparison of the storage modulus and loss (tanj ) measured by DMA of Im
samples (epoxy+AuNP 1) cured at the same average temperature for the same time via either
photothermal or conventional heating. The similar results indicate that both the mechanical
properties and Ty are indifferent to the method of curing.

2.4.4 Selective Photothermal Curing

A major bene t of photothermal heating is the ability to heat selected regions while leaving
surroundings unaffected, the key characteristic that would enable thermal cross-linking of
materials in situ within delicate environments. In this section, selective curing of a single
region within an epoxy liquid bath, while the surrounding material remains liquid, is
demonstrated. We quantify the temperature pro le from the irradiated region outward; that is,
the inadvertent heating of the immediate surroundings due to transfer from the heated zone.
Figure 2.6 consists of a series of images demonstrating selective curing. First, epoxy+AuNP

liquid 1 is placed on a glass coverslip, resulting in a liquid thin Im bath ~1.5 mm thick. To
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achieve the temperatures established above (see Sections 2.4.3 and 2.4.2) for optimal curing,
a 1.9 mm diameter 532 nm laser beam (with a spot intensity of 263 =G and time-averaged
intensity of 2.0 3 =G ) was rastered along an "L shape" with ~1 cm leg lengths having a
line width de ned by the beam diameter (Figure 2.6a). After 2 hours of laser irradiation, the
cross-linked and liquid material were indistinguishable to the eye (Figure 2.6b). However, by
sweeping forceps through the bath, the solid region could be removed (Figure 2.6c-e). The
remaining uncross-linked material was still liquid and re- lled the void where the cured

sample was removed (Figure 2.6f).

Figure 2.6: A characteristic selective in-situ curing experiment. a) Pattern delineated by the
rastering laser applied to the liquid epoxy. The edge of the epoxy+AuNP liquid-coated coverslip
can be seen as faint pink lines. b) The sample after curing of the selected region is complete.
The cross-linked and liquid material cannot be distinguished by eye. c) — e) The formed shape
is removed from the liquid. f) Uncured liquid ows into the void space where the solid sample
has been removed. The scale bar (same in all images and measured in the plane of the glass
slide) is 1 cm.

The width of the straight regions of the cured part in Figure 2.6 was approximately 5 mm,
indicating that the temperature outside the irradiated region (itself ~2 mm wide) dropped
signi cantly in the 1.5 mm on each side. Beyond this 1.5 mm region, the temperature in the
liquid was suf ciently low that no curing resulted. We note that this proof-of-principle

experiment was not optimized toward producing particular shapes or object features but
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simply used to demonstrate the underlying concept.

Figure 2.7: Temperature pro le within a fully cured sample of epoxy+AuNP 2. The vertical
green lines denote the  ? diameter of the irradiated region. Inset: a cross-section of a line
of epoxy+AuNP 2 cured under these conditions (line length 20 mm, spot intensity 13 3 =G

, time-averaged intensity 1.0 3 =G , laser incident from above). As can be observed from
the image, material was only crosslinked in the immediate vicinity of the laser driven heating.
The scale of the image is matched to that of the temperature pro le upon which the minimum
and maximum observed cured epoxy widths are also indicated. The minimum width of the
cross-linked line (1.6 mm) is similar to the laser width and its maximum (4.4 mm) is similar to
the FWHM of the temperature pro le. As discussed in the text, the observed curing width is
completely consistent with the measured temperature pro le.

In order to further estimate the temperature within the liquid bath during irradiation, the
laser was rastered along a single straight line on a fully-cured sample and the temperature as
a function of distance from the center of the line was measured resulting in a cross-sectional
temperature pro le. Figure 2.7a presents such a temperature pro le from a cured
epoxy+AuNP 2 sample. The maximum observed temperature is 55 C (34 C above
laboratory ambient temperature) and occurs at the center of the irradiated zone. The edge of
the illuminated region is slightly cooler (~50 C). Regions of the sample far from the laser
beam are only warmed by ~5 C, even after photothermal heating for several hours. The

full-width-half-maximum (FWHM) of the temperature peak associated with the actively heated
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region is 3.9 mm, which indicates that the temperature drops dramatically in the 1.0 mm
outside the irradiated region. As shown in Figure 2.7b, when these conditions are applied to
cure epoxy+AuNP 2 liquid, the physical width of the resulting cross-linked epoxy sample
ranges from 1.6 mm at the epoxy glass surface to 4.4 mm at the air epoxy surface where the
laser is incident. All material further than 1.2 mm from the edge of the irradiated zone
remained liquid and was removed after the curing process. These values are quantitatively
consistent with the temperature pro le shown in Figure 2.7a. Independent conventional
curing experiments on epoxy 2 found that gelation occurred between 40 and 45 C for two
hour treatment; that is a sample exposed to 40 C remained uncured with a suf ciently low
viscosity that all liquid could be removed from a glass slide by gravity, while treatment at 45

C resulted in a very weak gel. This indicates that epoxy 2 material exposed to temperature
greater than 40 - 45 C will cure. Examining Figure 2.7a, the range of distance values where
the temperature drops to 40 - 45 C matches very well with the observed cured epoxy
thickness.

Thus the width of a cured epoxy line is well-predicted by temperature pro les such as
Figure 2.6a. The temperature decay with distance from the irradiated region outwards is
dependent upon the magnitude of heat loss in the system, which in this geometry varies with
the thickness of the liquid bath, the presence or absence of forced air circulation at the
surface, and the composition of the substrate. In general, large losses are associated with
steeper temperature pro les and thus, produce samples with narrower lines. For both epoxy
systems tested, heat loss was relatively insensitive to these parameters and thus the
temperature above ambient due to the photothermal heating reliably dropped to one-half of its

maximum value within ~1 mm distance from the intentionally heated zone.

2.5 Conclusion

We have demonstrated a facile method for incorporating metal nanoparticles into epoxy
systems at low concentrations in order to enable in situ curing via photothermal heating.
Strategies are presented to control the viscosity of the epoxy+AuNP liquid, in particular by

pre-curing or slight swelling of the epoxy matrix so that such liquids could be utilized as core
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uids in a variety of brous geometries or pumped via syringe. By utilizing exchange from
water to a solvent miscible with the epoxy matrix, nanoparticles can be uniformly well
dispersed. The mechanical properties of the cured epoxy are identical under either heating
modality, photothermal or conventional. By utilizing rastering, photothermal curing can be
achieved with moderate laser intensities accessible with relatively low power commercial
diode lasers. Photothermal heating enables selective curing of an arbitrary shape within a
liquid bath of epoxy, leaving the remainder unaltered. The temperature pro le across the
sample including the drop in temperature from the irradiated region outward is discussed and
measured. The breadth of the temperature pro le determines the width of the resultant cured
epoxy line when curing from a bath and is also a measure of the warming of material away
from the irradiated zone during photothermal heating in situ. In general, the temperature

drops sharply over a ~1 mm distance.
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Chapter 3

Facile Measurement of Surface Heat
Loss from Polymer Thin Films via

Fluorescence Thermometry

Foreword

This chapter is a published article (December 27, 2017) in the Journal of Polymer Science,
Part B: Polymer Physics describing a method to measure the thermal convective coef cient of
thin polymer Ims by measuring the temperature pro le as the Im is spot heated. It was the
result of a collaboration between our group and Dr. Jeffrey Meth. Fluorescence thermometry
and photothermal heating both allow us to vary the location of thermometry or heating
arbitrarily, which we utilize in this work to map the temperature distribution within a thin Im
that arises as that Im is heterogeneously heated. The measured temperature distribution is
compared to the solution to the steady state heat equation to determine the convection

coef cient at the Im surface directly. This work explored deeper into the underlying relation
which determines the ef cacy of photothermal heating as a selective curing heat source, as

utilized in chapter 2.
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3.1 Abstract

Quantitative determination of heat loss and transport within complex systems having
inhomogeneous temperatures and several different components is important for applications
ranging from electronics to solar cells. An approach and material system to study heat
transport within and heat loss from polymer thin Ims is presented. In a thin Im con guration
with a cylindrical heating source, the theoretical solution for temperature as a function of
radial position can be determined from fundamental principles. Use of embedded uorescent
molecules as temperature probes and manipulation of the relative location of heating and
thermometry light sources allows experimental measurements of temperature versus position
within the plane of the Im. For a large range of practical cases, the exact theoretical solution
can be well-approximated by a single term, which enables a t to experimental data, and
subsequent determination of either the heat loss coef cient at the Im's surface or the

material's effective thermal conductivity.

3.2 Introduction

The heat transfer properties of homogeneous polymer systems are relatively well studied and
understood. However in practice, materials are often formed into polymer composites, blends,
or layered or interleaved systems|[1]. Measuring the ability of such aggregate, complex
materials to conduct or dissipate heat is important for applications varying from electronics to
solar cells[2, 3], and may be especially useful for ef cient testing during development of new
material heat management systems. In this work, a straightforward technique is described by

which the heat loss from a thin Im surface can be ascertained via measurement of the radial

49



(i.e., within the plane of the Im) temperature distribution when spot heated with a laser.
Temperature versus position is determined by uorescence thermometry from molecules
dispersed within the polymer. We discuss how this technique can also be utilized to
determine heat transfer through the material.

Such an approach has several useful and exible attributes. For thin Ims and coatings,
the predominant heat loss occurs through the top and bottom surfaces, however direct
measurement of the thermal gradients perpendicular to thin Im direction is experimentally
challenging[4]. Here, the other dimension is utilized by measuring the temperature
distribution generated by a narrowly-con ned circular heat source as a function of radial
distance within the thin Im plane. The mathematical connection between perpendicular and
radial heat transport can then be utilized to quantitatively determine the heat loss from the
thin Im surfaces.

Fitting the radial temperature pro le determines 9 = < where is the convective heat
transport coef cient characteristic of the heat loss at the surface and < is the thermal
conductivity of the polymer system through which the heat travelled. When the thermal
conductivity < is well known, as in the proof-of-principle work presented here employing a
homogeneous, well-studied polymer, then H can be determined quantitatively. However, the
surface heat loss coef cient is predominantly determined by the surrounding environment
(i.e., the presence or absence of forced convection) and thus, in many cases, will be
independent of material speci cs and only depend on controllable external conditions. As a
result, if the convective heat transport coef cient () is known for a certain set of
experimental conditions, then the effective thermal conductivity (<) of the underlying material
(including composites or layered structures) can be in principle be facilely determined.

The ability to generate a heated region within the material and to measure the resultant
radial temperature distribution is crucial to this approach. This strategy is synergistic with
commercially-relevant heat management problems, where heat is generated in the interior of
a structure and then must move outwards to be removed. In the present work, light is used to
both create heat (via embedded metal hanoparticles) and measure the temperature (from
uorophores dispersed within the polymer). Speci cally, a dilute concentration of gold

nanoparticles is incorporated within the polymer Im. When illuminated with light having a
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wavelength matching the particle's localized surface plasmon resonance[5-7] heat is
generated within the material via a photothermal process[8-16]. This heating scheme is
non-contact, highly ef cient, and can easily be incorporated into a range of polymeric
systems. As demonstrated below, photothermal heating provides an effective strategy to
generate heat from within a material system. However, such spatially con ned heating could
alternatively be accomplished by doping with any moiety (e.g., carbon black or a

non- uorescent dye) which strongly absorbs the excitation light source. A different
wavelength of light is utilized to excite the uorescent molecule perylene, which is also
randomly distributed throughout the polymer. As some of the co-authors have previously
demonstrated[11, 15, 17, 18], a ratiometric measurement of the perylene uorescence at
different wavelengths can be used as a thermometer. Molecular thermometry and controlled
positioning of the relative location of the heating and thermometry light sources (laser beams)
provide suf cient spatial resolution (on the scale of 0.01 mm) to adequately sample the radial
temperature pro le. Although in the work discussed here the uorescent molecules
(perylene) utilized for spatially-resolved thermometry and the heating elements (gold
nanoparticles) are both embedded within the polymer under study because heat transport
depends on all elements in the system, in principle, such a test Im could be layered between
materials of unknown thermal properties (an approach which would require no special

modi cation of the sample material under measurement).

The most common spatially-resolved non-contact temperature measurement techniques
are thermochromic coatings[19, 20], infrared thermography[21-24], and uorescent
molecular thermometry[25, 26] (used in this work). Infrared thermography can measure a
wide temperature range with minimal modi cation to the object under test. However, the
complete optical path between object and detector must be known in order to ensure a
reliable measurement, since many materials absorb infrared radiation. Spatial resolution of
temperature along the beam path is not possible. Thermochromic coatings transmit
temperature information in the visible range. However, thermochromic approaches only
access relatively small temperature ranges and the associated materials degrade at elevated
temperature. Fluorescent molecules, in this case perylene, retain the advantages of

thermochromic coatings, while also possessing enhanced thermal and UV stability. There are
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many different approaches for uorescent thermometry[27—30] including immobilization of
sensors on a scanning probe tip[31]. Selective placement of uorophores within the material
(our approach) enables temperature measurement from a speci ¢ portion of a complex
sample (e.g., potentially, from a single layer within a multi-layered structure), and spatial
resolution is limited only by the diffraction of the excitation source. Perylene is a
commercially-available small molecule (minimizing perturbation to the polymer), stable to 300

C (and thus suitable for extended use at elevated temperatures) with an emission structure
with multiple features which can be used to establish an internal standard (a ratio
independent of laser intensity, see subsequent sections).

In this work, uorescence thermometry is utilized to determine the heat loss from a

polymer thin Im. The results are compared with existing estimates. The mathematical
treatment which underlies these analyses is presented, and we discuss more general

application of the technique to determine effective thermal conductivity of unknown materials.

3.3 Experimental

3.3.1 Sample Preparation

The Frens method was used to produce gold nanoparticles (AuNP)[32]. 300 ml of an
aqueous solution of tetrachloroauric(lll) acid (Sigma Aldrich) at 0.01 weight-percent (wt%)
was brought to 95 C. Once a stable temperature was achieved, 3 ml of 2 wt% sodium citrate
was added to reduce the precursor and produce gold nanospheres. The mixture was
maintained at 95 C for 60 minutes as the color changed from clear to blue and nally red.
After cooling, 0.002 wt% polyvinylpyrrolidone (PVP) (360 EA GIF, Scienti c Polymer
Products, Inc.) was added to the solution to act as an additional stabilizing agent.
Nanoparticles were characterized with transmission electron microscopy (TEM) (JEM
2000FX) and found to be roughly spherical (Figure A.4) with an average diameter of 19 7
nm (N = 75). The nanoparticles were transferred to dimethylformamide (DMF)
(Sigma-Aldrich) via solvent exchange to enable dispersed incorporation within the

poly(methyl methacrylate) (PMMA) Ims. First, water was removed from the sample by
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heating to 60-65 C for 5 days. Then DMF was added slowly over two days while maintaining
the temperature at 60-65 C to evaporate the remaining water.

Extinction spectroscopy (Cary 50 Scan) was utilized to further characterize the
nanoparticles. The peak position of the localized surface plasmon resonance for the as-made
gold nanoparticles in water, the suspension in DMF, and the particles in the nal PMMA Ims
(see Figure 3.5) were 521 nm, 532 nm, and 537 nm respectively, with FWHM (full width at
half maximum) values of 104 nm, 130 nm, and 150 nm. The original peak location in water is
consistent with the theoretical expectation of 524 nm for a ~18-19 nm diameter spherical gold
nanoparticle. Slight spectral shifts in peak location which occur when comparing particles
embedded in various material systems (e.g., solvent or polymer matrix) are expected due to
differences in the dielectric constant of the surroundings. The concentration of the Au
nanoparticle dispersion in DMF was 29 nM as determined from the peak absorption at 532
nm utilizing an estimated extinction coef cient of + () =G ) [33], with a residual
water content less than 5%. This concentration matches well with the limiting maximum value
(39 nM) if all gold atoms in the original solution formed 18.5 nm particles and then were
incorporated into DMF with no losses. The stability of the peak width and lack of signi cant
shifts in peak location indicate that the particles are well-dispersed in the nal PMMA sample
(see below for fabrication details).

Solutions of 0.1 wt% perylene in DMF and 10 wt% PMMA (350,000 M,, Sigma Aldrich)
in DMF were prepared. 130 Z Fof the AuNP dispersion and 50 Z Fof the perylene solution
were added to 10 grams of the PMMA solution to produce a homogeneous coating solution.
The formulation was drop-cast onto a glass coverslip that had been cleaned by
ultraviolet-ozone treatment (Procleaner 110, Bioforce Nanoscience) for 30 minutes. The nal
PMMA Ims contained 0.02 wt% AuNP and 0.005 wt% perylene. Figure 3.5 shows AuNP and
perylene extinction in the nal Ims. The AUNP:PMMA concentration, determined from the
height of the peak at 537 nm, was 5.8 nM consistent with the limiting value of 5.9 nM (from
the known concentration of the AUNP in water). Similarly, the expected concentration of
perylene was 230 Z) consistent with the observed value of 190 Z) . Samples were placed
on a 65 C hotplate for 12 hours to dry, after which Ims were removed by submerging in

water. Typical Im thickness was 0.16  0.02 mm as measured using digital calipers.
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3.3.2 Temperature Measurement and Data Analysis

As discussed in detail in previous works[11, 15-18, 34], perylene molecules distributed
throughout a polymeric material can act as a non-contact temperature sensor with high
spatial resolution, limited by the probing laser beam diameter size and in this case, relative
positioning of the heating and thermometry beams. Under a weak excitation source, perylene
is stable under continuous illumination at elevated temperatures (up to 100 C in PMMA in
this work) for days with insigni cant observed photobleaching. We expect that the technique
described here should operate without loss of spatial resolution (see subsequent sections) for
sample temperatures up to 200 C, which is the useful temperature range (avoiding ow or
degradation) for most polymer systems. Perylene was excited with a ~0.4 mm diameter, ~5
723 power, 405 nm probing laser beam. The resulting uorescence was spectrally- Itered
through a scanning monochromator (Spex 1680b) onto a photomultiplier tube (Hamamatsu
931b), ampli ed, and photon counted (Stanford Research Systems SR400).

Figure 3.1a depicts an enhanced view of the pertinent portion of the detected perylene
emission spectrum, showing the rst two uorescence peaks, which corresponds to emission
from the lowest two vibrational levels of the rst excited state. These spectra demonstrate
that at elevated temperatures, each peak broadens, which means that the peak amplitude
relative to the "trough" region between peaks decreases. Figure 3.1b shows that the
subsequent ratio of the rst trough (~465 nm) to the second peak (~475 nm) varied linearly
with the sample temperature when uniformly heated by a hotplate. These particular
wavelength locations were selected by analyzing all possible ratio pairs to determine the
combination that provided the most linear response to temperature over the range of interest.

To determine temperature versus position pro les, two ends of the free standing
PMMA:AuUNP:perylene Ims were supported by an aluminum bar with a free standing central
portion (where the measurement takes place). Measurements could be performed on the
free-standing Ims either under natural convection (no air ow control) or forced convection,
where 16.4 CFH room temperature air was directed parallel to the Im surface by a
0.89"x0.89" square aperture for a calculated average wind speed of 25 =G M

A 532 nm, 4 W continuous-wave diode laser was power-controlled with a rotating q
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Figure 3.1. a) Measured uorescence spectrum for perylene in the spectral range of interest
at several temperatures. Vertical dashed lines indicate locations used to determine the ra-
tio. b) Intensity ratio of perylene uorescence at varying sample temperatures under 405 nm
excitation, with linear t.

waveplate (Melles-Griot) followed by a xed Glan-Laser polarizer (Thorlabs), and
position-controlled by a 2-axis mirror galvanometer system (SpacelLas PT-20k), ultimately
passing through the sample from above, causing the embedded AuNP to heat the
surrounding polymer matrix. A custom circuit was used to interface the galvanometric mirrors
to a computer control system via a 12-bit digital-to-analog interface, leading to a nominal
spatial resolution of ~5 23 . The control program could change mirror position with a time
resolution of 300 ZM In a typical experiment, however, the heating beam was moved very
slowly and periodically to approximate steady state, traveling 16 mm across the Im surface
with a period of ~250 minutes (or equivalent surface speed of 0.13 mm/minute). This slow

scanning rate ensures that the system is in steady state, as heeded for exact interpretation of
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Figure 3.2: Measured temperature increase in PMMA:AuUNP:perylene Im after a stationary
heating beam is applied at time E=0 for the stated intensities. Curve is a single exponential
growth t. All temperatures were within measured error of the steady state temperature 1
minute after laser application.

the data. Figure 3.2 displays experimental measurements of temperature versus time during
stationary excitation with the heating and probing beam overlapped (and neither moving).
Equilibrium is established within 1 minute, independent of intensity over this range.

A portion near the center of the sample was illuminated from above with the 405-nm
probing laser, exciting the embedded perylene molecules. The resulting temperature
measured by the thermometry laser beam (which is stationary to enable ef cient coupling to
the subsequent analysis optics) was recorded as a function of the heating beam to
thermometry beam distance. Figure 3.3 is the schematic of this approach, showing a
cross-section of the Im and two applied light beams. In practice, the heating beam'’s position
was very slowly scanned (as described in the previous paragraph) over a line centered on the
thermometry spot (i.e., to vary the heating-thermometry distance from c.a. -8 mmtoc.a. + 8
mm) in steps of 0.005 mm. Presented data (see Figures 3.5 and 3.8) is an average of 5-10
position sweeps. Data was manipulated in Origin and t with a second order Bessel function

using the built-in Levenberg-Marquardt tting algorithm for nonlinear tting.

56



Figure 3.3: a) Schematic of the pro le measurement, where a 532 nm heating laser beam
incident from above excites gold nanoparticles embedded in a Im of thickness e, while a 405
nm probing laser beam excites dispersed perylene to measure the Im temperature. b) When
combined with the known separation ' between the two laser beam spots, a temperature
pro le is created.

3.4 Theoretical Background

Following the approach of Carslaw and Jaeger[35], the polymer Im is treated as a
rectangular slab, extending in nitely inthe * and J directions, and bounded in the

K direction by planes at K= and K= «. The slab is initially at zero temperature and has
convective boundary conditions at the surfaces into a medium at zero temperature. In
practice, this assumption is that heat ux (energy per time per area) is linearly proportional to
the difference between the local sample temperature and the temperature of the surroundings
with  as the proportionality constant. Although these initial conditions are speci c, the
portion of the result utilized for tting in the present work is independent of the particular
boundary constraints. Let « be the temperature at any location (* J K ) at time Edue to an
instantaneous point source of strength unity generated at (* © J° K° at time t=0. The solution

is such that

iE p# o = ( K=+ (3.1)
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+ Qe = E K= 3.2

K ‘ (3.2)
:to

+ Qe = (EK= o (3.3)
K

Equation 3.1 is the heat equation for conduction inside an isotropic solid with p the
thermal diffusivity. Equations 3.2 and 3.3 describe top and bottom surfaces such that the heat
ux out of the slab is proportional to the surface temperature, where dividing the entire
equation by < converts from energy to temperature. The goal of this work is to obtain a
numerical value for the proportionality term 9, which relates directly to the convective heat

transfer coef cient  and thermal conductivity < by
9= — (3.4)

For an instantaneous unit point source located at (* © J° K% the Green's function

solution to the time dependent heat equation is

6 =X (9-4@Rg-K) + IDER-K))

o('KEpgo):
upk ,_ *g,+9 + 9

+ g,4@Dg,K° + 9ODEZ-K® + 6 PI-E (3.5)

where' = (* 9 +(J J9 (the radial distance from the heat source) and g- are the
positive roots of
g9
E<? (g¢) = —— (3.6)
g 9

The g values connect the Kand ' portions of the solution, appearing in both. In order to
establish a steady state result, the Laplace transform of the Green's function solution from the
time domain Eto the frequency domain Dis

OvVe & 1

X %j A+ ' ? 2 1o kol
- — @ P, ' 5(924@Rg-K) + DER-K)
up - p -g?+9 + 9

+ g-,4@Dg-K’ + ODEY-K®  (3.7)
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where A = g D p has been substituted for readability and is the modi ed Bessel function
of the second kind of order zero. For this simple case, the steady state temperature
distribution due to a continuous source of strength & (in watts) is found from the
time-dependent solution for an instantaneous source by taking advantage of the theory of

sources and sinks of heat through:

p&
FCG (B = —W (3.8)
B/ < As
resulting in a steady state expression of
& X »4@Dg-K) + IDER -
FCG (KE<9e)= — (g?,)(go emgoK) g @-K))
B/ us< ,_ *g,+9 + 9

+ g-,4@Dg-,K® + IDE-K®  (3.9)

Thus in this work, a spot heating source is applied, the system comes to steady state,
and the resulting spatial distribution of temperature is obtained, which can be modeled by eq.
3.9. Notice that the radial dependence of this solution is solely contained within the  term,
which is independent of K. As discussed in more detail in the next section, if there is a single
dominant term in the sum, resulting in a truncation to one term, then the K solution acts as a
constant with respectto ' , and experimental measurements of the radial temperature
distribution enable facile determination of the pertinent g. Inserting this experimentally

derived g term along with the measured sample thickness ¢ into eq. 3.6 yields a value for 9.

3.5 Results and Discussion

3.5.1 General Approach and Limits

Figure 3.4 shows an experimental temperature pro le for a 0.34 mm thick, free standing, thin
Im of PMMA doped with 0.02 wt% of gold nanoparticles and ~234 Z) (0.005 wt%) of
perylene, illuminated by a 1.90 mm  ? diameter, ~4.5 3 =G intensity 532 nm laser

beam.
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Figure 3.4: Measured radial temperature (above ambient temperature) pro le of a 0.34 mm
thick PMMA:AuNP:perylene Im illuminated with a 1.9 mm diameter 532 nm heating laser
beam. The red line is a tin the spatial region ' j > 0.5 mm.

This excitation light overlaps with the localized surface plasmon resonance of the gold
nanoparticles[5-7] (Figure 3.5, thick vertical dashed line) and thus is strongly absorbed in a
photothermal process, resulting in heating of the particles and subsequent delivery of thermal
energy to the surrounding polymer[8-16, 34, 36, 37]. These point-like heat sources are
distributed homogeneously throughout the Im sample (i.e., at K®varying from to ¢) and
their heat ux output will depend on the intensity of the excitation light at their location.
Perylene molecules uniformly dispersed throughout the sample serve as temperature
sensors. A position-speci ¢ temperature is determined by applying a ~0.4 mm diameter, low
intensity (~4 G3 =G ) probing beam of 405 nm light which is selectively absorbed by the
perylene (Figure 3.4, thin vertical dotted line), resulting in uorescence at wavelengths in the
430 to 575 nm range.

As previously demonstrated[11, 15, 17, 18], the emission features from the distinctive
vibrational levels of perylene broaden and the peak amplitude reduces as the sample
temperature increases. The ratio of the intensity near a peak location to that of the minimum
between adjacent peaks is a quasi-linear function of temperature which can be utilized for
thermometry (see Experimental Methods). The data shown in Figure 3.4 are achieved by
controllably manipulating the distance between the heating and thermometry beams: in

effect, moving the thermometry beam relative to the heating beam to determine the
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temperature at each radial distance, which can be achieved to high spatial resolution via

computer control of galvanometric mirrors that regulate the position of the heating beam.

Figure 3.5: Extinction spectra of PMMA nanocomposite Ims of varying thickness (0.16, 0.34,
and 0.54 mm), containing gold nanoparticles and perylene. The vertical thick dashed (thin
dotted) line indicates the spectral location of the 532 nm (405 nm) heating (thermometry)
laser. The feature(s) centered ~535 nm (between 375 — 435 nm) indicates the presence of
AuNPs (perylene molecules). See Sections 3.3.1 and 3.3.2 for further discussion.

Fitting the data with eq. 3.9 enables deduction of the heat loss from the surface. The
solution presented in eg. 3.9 is an in nite sum (in ?) where each  term has a different
radial dependence (because of the scaling of ' by g-). The g- values are solutions to eq.
3.6: Analysis of this expression reveals that the rstroot g has the greatest sensitivity to

?

variation in 9, the loss term, while increasing terms tend toward g, = < . Because g-
monotonically increases with ?, higher order terms ( (g»' )) decay more rapidly with ' and
thus primarily contribute at small ' values. To gauge the contribution of larger ? value terms
to the nal solution for the parameter space we expect to explore, one can substitute
reasonable numbersfor , and+(103 G ',0.23 G ',and1l GG respectively) into
the transcendental equation (eq. 3.6) and compare the sum in eq. 3.9 term-by-term for the
resulting g-». This analysis is presented as Figure 3.6 and reveals that, for a reasonable
range of expected values, the ?=1 term (solid black line) dominates for ' values greater than

0.5 mm.

Considering the K-dependence of the solution, because molecular thermometry is
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Figure 3.6: Visualization of the relative contribution of successive n terms (see eq. 3.9) on
the temperature distribution for reasonable values of , <, and . The dashed vertical line
indicates the ' >0.5 mm cutoff region.

utilized to determine temperature versus ' pro les, depending on the speci ¢ experimental
conditions (e.g., the depth of penetration of the light that excites the uorophores),
temperature information will either be averaged over some range in the z-direction (up to
K=[ ] the entirety of the Im) or predominantly re ect K= e (the upper surface). In either
case, however, the K-dependent portion of the eq. 3.9 is a constant for each ? value. Thus, if
the sum is truncated to ? = , then the solution reduces to a single radially-dependent term
multiplied by an (a priori unknown) constant. Furthermore, study of a range of cases where
the boundary conditions at K= and K=« differ, reveals that these speci cs only alter the
form of the Kcomponent of the solution, leaving the form (g ' ) ofthe' solution
unchanged. Such an outcome means that 9 can be obtained by simply tting with (g ')
inthe ' >0.5 mm range. In Figure 3.4, a typical temperature pro le is t (solid red line) by this
truncated sum (? = only) in the region j' j >0.5 mm and excellent agreement between the
model and the measured pro le is observed.

This solution (eq. 3.9 or truncated versions) assumes that the heating source is point-like
or equivalently, that the tis applied outside the region where the azimuthally-symmetrical
heating beam is present. To evaluate the contribution of the presence of non-negligible
heating sources, the experimental temperature versus position curve (Figure 3.4) was t with

(g ") using various cutoff radii; that is, beginning the tat ' = ' sze@sswhere’ 47e@ss
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ranged from 0 to 2.0 mm. The values determined from these ts are summarized in
Supporting Information Figure A.1, and reveal three distinct regions. For ' 47e@s¥yalues from
0 to 0.5 mm which overtly results in application of the solution to regions where a strong
heating source is present, 9 is suppressed and increases rapidly in value with increasing

' 47e@ssindicating the importance of the higher terms and the beam pro le. If a strong
heating source is present, temperature should fall less rapidly than expected, attening the
curve at low R and thus resulting in an arti cially low g and thus values. In contrast, for

" 47e@sfrom 0.5 to 1.2 mm, a stable region is observed, where is independent of ' 47e@ss
as expected if the ? = 1 term dominates and the presence of the beam has only a minor
effect. The ? radius of the heating beam utilized in this case is 0.95 mm. For ' 47e@s21.2
mm, where a larger fraction of data is approaching the background temperature and thus
prone to noise and potentially dif cult to t, and the error grow without limit.

Thus, from the minimum ' 47 @50.5 mm set by the truncation of the sum, the value of
obtained from the tremained constant both inside and outside the  ? radius of the
heating beam until noise effects and excessive truncation of the raw data resulted in very
large error values. This result held for all data sets (independent of sample thickness or
irradiation intensity). In practice, the existence of such a stable range is reassuring that the t
is robust and that the correct value of has been obtained. To include the most data possible

and minimize error in the t, ' 47£@580.5 mm was utilized for the remainder of this work.

3.5.2 Surface Heat Loss Results

As an example of the conversion of g to 9, the t shown in Figure 3.4 resultsin g =530 20
G . Accounting for the measured sample thickness (+=0.34 mm) and the thermal
conductivity of bulk PMMA (<=0.19 3 G ') and utilizing the transcendental eq. 3.6, results
in =9.1 0.71 3 G '. These values fall within the parameter space where eq. 3.9 can be
truncated by eliminating higher g -, which we con rmed by re-creating Figure 3.6 (see
Supporting Information Figure A.2). This value for can be compared to available theoretical
estimates for a horizontal plate under natural convection[38]. Utilizing a characteristic length

equal to the heating laser beam  ? diameter (1.9 mm) and assuming uniform heating to
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the observed peak temperature (50 C), the predicted coef cients for the top and bottom
surfaces, g@xl7 3 G ' and 3@£86 3 G ', are consistent with the value obtained
from our approach. Note that while the uniform temperature assumption required for these
theoretical estimates is incorrect (which may be related to the overestimate of the value for

E@) more importantly, the experimental approach described here gives an accurate value
for this speci ¢ circumstance (with innate heterogeneity) through a relatively simple

measurement.

Figure 3.7: Calculated convective heat transfer coef cient () versus maximum sample tem-
perature above ambient (m) ) for several sample Im thicknesses under different laser intensi-
ties with natural (solid data points) or forced (25 cm/s, open data points) convection.

To verify the robustness of the method, the convective heat transfer coef cient was
experimentally measured for different peak temperatures (using multiple heating laser
intensities, Figure 3.7, solid symbols) with Ims of varying thicknesses.  should be relatively
independent of both these parameters, which is re ected by the data, resulting in an average
valueof =10 1.9 3 G ' overthe range of 20 - 89 C above room temperature (for Im
thicknesses of 0.16 to 0.54 mm). Measured H values gradually increase with peak
temperature, in general agreement with . )  as predicted by theory for a uniformly
heated horizontal plate (Supporting Information, Figure A.3).38

The radial temperature pro le was also measured under forced convection of air (Figure

3.7, open symbols) parallel to the Im surface at 25 cm/s for the three different samples
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Figure 3.8: Comparison of radial temperature pro les above ambient of a 0.34 mm thick
AuNP-PMMA nanocomposite Im illuminated with 1.9 mm diameter, 65 mW, 532 nm heating
laser beam under natural (solid black squares) and forced (25 cm/s air ow across the surface,
open blue triangles) convection.

thicknesses at 3.2, 4.6, and 6.7 3 =G excitation light intensities, resulting in a nal
temperature range of 40 - 60 C. As shown in Figure 3.7 (open symbols), the increased heat
transfer results in a reduced peak temperature (compared to the corresponding case at the
same thickness and heating laser intensity without forced convection) and an elevated
value. The effect of forced convection is also seen clearly (Figure 3.8) as a narrowing of the
temperature pro le, indicating that heat is lost through the top and bottom surfaces before it
conducts radially towards unheated regions of the sample. The measured =30 3.6
3 G ' can be compared to the expected value for a horizontal plate with an unheated
leading edge under laminar forced convection with a characteristic length equal to the
unheated edge length plus the heating laser spot diameter. The predicted value of =27
3 G ' isin agreement with the experimentally measured value[39].

Overall these results indicate that measurement and analysis of the temperature pro le
resulting from cylindrical heating of a region of a polymer Im, can be utilized to determine
if < is known. Conversely, because 9 is simply a ratio, measuring a similar-thickness Im of
unknown k under the same experimental conditions should yield an  value of approximately
10 3 G ' under natural convection and approximately 30 3 G ' when exposed to the 25
cm/s air ow parallel to the Im surface. Thus, the following procedure could be utilized: For a

particular experimental arrangement, samples of well-known materials are measured to
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determine the expected for a thin Im due to convective and conductive losses to the
surrounding air. Then the same experiments are repeated with an unknown material, which
could be a layered structure including the heating/measurement Ims, 9 is determined and

then an effective < is calculated from the known value.

3.6 Conclusion

In a thin Im con guration, the theoretical solution for temperature as a function of position
due to local heating from a small diameter laser beam can be determined from fundamental
principles. The result has several properties that make it useful for determining either the
thermal conductivity <, or ,where + () ) ~3@s7e) iS the energy lost per time per area
from the Im's surfaces. The solution is a product of functions that depend exclusively on
either Kor ' . This enables measurement of the radial temperature pro le, which is generally
experimentally accessible, to serve as a tool for subsequent determination of the
perpendicular heat loss from top and bottom surfaces. Although the solution is a sum of
modi ed Bessel functions (plus possible convolution with the beam pro le of the heating
source), under many pertinent experimental conditions, utilizing the leading term to t
temperature versus distance outside of the most strongly irradiated area is a highly accurate
approximation. Under those conditions, the speci cs of the K-dependence are unimportant,
and the perpendicular heat loss can be determined irrespective of the position of the heating
and temperature measurement layers and the speci ¢ boundary conditions.

This theoretical analysis is particularly useful when paired with uorescence
thermometry whereby temperature versus radial position can be easily measured with
relatively high spatial resolution. In particular, a heating beam (that will excite photothermal
heating via overlap with the surface plasmon resonance of embedded gold nanoparticles)
and a thermometry beam (which measures temperature via perylene uorescence) are
manipulated with galvanometric mirrors to controllably and precisely alter their relative
positions and trace out temperature versus position with the plane of the Im. By making such
measurements for samples with a known thermal conductivity the effective heat loss

coef cient (e.g., the convective heat transfer coef cient if convection is the dominant heat
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loss mechanism) can be determined. Alternatively, if the effective heat loss coef cient under
particular experimental conditions is well-known, the thermal conductivity of a novel sample
can be determined. This type of theoretical analysis could be paired with any source of

temperature pro le data, such as IR thermography, where two-dimensional pro le data could
be used for studying anisotropy[21] or rotational signal averaging could be used to form the

temperature pro le.
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Chapter 4

Measuring Thermal Properties of
Internally Heated Multi-Layered

Nanocomposite Films

Foreword

This chapter is a prepared manuscript on the numerical determination of the thermal
properties of a layered polymer Im. It was the result of a collaboration between our group
and Dr. Jeffrey Meth. The work herein follows directly from that of the previous chapter, which
concerned itself with Ims of a single type. In this work, | describe a hybrid approach using
photothermal heating and uorescence thermometry, along with analytical and numerical
methods to determine the thermal conductivity in triple-layered Ims. This extends the
measurement technique to a wider variety of materials using the same experimental setup as
previously. The approach was tested against experimental data across three orders of
magnitude. This application displays the ef cacy of using photothermal heating to measure
the thermal properties of Ims which are not themselves photothermally active, as the

modi cation of materials to include photothermal nanoparticles represents a major

undertaking for many materials.

71



4.1 Abstract

An hybrid experimental/computational approach is presented to determine the thermal
properties of an unknown material by layering it with a light-controlled heating/sensing
composite, measurement of radial temperature pro les within the heating/sensing layer, and
nite-element analysis modelling. Photothermal heating is utilized to generate a cylindrical
heat source within the heating/sensing layer and the distribution of this energy as
temperature is determined by the thermal properties of the unknown layer. This approach
reduces modeling complexity by using a single layer Im to determine the thermal properties
of the experimental system, leaving only the thermal properties of the layered Im as
unknowns. This approach is veri ed for materials of known thermal conductivity, and the

general effects of varying thermal properties are discussed.

4.2 Introduction

Development of both ultra-high and ultra-low thermal conductivity materials has important
societal implications. Heat management is a signi cant concern for electronic devices[1, 2]
with, for instance, increased temperature resulting in both decreased lifespan and ef ciency
for modern silicon devices[3, 4]. Energy is wasted when device ef ciency is low, decreased
lifetime increases the environmental impact of electronics, and additional power is required
for external cooling. Moreover, the demand for smaller and more rugged electronics has
exacerbated heat management challenges as shrinking further concentrates heat generation
to smaller areas[5] and so-called "ruggedized" items require embedding of components within
additional low thermal conductivity materials[6]. The most straightforward way to manage
heat and optimize working temperatures is to develop inexpensive, high thermal conductivity
materials[7—10]. Conversely, very low conductivity thermally insulating materials are desirable
for the building industry and could signi cantly impact energy usage related to thermal
regulation[11-13]. In both cases, the thermally conducting or insulating material is likely to be
part of a larger laminated or composite structure[11]. High throughput techniques to

determine thermal properties of new materials and aggregate behavior of composite systems
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is thus of general interest to the commercial and scienti c communities[14, 15].

In previous work, the authors presented a method by which the heat loss (the thermal
convection coef cient) from a thin Im's surface could be ascertained by measuring the radial
temperature distribution within the Im while it was experiencing heating from a narrow laser
spot (Figure 4.1a). The technigue could also be used to determine the thermal conductivity of
the heating/sensing Im with trivial added complexity. The key idea was to utilize an
analytically-obtained relationship between the radial size of the temperature versus position
pro le (the warm region within the Im, signi cantly larger than the heating laser spot size)
and the ratio of the surface losses to the material conductivity. High thermal conductivity
and/or low surface losses allow heat to travel radially outward in the plane of the Im resulting
in a wide temperature pro le. Low thermal conductivity and/or high surface losses result in
the fastest heat transport occurring in the lateral direction (to the surfaces), and thus a narrow
radial pro le. If the temperature pro le in the thin Im could be experimentally measured, and
either material or surface heat loss parameters were known, the other property could be
determined.

In the current work, the idea is extended so that it can be applied to wider range of
materials, without need to include heating and sensing elements within the test material. This
is accomplished by layering the unknown (sheath) material around the heating/sensing (core)
layer (see Figure 4.1c). The same fundamental concept, that the width of the temperature
pro le within the heating/sensing (core) layer results from the interaction of surface loss (now
determined by the unknown sheath) and the thermal properties of the core, is utilized. This
approach extends the usefulness of the method towards rapid throughput triage of new
materials and also increases our fundamental knowledge of heat transport in the parameter
space important for real-world applications.

Thin epoxy Ims containing gold nanoparticles (which serve as a heating element when
irradiated with visible light) and perylene (a small molecule, incorporated within the Im at a
dilute concentration, which is utilized for optical thermometry) served as the heating/sensing

Ims for this work. Epoxy was selected for its optical and adhesive properties. We emphasize
that the technique requires only the ability to heat when illuminated with light and some

strategy to measure temperature versus position within the Im. There are many alternative
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ways to achieve heating/sensing Ims and many materials systems that could be utilized for
the Im matrix.

Because a useful analytical solution is not available for the layered system, we developed
a hybrid experimental-computational approach, which, after establishing experimental
conditions and incorporating them within the computational model, provides a framework
whereby thermal conductivity can be determined either directly from a straightforward
experiment on an small-scale sample or with the support of a single or few simple

simulations. The strategy is summarized as follows:

» The temperature pro le within a single layer sample (with a known thermal conductivity,
<s@cpis experimentally measured. Using the approach previously summarized[16], the
thermal convection coef cient  (which is almost independent of the sample surface
and relies on the experimental situation, such as air ow and sample orientation) is

determined.

» A single layer nite element analysis is computationally constructed and tuned to the
experimental set-up which includes determination of the laser spot size, the heat
generation parameters, and the thermal convection coef cient, to match the simulated
and experimental temperature pro les. If needed, a layered simulation is also

constructed with the same sensing/heating layer parameters.

» The temperature pro le of a layered sample containing the unknown materials (sheath)
surrounding the heating/sensing layer is experimentally measured. Based on the
discussion and data presented here, one determines the region of phase space
(<pgsE9/<as@ceand ) in which the measurement lies and <pgs.e9 is determined directly
from a master curve or via iterative simulations to match the simulated and experimental

temperature pro les.

As discussed in detail below, the key factor in inverting the experimental temperature
proleto nd <pgeg is whether the pro le is signi cantly affected by , that is, whether heat
ow from the outer surfaces of the sheath to the environment is a constraining factor (see

Figure 4.1c). For instance, if <pgesg is small (and serves as the dominant limiting factor to

74



heat ow), heat will travel radially outward within the core far more rapidly than vertical heat
transfer and thus is relatively unimportant. Situations where is large (and thus other
parameters set limits on heat ow) also generally produce -independent temperature

pro les. In such cases, we provide a master curve, depending on only <pgse9/<s@cethat
enables determination of <pgg.gg Without simulation. For the broader range of parameter
space, where both  and <pggg effects are pertinent, iterative simulation (with all other
parameters xed and experimentally determined) enables matching of the simulated and
real-world temperature pro les, and thus determination of <pgg.zg9. The master curve (and the
case-speci ¢ curves presented in this work) provide a reliable starting value for <pgggg to
minimize the number of needed iterations. Although -dependent cases require a simulation
step, they can also exhibit an enhanced sensitivity of the temperature pro le to <pgs«eg,
increasing the ability to ascertain small changes in <pggeg, as might be important for material

development.

4.3 Experimental

4.3.1 Materials

Borosilicate microscope slides and cover slips with nominal thickness of 1 mm and 0.15 mm,
respectively, were purchased from VWR and cut to 22 x 22 mm. Sapphire window rounds
(25.4 mm diameter, 1 mm thick, random oriented) were purchased from Esco Optics. Epoxy
resin (20-3302RCL) and hardener (20-3302CCL) was purchased from Epoxies, Etc.
Polyvinylpyrrolidone (PVP, 360 EA GIF) powder was purchased from Scienti ¢ Polymer
Products, Inc. Tetrachloroauric(lll) acid trihydrate, perylene, sodium citrate tribasic dihydrate,
and dimethyl formamide (DMF) (ACS reagent) were purchased from Sigma Aldrich. All

reagents were used without further puri cation.

4.3.2 Heating/Sensing Film Preparation

The particular epoxy material was selected in part for its extended pot life before curing and

was mixed and cured according to the manufacturer's recommendation: two parts resin to
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(@) (b)

(c) (d)

Figure 4.1. Cross-sectional diagrams of heating in Ims. (a) Experimental situation for a sin-
gle layer Im, where the heating Im's material properties were investigated. The heating
sensing layer has gold nanoparticles embedded at a low concentration. When irradiated with
light resonant with the nanoparticle surface plasmon, the particles absorb light and convert it
to heat (a photothermal effect) resulting in heat generation within the laser spot region (c.a. 1
mm diameter). Heat ows outward (radially and laterally) and establishes a equilibrium radial
temperature distribution (a few to several mm in radial width), which is then experimentally
measured. (b) The simpli ed mathematical model of (a) used to nd the expression for the
radial temperature distribution. Convective boundary conditions model the air volume, a point
source replaces the laser beam, and the Im is assumed to extend in nitely in the radial direc-
tion. (c) Experimental setup for a triple layer Im, only the central layer absorbs laser light to
generate heat and enable the thermometry to investigate the sheath layers' thermal properties.
(d) The simpli ed mathematical model of (b) used to build the nite element model. Air is mod-
eled by convective boundary conditions, and layer adhesion is modeled as pure conduction
boundaries.
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one part hardener by weight which was cured at 55 C for 1-2 hours.

A solution of concentrated gold nanoparticles (AuNP) in dimethyl formamide
(DMF)(Sigma Aldrich) was prepared as described previously[16]. Brie y, 19 nm diameter
AuUNP were synthesized in water by the Frens method[17], stabilized with polyvinylpyrrolidone
(PVP, 360 EA GIF Scienti c Polymer Products, Inc.), then evaporatively concentrated and
exchanged from water to DMF. The position of the surface plasmon resonance peak of the
concentrated solution was measured at 532 nm by extinction spectroscopy. Particle size
(average diameter of 19 7 nm (N = 75)) was determined by transmission electron
microscopy.

Heating/sensing Ims containing both perylene and AuNP were fabricated by rst mixing
385 Z Fof a 0.1 wt% solution of perylene in DMF with 500 z Fof the concentrated AUNP:DMF
solution in a clean disposable glass container. To this solution six grams of epoxy resin and
three grams of epoxy hardener were added. The vessel was sealed and vortexed until the
contents were well incorporated then rolled for 20 minutes to remove air bubbles. The
resulting liquid was dropcast (600 Z B onto UV-ozone cleaned glass coverslips (22x22 mm,
VWR) and placed in a 55 C oven to cure for two hours. Fully cured Ims were removed from
the coverslips by boiling in deionized water (18 )v , Millipore). The resultant free-standing
Ims were oven dried overnight to remove residual DMF content. Excess uncured epoxy
could be stored for up to one week at -20 C. Inactive epoxy Ims were made following the
same procedure with pure DMF replacing the AUNP and perylene DMF solution.

Heating/sensing Im thickness was measured by calibers to assure uniformity and found
tobe 1.05 0.10 mm. Heating/sensing Ims were inspected via UV-vis extinction (Cary 50
Scan, 0.025s integration time, 1 nm step size) to ensure additive dispersion. The Ims were
found to contain 6 nM AuNP and 180 Z2) perylene, indicating minimal aggregation during
crosslinking reaction. The optical extinction term, h, of the samples at the wavelengths of
light for thermometry (405 nm) and heating (532) were determined by dividing the optical

density by the sample thickness.
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4.3.3 Layered- Im assemblies

Layered Ims were assembled by bonding heating/sensing Ims to various sheath materials.

A jig was designed to hold the layers (upper sheath, core heating/sensing Im, and lower
sheath) parallel and bring them in contact with suf cient force. To minimize the thermal effect
of bonding, the same epoxy (prepared without solvent) as utilized for the heating/sensing
layer was chosen as the adhesive. Layers to be bonded were attached to the open jig and
preheated to 55 C. Once preheated, 100 Z Fof freshly prepared, DMF-free epoxy was
deposited in the center of the top surfaces of the core and lower sheath layers, the jig was
closed (compressing the layers together), and the bonding epoxy was allowed to cure for two
hours in the oven. The jig ensured that excess epoxy was expelled from the layer interfaces to
minimize the the size of the bond line. First the lower sheath is bonded to the core
heating/sensing Im in this way, then the combined lower-sheath-plus-core layer is bonded to
the upper sheath. After the initial cure, the jig was removed and the multilayered Im nished
curing overnight. The nished assemblies were visually inspected for bond quality and
measured with calipers to vary in thickness less than 1% of the mean. The bonding epoxy did
not signi cantly contribute to the overall thickness of the assembly.

Figure 4.2 summarizes the optical properties of the various materials used in this work.
Sapphire, glass, and neat epoxy have almost no absorption over the ultra-violet to
near-infrared wavelength range. The surface plasmon resonance of the AUNP is evident at
532 nm, and the multi-peaked absorption of perylene is present in the 400-450 nm range.

Neither perylene nor AUNP appear altered by the lamination process.
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Figure 4.2: Optical extinction spectra of the various materials used in this work. The solid
green line depicts the spectrum of the single layer heating/sensing core Im, while dashed
lines depict the spectra of the sheath materials separately, and solid lines indicate the spectra
of the assembled multilayered Ims after the sheath layers were attached.

4.3.4 Heating and temperature measurement

Measurement of temperature pro les was carried out in a similar manner as previously
described[16] for single layer thin Ims. Vertically-oriented Ims (where the Im

surface-normal is parallel to the horizon, see Section B.2) were spot heated via illumination
by a 532 nm, 4 W continuous-wave diode laser (power modulated by rotating a 3-waveplate
in series with a xed Glan-Laser polarizer) incident on the sample, normal to the front surface.
Integrated laser power at the sample was determined with a thermopile power meter
(Coherent FieldMaxII-TOP). The beam pro le was estimated by knife edge method to 0.39
mm (determined with greater accuracy in Sec 4.5.1). The 532 nm light is ef ciently converted
into heat with minimal scattering (photothermal heating[18]) by the embedded AuNP
throughout the heating/sensing layer thereby creating a localized internal volumetric heat

source.
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Figure 4.3: (a)Absorption spectrum (left) of perylene in the epoxy heating/sensing layer.
Emission spectra (right) at increasing temperatures exhibit distinct changes that are utilized
for temperature measurement. Dashed lines indicate wavelengths used to determine inten-
sity ratios for thermometry. (b) Intensity ratio of perylene uorescence at varying specimen
temperatures, with linear t.

Use of perylene in thermometry has been detailed in previous works by the authors[16,
19-24]. A second laser beam, parallel to the rst, froma405nm5 23 ywheel-chopped
laser diode, excited perylene molecules in a 0.4 mm wide area inside the nanocomposite
sample. The resulting uorescence from the small excitation region was spectrally ltered,
and recorded by photon counter (Stanford Research Systems SR400). The perylene
emission spectrum exhibited multiple peaks that broadened with increasing temperature
(Figure 4.3a). The average temperature of the illuminated region was determined from the
ratio of the uorescence amplitude in the rst 'trough’ between peaks (465 nm), to the
amplitude at the second peak (475 nm). The selected ratio was calibrated by measuring the
emission under uniform (conventional) heating to several xed temperatures (see section B.2
for more detail). An example calibration curve of ratio versus temperature appears in Figure
4.3b. The uorescence ratio should control for variations in dye concentration and illumination
intensity, while also providing a measure that varies linearly with temperature (see section
A.3), with an accuracy of 4 C. Note that the sensing laser excites uorophores through the

full depth of a sample (with a Beer-Lambert like falloff), thus the uorescence response (and
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by extension the temperature) is a weighted average of the depth dependent temperature.

A computer controlled 2-axis mirror galvanometer system with 5 ZG resolution varied
the distance between the heating laser spot and the thermometry beam to enable
measurement of the temperature pro le. Samples were secured near their edges by
aluminum clips with the central portion of the Im or layered structure, where measurement
takes place, unsupported (free standing). Samples were mounted with the Im surface normal

horizontal to ensure that both free surfaces were subject to the same convective conditions.

4.4 Finite Element Thermal Simulation

The layered structure (see Figure 4.1c,4.1d) is treated as three stacked discs, extending a
large distance in the Gdirection and bounded by planes in the K-direction. The core layer, is
centered on the origin and bounded by planes at K= @S¢ The sheath layers, symmetrically
attached to the core, are bounded by jKj = “@%%and jKj = spgeeg + €5 Sheath layers have
matching thickness and thermal conductivity, *pgseg and <pgeseg. The compound slab has no
thermal resistance at internal contacts, is initially at room temperature, and has convective
boundary conditions at the external surfaces into a thermal reservoir at room temperature
with an isotropic and temperature independent convective heat transfer coef cient, . Air ow
was not modelled for this simulation to increase the simplicity of the model. If r (* K ) is the
temperature at any location within the compound slab in the steady state limit due to a
localized volumetric heat source in the core layer, B(' K ), the temperature at each point

satis es the following equations:

, , . %@cs
<sa@c# r (' K)=B("K) iKj (4.1)
*4@C6 . . *A@C6

<posEo# I (" K )= 1K + *Do6EQ (4.2)

r *4@C6
—+r = <E jK = + *Do6e 4.3
K 1K D96ED (4.3)

¥r tr *4@cCé

r =r <pP9sEY — =(< <E jKj = 4.4
K K (<D9e<E9 ﬂ;K) . ( 4@C61_K) i jKj (4.4)

81



For the single layer case, the sheath layers are removed, and their convection boundary

conditions transferred to the former conduction boundary on the core layer, given below:

<sgck T ((K)= BCK) jK —=° (4.5)
i [ ]
i—rK+ o= E jKj= =" (4.6)

The steady state thermal simulation of spot heated Ims was carried out using nite
element analysis (FEA) software ANSYS Workbench 16.1 and the APDL scripting language.
The model consists of a thin Im-like sample, an internal volumetric heat source, and a
thermal reservoir for energy to ow into.

The sample consists of either one or three stacked Im-like discs with radius 22 mm
(much larger than any other parameter in the system) and ~1 mm thickness, ¢,, which varied
to match measured experimental values. As discussed above, each layer (disc) was assigned
an isotropic, homogeneous, and temperature independent thermal conductivity, <,. Layers
were attached by their at faces and assumed to have no contact resistance (eq. 4.4). The
model was meshed using hexahedral elements of maximal size 0.1 mm near the center of the
model. At radial distances of greater than 5 mm from the Im center, the mesh size was
aggressively increased to decrease computation time, while having minimal impact on the
resulting temperature distributions. Room (reservoir) temperature was set at 21 C.

A volumetric heat source, B(C K, was modelled upon the photothermal heat source
present in the experimental setup. That is, the heat source mirrored the intensity distribution
of the 532 nm laser and was shaped as a Gaussian distribution (  (Q) with width » in the
radial direction and a decaying exponential ( (K)) with decay term h in the propagating
direction ( K), re ecting the fact that some fraction of the light is absorbed by the material
and thus its intensity decreases with depth from the surface as described by Beer-Lambert
law. As in the experiment, the heat source was only present within the core layer, and the
computational heat source was scaled such that the total deposited heat input matched

experimental conditions.
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This heat source was interpolated across the model nodes in a way that preserved the
integrated total heat input, %g74

The three-layer model contains a total of 8 free variables: *1@ces*n9sE9, <a@ce <D96<E9,

,* , h,and %g,4 7 of which are constrained by the experimental tests, so that the

three-layer simulation can be utilized to only determine <pgesg. In particular, ©2@cend *pgs.c9
are experimentally measured and a core with a known thermal conductivity <s@cds selected.
By experimentally measuring the temperature pro le for a single heating/sensing layer, and
performing an analytic t[16], the thermal convection coef cient, ,is determined. is
largely independent of the sample details, primarily controlled by the surrounding
environment, and considered constant for a given experimental con guration. Simulation of
the single layer temperature pro le and tuning to match the experimental curve, enables
determination of « , h, and %g-4which are con rmed by comparing with the experimentally
measured optical properties of the Im (from optical extinction spectra), the measured laser
power, and the estimated size of the laser spot at the sample. These heating source

properties are likewise considered as constant in the layered simulation.

4.5 Results and Discussion

We present results and discussion following the order of the summary of the technique
outlined in the introduction. First, the temperature pro le of a spot heated single layer
heating/sensing Im is collected and analytically t to determine (section 4.5.1). Next, the
single-layer FEM model is adjusted to match the experimental conditions (section 4.5.1),
which includes laser spot size, and light pro le with depth. Experimental data on layered
systems with sheath layers surrounding the core is discussed (section 4.5.2). Cases where
direct inversion to nd <pgeEg Without need for simulation are discussed. Finally, the triple
layer FEM model is used to t experimental temperature distributions (Section 4.5.2), different

regions of parameter space are presented, heat ow in layered media is discussed and
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general strategies for selecting experimental parameters are suggested.

4.5.1 Single Layer Films

Figure 4.4: Measured radial temperature pro le of single layer epoxy Im (black squares)
under spot heating.

Analytical determination of

Figure 4.4 (black squares) presents a characteristic temperature versus position pro le for a
single heating/sensing layer Im experiencing spot heating. The convective heat transfer
coef cient , depends on the air ow conditions around a sample, as well as the shape and
orientation of the surface of the sample, but is entirely independent of the internal sample
morphology. A smooth-surfaced single layer Im in situ should experience the same
convective losses as other Im types. Previously, we reported an analytic solution for the
temperature pro le outside of the laser irradiation region for a single thin Im[16]. In
particular, the solution can be well-approximated by a single second order Bessel function

which depends on <s@ce , and R only. Using this approach, the data in Figure 4.4 for values
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with j' | mm was t to the function (g ') (Fig 4.4, red dashed line), g was
substituted into the transcendental eq. E<?(ge) = ﬁ and the rst root found to
determine . For additional discussion of how to determine the cut-off value (here 0.5 mm)
see our previous work[16]. In this case, the single heating/sensing layer Im of epoxy
nanocomposite, with thermal conductivity 0.14 3 G' and thickness of 1.05 mm, yielded a
value of 12.0 053 G '.Toconrm, asecond Im, a polymethylmethacrylate
nanocomposite, with thermal conductivity of 0.19 3 G' and thickness 0.54 mm, yielded a
valueof 12.8 1.4 3 G ' . These values are in good agreement and fall within the
theoretical prediction range of 10.5t021 3 G ' for a heated vertical plate under natural
convection[25]. The values agree well despite differences in <s@cethickness, and exact
surface properties. This indicates that depends primarily on the experimental conditions

and relatively smooth surface morphology. The convective heat transfer coef cient was

assumed to take this value for all subsequent samples meeting the same criteria.

FEM determination of heating parameters

Figure 4.5: Simulated temperature distribution in single layer Ims under varying heating
source widths. Offset curves were simulated at differing convective coef cients.
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Simulation of the single layer case is useful as a computationally ef cient way to
constrain the remaining parameters needed for the three-layer FET calculations. The
volumetric heat source, B(C K, has a geometry that is determined by the radial size of the
laser spot at the sample, given by « , and the absorptivity of the sample, given by h, which
determines the depth of heating. The integrated energy per time delivered by the heat source
is set to the experimentally measured value of %g-4as given by the product of the incident
laser power (measured by power meter), the Im total light extinction (determined from
absorption spectroscopy), and the ratio of absorption to extinction of the nanoparticles. Note
that changing %g-»s as no effect on the shape of the temperature pro le, only the amplitude.
The simulations reveal that the shape of the resulting temperature pro le depends only
weakly on h, which can be estimated from the UV-Vis extinction spectrum of the sample as
discussed in experimental details Section 4.3.2. The temperature pro le is much more
sensitive to changes in the heating laser width, a parameter that is almost entirely
sample-independent. Solid curves in Figure 4.4 demonstrates the dependence of the
simulated temperature distributions on ¢ . The modelled Im's thickness, thermal
conductivity, and h matched the experimental Im and the convective coef cient was set to 12
3 G ' asdetermined above. The blue curve shows the initial guess of » , which is not
self-consistent with the observed temperature values at any input power. The teal curve
shows the best t « of 0.2 mm. As discussed below, the beam spot size determines the
narrowest temperature pro le that can be measured and thus the largest value of <pgg.gg that
can be measured. As a result, small beam sizes are desirable and con rming beam size via
simulation is useful.

Figure 4.5 further displays the effect of varying the heating beam spot size on the
simulated temperature pro le of single layer Ims at constant total input power. The maximum
temperature was higher for smaller « , as energy was deposited at the same rate, but
concentrated into a smaller volume. For large ' , all temperature distributions overlapped
regardless of the input spot size, indicating that varying ¢«  only signi cantly affects the
measured temperatures inside/near the heat source itself. Comparison to the extreme case,
which is a single point heat source (Fig 4.5, orange curve), shows that the temperature

pro les agree within 1% for all locations with e . Thus the temperature distribution can
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be split into two parts, a portion far from the center that is determined by the total input
energy and thermal parameters of the Im (and thus is independent of source speci cs) and
a central portion that is strongly in uenced by the heat source distribution.

The dominance of particular parameters at different spacial locations (or within different
experimental con gurations) is a key observation that enables a ef cient, accurate, multi-step
approach to constrain this problem and determine <pgg.e9 It is exactly this separability which
enabled the stepped approach to determine and ¢ presented above: the analytical
solution for point heat sources was applied to the outer region where that assumption is valid,
which reduced the number of free variables when using nite element methods to determine
the inner region. These variables are now determined and assumed constant across sample
type, which results in reducing the number of free parameters (from 8 to 1, see Section 4.4)

when tting experimental data from multi-layered Ims.

4.5.2 Triple Layer Films
Experimental temperature pro les

Figure 4.6 shows the measured temperature pro le (scatter points) of triple layer Ims
containing various sheath layers, which have thermal conductivity that varies by a factor of
100. All cases resulted in a singly peaked pro le which varied in both width and height with
changing sheath material. Epoxy is the most insulating material with a thermal conductivity of
0.14 3 G' . The borosilicate (k=1.166 3 G' ) sheathed sample exhibited a temperature
pro le both narrower in normalized width measured by FWQM (full width quarter maximum),
and cooler in maximum temperature. As in the single layer case, previously presented[16]
and discussed in the introduction, the width of the temperature pro le depends on the
interplay between transport in the radial (along the heating/sensing layer) and K
(perpendicular to the heating/sensing layer) directions. Increasing the sheath conductivity is a
similar physical situation as increasing the convective heat loss coef cient in the single layer
case, which also narrows the pro le. In both cases, heat owing in the Kdirection upward
towards the sheath is relatively rapidly moved to the outer sheath surface. This provides a

pathway that decreases fraction of heat that ows radially outward.
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b) Epoxy Sheath
(a) Borosilicate Glass Sheath (b) Epoxy

(c) Sapphire Sheath

Figure 4.6: Measured temperature pro les of triple layer Ims with differing sheathing layers
and nanocomposite epoxy core layers (points) under spot heating. Red curves show simulated
pro les modeled using literature values for the thermal conductivity of the sheath layer, <pgg«eg.
The yellow curve shows the simulated pro le for the value of <pggeg that best ts experimental
data.

In steady state, the heat per time into the system is balanced by an identical heat loss
per time, resulting in a constant temperature at any particular spatial location. The heat per
time input to the heating/sensing layer (dependent upon the properties of the laser beam and
the concentration of the AuNP) is constant for the epoxy and glass experiments. The loss per
time (into the sheath layer) from the heating/sensing core is determined by conductive losses
at the core-sheath interfaces, which are related to <pgg.e9, and the temperature difference at
the interface (the temperature versus position in the z direction). Thus, sheaths with higher
thermal conductivity will often result in lower peak temperature within the core, as heat can
easily be moved away from the core. For the borosilicate case, the peak temperature
decrease (in the core) is a result of the 8-fold increase in thermal conductivity (in the sheath).

These trends continued when further increasing the sheath conductivity (<p.aasEcE

23.93 3 G' ) where the width of the pro le is noticeably narrower (and approaching the
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width of the laser spot (see discussion below)). Due to the high conductivity of sapphire, the
heating rate (input laser power) was increased to maintain an adequate signal-to-noise ratio
(i.e., suf ciently large temperatures), and thus peak temperatures are not directly comparable.
In summary, for the simplest case of a point source in a single layer Im, the normalized
pro le width is proportional to < , the ratio of the convectivity off of the surface to the
conductivity within the Im. Conceptually, at steady state all heat deposited into the Im ows
radially outward through the Im until it exits the Im across the surface, so if it is relatively
easier for heat to ow through the surface, it will do so at a smaller radial distance. Extending
this analogy to the triple layer Im, the sheathing layers can be thought to aid or inhibit the
transfer of heat from the interior of the Im to the surface, and thus affect the pro le width
similarly to a high or low convective coef cient. In the multi-layer case, the true relationship
(e.qg., if one is searching for an analytical form) is more complex and is explored in more detalil

below using simulated results (g. 4.7).

Simulation temperature pro les and iterative approaches

Red curves in Figure 4.6 indicate the simulated temperature distribution of the triple layered
Ims using literature values for the thermal conductivity of the sheath material. ande are
setto 12.0 3 G ' and 0.2 GG , respectively, and the other variables determined as
described above. The values of <pggeg Used were 0.14, 1.166, and 23.93 3 G' for epoxy
(g. 4.6b), borosilicate glass ( g. 4.6a), and sapphire ( g. 4.6c), respectively. In this case, the
three-layer simulation has no free parameters and the purpose of comparing simulations and
experimental data is to verify self-consistency. The curves are scaled to match the peak
temperature prior to comparison to experimental data, which is a minute adjustment in the
parameter %g-4vhich can be attributed to layer re ections. Across three orders of magnitude
of sheath thermal conductivity, the shape of the simulated temperature distribution matched
well with the experimental data, with increasing values of <pgg.eg decreasing the width of the
pro le.

The apparent monotonic change in pro le width with changing <pgseg allows the use of

the reverse process to determine the thermal conductivity of an unknown material based on
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pro le width. In this case, we altered the value of <pggEg from our initial "guess” to determine
the "best t" to the experimental data (the highest quality match of simulated and
experimental curves). Such an iterative approach is the most straightforward way to obtain an
unknown <pggEg Value. The yellow curve in Figure 4.6a shows the simulated temperature
distribution for the value of <pgsEg, 0.85 3 G' , which best matches the temperature

pro le[26]. This was determined by minimization of the sum of squared residuals of all data
points, though other measures and methods could be used, including estimation from only
the pro le width. In that case, the simulated pro le width, at 1.45 mm, is within error of the
experimental pro le width, 1.48  0.11 mm.

Such a multi-step method greatly hastens the process of determining the thermal
conductivity of an unknown material, however, signi cant iterations may still be required to t
<pgesEg. An informed initial choice of the free variable and iteration algorithm can greatly
reduce the required computation. In order to help inform these initial choices more generally,
the effect of changing thermal parameters was investigated beyond the materials presented

with physical analogues.

Analysis of general trends and different regions of phase space

Figure 4.7b shows the simulated effect of changing the sheath thermal conductivity on the
width of the resulting temperature pro le. Lacking a functional form to describe the exact
temperature distribution, pro le widths are presented as full-width at quarter maximum which
was chosen for balance between sensitivity, robustness to noise and ease of measurement.
Connected symbols of a single color indicate data where only <pgs.gg Was varied, with core
conductivity and surface convectivity held constant.

As discussed brie y in the introduction, the ability to directly invert from pro le width to
<pgs<Eg IS related to whether heat from the outermost surfaces to the ambient environment
(i.e., the process controlled by ) is a limiting step. We begin our discussion with a case
where is very high, <s@cds low and the pro le width is independent of . The pink curve in
Figure 4.7a summarizes this case. For a given experimental situation, once generated, such

a curve would enable direct correlation between pro le width and an unknown sheath layer.
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Two trends are evident:

For large values of <pgs.e9/<s@cethe pro le width approaches a xed value of ~9.2 mm.
This is likely attributable to size of the input heat source. The temperature pro le (the warm
region in the material) cannot become narrower than the laser spot size thus the heat source
width represents a hard limit on the range of pro le widths for which meaningful conclusions
can be drawn. As discussed in section 4.5.1 the in uence of the volumetric source extends
~2x its own width compared to a point source. Here it appears a similar limit is in place on
pro le width at ~2x the FWQM of the heat source. For the experimental beam size utilized in
this work, this constraints puts an upper limit on the possible <pgseg values that can be
reliably determined at two orders of magnitude larger than that of the core. However,
approaching this asymptotic limit also means that the slope of the pro le width with relative <
is small (decreasing sensitivity) and not constant within this region.

A larger, constant slope is observed for (relatively) increasingly insulating sheath layers,
which asymptotically approaches a scaling to the -1/3 power. This is a region of parameter
space where high sensitivity (a large change in pro le width with <pge.gg) and stability to  is
observed. From a practical perspective, the most experimentally important regime is likely
values of <pgse9 <4@cedf 0.01 to 1, useful for testing ultra-low conductivity materials.

The independence of pro le width on  in this region (see g. 4.7b) is attributable to the
insulating sheath layer being the dominant factor in heat ow in the surface-normal direction,
making it dif cult for heat to even reach the surface (where heat ow is controlled by ). This
effect appears to saturate for sheath conductivities two orders of magnitude lower than the
core. Large values also reinforce this limit, but rather than remaining cool because little
heat is reaching the surface, the surface remained cool due to the ease with which heat is
drawn away from the surface.

When <pgg.eg is larger and is smaller (i.e., take on more reasonable values), pro le
width generally depends on all three parameters as summarized in 4.7b.

Our main observations are:

Overall, large values of (Fig 4.7b, dark blue and light blue) remove the nal impediment
to heat owing across the surface and escaping the multilayered Im. The temperature pro le

widths are thus primarily determined by the internal heat ow in the core and sheath layers,
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as discussed above. When not limited by spot size, the pro le widths follow the -1/3 power
scaling closely, reinforcing that this trend is due to only the internal layers.

As was decreased, the temperature pro le widths increased, in line with analysis in
single layer Ims. This effect appears most prominent near conductivity ratios of 1. For larger
values of <pgseg, the increased ability of the sheath layers to transport heat to the surface
should increase the sensitivity of the pro le width to changing  values, however the opposite
trend is seen; increasing <pges.zg9 decreases the effect of changing . One possibility is that
though the lateral sheath conductivity is increased, the radial sheath conductivity is increased
as well, and the radial increase has a larger effect.

Finally, changing values of <sg@ceseemed to have no major effect that is independent of
changes in <pgsEg and . Increasing the thermal conductivity of the core layer increases the
pro le width, in-line with single layer Ims, but an equal increase in <pgg.eg and  cancel out
the change perfectly ( g. 4.7b, green solid symbols and yellow open symbols), though full
compensation is not always feasible. Note that the core layer material may be highly
restricted due to the need to incorporate the heating and sensing additives. The ability to

compensate for core conductivity can be useful if targeting a speci ¢ <pgseg regime.

Experimental considerations

Figure 4.7c shows the measured pro le widths of the three sheath materials tested, using the
literature values of <pggrg for those materials. The lower two experimental values are in good
agreement with the trends predicted by simulation. Evident is the undesirable nature of
measuring pro les in the heat source limited, high conductivity ratio region, as shown by the
far right point corresponding to the sapphire-sheathed epoxy sample. In this region, the
temperature pro le width is largely driven by the heat source width, which was assumed to be
gaussian in shape in FEM models. A slight deviation from gaussian shape would have little
effect outside of the heat source limited region, but a large effect within this region. This
provides rm evidence that useful information is dif cult to extract from conductivity ratios in
the heat source limited regime.

From this analysis it is clear that prudent choice of and <sgcecan be useful when
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determining <pgeEg Of an unknown material, and those choices will depend on the expected
range of sheath conductivity. At minimum, one desires a pro le width that is not limited by the
input heat source, which caps the useful conductivity ratio to less than 100 for these
experimental conditions. If the test system is one where can be made very large (e.g, by
addition of fans), the simulation results indicate an advantageous region where <s@ce

>  + <pgeeg. This set of conditions puts most potential <pgesEg values in the region of -1/3
power scaling, greatly simplifying tting. In contrast, when testing thermal conductors, where
we expect <pgs.e9 ><s@ceOne Might desire a test system with a low  and

<4@C6 <DY6EY + <4@ce Under these conditions, the sensitivity of pro le width to
<pos«E9 IS largest, allowing the greatest theoretical accuracy, though with a smaller dynamic
range.

In the situation where a material formulation is being optimized or multiple materials are
being ranked for best performance, a full iterative computational approach can be too time
consuming to evaluate the conductivity of each material. For ranking needs such as this, a
simpli ed version of this approach can be employed to quantitatively compare materials, and
identify viable materials for further testing. The active core layer contains all necessary local
elements for both heating and sensing, simply attaching the material-under-test to either side
of the core layer is all that is necessary to enable measuring a temperature pro le. The
monotonically decreasing relationship between pro le width and sheath conductivity allows
the materials under test to be ranked without any computation beyond measuring the pro le
width. Moreover, the pro le width is independent of input laser power (for low laser powers)
which provides robustness against variation in laser power, or minor amounts of dust. There
is bene t to choosing a speci ¢ core layer material, laser size, and surface convectivity as

described above, but it is not necessary to rank materials.

4.6 Conclusion

Temperature pro les in a triple layered Im con guration consisting of a single active core
layer between two matching sheath layers under spot heating were measured. No closed

form equation was found to describe the behavior of the temperature pro le to changing
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thermal conditions, thus a stepped approach was developed using FEM modelling, veri ed
against experimental samples, to explore the behavior of the pro les. The pro le width as
FWQM was found to be the simplest and most robust descriptor of the temperature pro le,
while the relevant thermal measure was found to be the ratio of the thermal conductivity of the
sheath layers to that of the core layer. This conductivity ratio showed a scaling following the
-1/3 power for pro le widths at low values, but is limited by the heat source at ~2x the heat
source width. This behavior enables the use of this stepped approach to determine the

thermal conductivity of unknown materials with reduced computational demands.
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(a) Simulation results with High  and low <4@ce
highlighted.

(b) Simulation results. (c) Comparison to Experimental data.

Figure 4.7: Full-width at quarter maximum of simulated temperature pro les under changing
thermal conditions.
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Chapter 5

Photothermally-driven oxidative
degradation of LDPE nanocomposites

containing plasmonic nanoparticles

Foreword

This chapter is a prepared manuscript on the use of photothermal heating in driving
autonomous degradation of low-density polyethylene. In this chapter we describe a method of
fabricating a low-density polyethylene nanocomposite containing both a thermal degradant,
cobalt stearate, and well as photothermal heaters, silver nanoparticles, which, when exposed
to blue light, degrades at ambient temperatures. Generating the heat internally, using
potentially harvested light from the sun, allows for the ef cient degradation of polyethylene
which is not able to be collected and dealt with traditionally. Fluorescence thermometry was
used in determining the condition of degradation, as well as comparison to conventional
thermal degradation. This test system uses silver nanoparticles to take advantage of the
extra blue light available in sunlight, and highlights the tunable nature of photothermal
heating, where the nature of photothermal heating can be tuned to speci c wavelengths. As
well, in this work the uorescent dye Lumogen F orange 240 was substituted for perylene,
with minimal alteration. This work proves the ef cacy of photothermal heating in dealing with

inaccessible plastic waste, while also displaying the exibility of the technique as a whole, by
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tuning both heater and uorophore to the system needs.

5.1 Abstract

Novel approaches to control and drive polymer degradation are of present interest because of
the multiple challenges to remediating worldwide plastic waste, including minimizing its effect
when uncon ned in the environment and potentially recovering value from discarded material.
Photothermal heating utilizing metal nanoparticles, where light is converted into heat at the
nanoscale, results in a high temperature and electric eld environment in the particles'
immediate vicinity and can be used to drive chemical reactions, such as oxidative degradation
within low density polyethylene (LDPE). Broadly speaking, this approach provides an ef cient
mechanism to usefully convert sunlight to internal heat. We present an LDPE nanocomposite
system incorporating silver nanoparticles and cobalt ions where the cobalt-mediated oxidative
process is driven by heat resulting from illumination with blue light. In this con guration, the
observed degradation (characterized by both ultraviolet-visible and Fourier-transform infrared
absorption spectroscopy, electron microscopy, and mechanical testing) under photothermal
heating is nearly identical to that which occurs by heating conventionally, as expected due to

the non-local oxidative process.

5.2 Introduction

The concept of driving high-societal-impact chemical reactions via passive, spontaneous
absorption of solar energy[1] is compelling due to its potential practicality, intrinsic
"greenness"”, and connection with natural chemical processes such as photosynthesis. For
instance, addition of a "sensitizer" to signi cantly enhance absorption of light by a solid object
enables it to reach temperatures much higher than the ambient environment[2—7], which can
provide heat to drive an internal chemical reaction. Photothermal processes, such as those
associated with metal nanoparticles, which strongly absorb visible light and convert it into
local heat, are natural choices for exploration of this paradigm. Similarly, when considering

chemistry that would ideally proceed spontaneously when exposed to sunlight, environmental
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plastic remediation is an important test case. The presence of commodity plastics in the
environment has been well-documented[8-12] and includes damage to marine and terrestrial
animals[13-17], increased strain on water treatment facilities[18—20], and concentration of
hydrophobic toxins[21-25].

For instance, while oxidative degradation of polyethylene can be driven either by
ultraviolet (UV) light or heat, unfortunately the small absorption cross-section for UV light
limits photo-oxidation and the thermal oxidation process is slow at room temperature,
requiring a time scale of years[26—28]. Both processes rely on chemical defects (such as
non-saturated bonds) within the polymer to initiate so-called autoxidation. Furthermore, the
minute fraction of degradation that does occur signi cantly impacts mechanical strength,
detrimentally leading to microfragmentation, where chemically intact (and thus strongly
hydrophobic) materials break into small pieces[29—-31]. This phenomenon is particularly
environmentally damaging in oceans as hydrophobic toxins (such as pesticides) adhere to
plastic particulates, which are small enough to be easily ingested by marine animals[15,
32-34]. Once in such a micro-fragmented state, environmental remediation (clean-up) is
virtually impossible[35]. Thus, any strategy to enhance degradation for polymeric objects in
the environment would ideally signi cantly enhance degradation, be autonomous, and at a
minimum, not enhance microfragmentation.

Metal-particle-based photothermal heating processes are characterized by high
ef ciency (almost perfect conversion of the energy of each absorbed photon to heat)[35—-38]
as internal temperature increases on the order of 100 C can be accomplished in ambient
conditions under moderate light intensity with minute particle concentrations (i.e., hundredths
of a weight percent)[39—-42]. Such temperatures are often utilized to drive thermal oxidation of
polyethylene in accelerated aging studies[43—45]: here, the material would ideally heat itself
in the environment with no human intervention needed. The localized surface plasmon
resonance (SPR) that sets the absorption spectrum of the nanopatrticle is determined by the
composition, size, and shape of the particles, as well as the dielectric environment (i.e., the
surrounding polymer). For instance, easily fabricated, relatively inexpensive, silver
nanoparticles with a slight polydispersity of sizes (such as those used in this work) generally

absorb wavelengths in the range 326 to 504 nm, centered on the blue band and
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encompassing about half of the visible light spectrum, thus providing ef cient energy
collection of sunlight. We note that high energy blue light (400-430 nm) is minimized in most
modern indoor lighting, and overall levels of blue light are reduced due to the human eye's
inef ciency at shorter wavelengths and customer preference for "warmer" (i.e., more red and
green) light[46, 47]. This provides some speci city for primarily driving degradation when the
material is under sunlight or intentionally exposed to high intensity blue light and not during
normal use.

A distinctive characteristic of photothermal heating at low nanoparticle concentration is a
strongly inhomogeneous steady state temperature distribution due to the fact that heat is
generated at each individual nano-sized particle and interparticle spacing is 50-100 times the
particle dimension. The interior of a photothermally heated sample is warmer than its surface
and temperatures near the particles are signi cantly hotter than the regions between
particles. In principle, heterogeneous temperatures could result in uneven degradation
throughout the material, mechanical defect formation, and thereby, deleterious loss of
structural integrity. Interestingly, oxidative degradation reactions are a useful target to
minimize any asymmetric effect of heterogeneous heating (vide infra) because the multi-step
process for successful degradation requires not only heat but also oxygen, chemical defects,
and radicals formed by previous bond-breaking. In fact, one dif culty in driving oxidation in
polyethylene is diffusion of oxygen into the interior of the material, which is aided when the
material is heated due to thermal expansion. Further, if a pro-oxidant agent, such as a metal
complex[48] (here, cobalt stearate) is used to catalyze and thereby dramatically increase the
speed of the reaction when heated, radical formation will be more ef cient near pro-oxidant
sites. Thus, while the oxygen rich regions extend from the exterior of the sample inward, the
pro-oxidant sites, defects, and hot spots from photothermal heating are randomly distributed,
and reactions will actually occur when all these elements overlap thus mitigating the effects of
the spatially inhomogeneous temperature pro le within the sample.

In this work, we test the above hypothesis and demonstrate the ability of photothermal
heating to drive oxidative degradation of low-density polyethylene (with cobalt stearate as a
pro-oxidant agent to enable tractable degradation times) as a proof-of-principle. Light

intensities used were approximately 20 times that of the sun in the relevant spectral output
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range. We utilize measurement spectroscopy from ultraviolet to infrared wavelengths to
guantify the resultant reactions, as well as to also track mechanical properties. We nd that
the effects of photothermal heating under these conditions are identical to that of conventional
treatment at 60 C, which indicates that oxidative degradation could be autonomously driven
by application of ambient light to result in accelerated aging without any overt interventions
(e.g., such as collecting plastic waste and placing it in an oven). More broadly, these results
indicate that photothermal heating can be utilized to drive chemical reactions homogeneously

(autonomously within a solid material) if the reaction is suitably selected.

5.3 Experimental Methods

5.3.1 Materials

Low-density polyethylene homopolymer (LDPE) (Petrothene NA940000, LyondellBasell
Industries) (Melt Flow Index (MFI) 0.25 g/10 min, Density 0.918 A =G , Vicat softening
temperature 90 C) and Cobalt(ll) stearate pellets (Santa Cruz Biotechnology, Inc) were
processed into ne powders before use (see below). Aqueous silver nitrate (ASTM reagent
grade, Ricca Chemical), dioctyl sulfosuccinate sodium salt (AOT)(Purum grade, Sigma
Aldrich), Lumogen F Orange 240 (Lumogen Orange)(BASF SE), toluene and acetone (ACS

reagents grade, Fisher Chemical) were used as received.

5.3.2 Silver Nanoparticle Synthesis

Silver nanoparticles (AgNP) were synthesized by a reverse micellelar reduction of silver
nitrate[49-52]. Under intense stirring 200 zZFof 0.1 M ag. A * + was added to 20 ml of 0.25
M AQT in toluene in a glass vessel. The vessel was sealed and stirring continued for an hour
as the solution rst turned clear, indicating successful micelle formation, then light yellow as
nanoparticle seeds formed. The sealed vessel was placed in a 100 C oven for two hours to
accelerate nanoparticle growth by enhanced silver ion reduction. The resulting nanoparticle
emulsion was allowed to cool, then centrifuged for 10 minutes at 16.1 KRCF and supernatant

replaced with fresh toluene to remove excess AOT and water. The process was repeated
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without redilution to produce a ~10 nM[53, 54] concentrated solution of AOT-stabilized AgNPs
in toluene.

Nanoparticles were characterized by extinction spectroscopy (UV-vis)(Cary Scan 50) and
found to exhibit a strong plasmonic absorption peaked at 429 nm, with FWHM of 107 nm.
The observed plasmon peak wavelength is predicted from Mie theory to correspond to the
extinction of a monodisperse solution of AGNP 25 nm in diameter, with a FWHM of 35 nm.
The larger 107 nm FWHM indicates polydispersity in the synthesized AgNPs. AS a practical
consoderation, the wider absorption range of polydisperse AgNPs actually better matches the

output of broad spectrum energy sources, such as sunlight.

Figure 5.1. UV-vis spectrum of AgNPs (diluted to 0.5 nM in toluene). Inset: dropcast TEM of
the same AgNP solution. The particle size from TEM was 17 10 nm which is consistent with
the UV-Vis results (see text).

5.3.3 Polymer Nanocomposite Film Preparation

LDPE pellets were cryoground in liquid nitrogen (Spex 6870 Freezer/Mill) to reduce the
particle size and ease incorporation of additives. Cobalt(ll) stearate pellets were ground into
a ne powder by mortar and pestle. Master batches of LDPE containing 0.0005 wt%
Lumogen F Orange 240 and/or 1 nM AgNP were prepared by wetting LDPE powder with the

either AgNP in toluene or Lumogen in acetone, then mixing until the solvent fully evaporated.
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Powdered cobalt(ll) stearate was incorporated into LDPE powder at a concentration of 1 wt%

immediately prior to Im creation.

Table 5.1: LDPE Formulations

Name Silver Nanoparticle Cobalt Stearate Lumogen F Orange 240
PE-neat - - -

PE-AgNP 0.002 wt% - -

PE-Co - 1 wt% -
PE-AgNP-Co 0.002 wt% 1 wt% -
PE-AgNP-Lum 0.002 wt% - 0.0005 wt%

Films were prepared by melt-pressing: three grams of master batch powder and several
0.5 mm thick spacers were placed between sheets of non-stick aluminum foil (Kroger
Corporation) and subjected to ve metric tons force (50 kN) for 30 seconds in a hydraulic
press with heated platens at 150 C. The newly formed Im was quench cooled, removed
from the foil, cut into pieces, and stacked on fresh foil to be re-pressed. This process was
twice repeated to aid additive dispersion within the Im. During the nal melt-press, the force
was applied for 5 minutes to facilitate polymer equilibration. The formulation and naming
scheme for each Im type is given in Table 5.1. The resulting Ims were measured to be 0.28

0.05 mm thick by digital calipers.
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5.3.4 Nanocomposite Film Characterization

Figure 5.2: UV-Vis spectra of neat and composite LDPE containing cobalt stearate and/or sil-
ver nanoparticles. The large peak at 410 nm is due to the localized surface plasmon resonance
of AgNPs, and the broad absorption from 450-600 is associated with cobalt(ll).

To con rm good dispersion of both AQNPs and Cobalt species as dilute concentrations within
the LDPE matrix extinction spectroscopy and electron microscopy were utilized. In the UV-vis
spectra (Fig. 5.2), the distinct AQNP SPR absorption peak at 429 nm is present in both
PE-AgNP and PE-AgNP-Co. The peak location re ects both the surrounding dielectric
environment (which is similar for PE (? = ) and toluene (? = )) and the
average particle size. Lack of a signi cant increase in peak position indicates that within the
existing polydispersity, the average particle size did not increase. Similarly the width of the
peak re ects a distribution of particle sizes and should be altered if signi cant aggregation
occurs. Peak widths for PE-AgNP and PE-AgNP-Co were 96 and 95 nm, respectively, and
thus indicate a similar dispersion as experienced in solution. Figure 5.10 presents
transmission electron microscopy (TEM) images of ~100 nm thick microtomed cross-sectional
slices from freshly-prepared unaged PE-AgNP (5.10a) and PE-AgNP-Co (5.10b). TEM
imaging con rms the presence of AgNPs (dark spheres) and size analysis (N = 76) results in
an average diameter 17 10 nm, which is in agreement with the UV-Vis measurements. The

average concentration of nanoparticles within the solid PE samples was estimated to be 5 nM
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by dividing the total number of particles counted across 73 micrographs by the total imaged
volume. This estimate is most likely an overestimate due to some observed clustering (but
not necessarily aggregation) of the AgNPs in LDPE, but is on the same order of magnitude as
predicted from the Beer-Lambert law and the observed peak size in the extinction spectrum
(1 nM),indicating that a signi cant fraction of AgNPs survived the Im creation and were
independently plasmonically active. Further evidence is given by ensuring the nearest
neighbor spacing between particles exceeds two times their radii, the maximum distance
where undesirable interactions signi cantly impact ef ciency[55, 56]. 88% of 144 measured
nearest neighbor distances exceeded this measure. The combination of UV-Vis and TEM
measurements shows the robustness of the method for incorporation of AgNPs into LDPE.

In the UV-vis spectra (Fig. 5.2), the broad absorption from 450-600 nm in PE-Co and
PE-AgNP-Co indicates cobalt(ll) ion presence in the samples[57, 58]. Unlike AgNPs, the
successful dispersion of individual cobalt ions into the LDPE matrix is more dif cult to con rm
via TEM. TEM images can only disprove successful incorporation by identifying the presence
of cobalt aggregates. Figure 5.10 (images 5.10b,5.10c,5.10e,5.10f,5.10h,5.10i) contain
cobalt. No such aggregates were observed in images of LDPE that contained only cobalt
additives, indirectly demonstrating good dispersion. The surrounding LDPE matrix (gray
areas) appears largely featureless in unaged samples, with subtle variation in shade due to
changes in cross-section thickness from microtoming or buckling. The matrix shows no

defects in the vicinity of AgNPs indicating good bonding between the particles and matrix.

5.3.5 Photothermal and Conventional Thermal Oxidation

Photothermal-oxidative tests (PT aged) utilized in a lab-constructed blue light source
described in detail in supplemental section B.1. Film samples were illuminated from below by
an array of royal blue LEDs (443 nm emission peak, 15 nm FWHM) at an average intensity of
0.27 3 =G for 120 hours. Ambient temperature in the irradiation environment was 36 C.
Thermo-oxidative tests (Oven aged) were performed out in a gravity convection oven at 55-60

C for 120 hours.
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5.3.6 Evaluation of Degradation

Oxidative degradation of LDPE was monitored by recording changes in extinction
spectroscopy (UV-Vis), Fourier transform infrared absorption spectroscopy (FTIR),
mechanical tensile properties, and surface morphology (SEM) or internal (TEM) morphology
via electron microscopy.

Tensile properties were evaluated using a Universal Testing Machine (Instron 5944) with
50 N load cell. The modulus, tensile strength at break and elongation at break were
measured at a testing speed of 40 GG GCH Specimens had a gauge length of 48 mm and
10 mm width. Each sample condition was replicated with at least 10 specimens. An average
value and standard deviation are reported.

FTIR absorption spectra were recorded on an integrated bench (Thermo Fisher iS50) in
attenuated total re ectance mode using a diamond crystal. 64 scans of 4 =G  resolution
were averaged per spectrum and converted to absorbance via built-in software, with resulting
repeatability of 0.3% of full scale. The diamond crystal re ector resulted in minor noise in the
region from 2300 - 1900 =G , which is not a region of interest.

UV-vis extinction spectra with 1 nm resolution and 0.25 s integration time was used to
monitor growth of UV-absorbing oxidation products as well as the presence of additives
(AgNPs, cobalt stearate, and Lumogen orange).

Surface morphological data was collected on a variable pressure SEM (Hitachi S3200N)
at 2500x magni cation (20 kV). Specimens were sputter coated with ~30 nm of gold prior to
imaging to reduced charging effects.

Internal morphological data was collected on specimens that had been ultramicrotomed

to ~100 nm thickness, then examined via TEM (JEOL 2000FX) at 200 kV electron energy.

5.3.7 Non-contact Temperature Measurement

As discussed in previous works[6, 41, 59-62], a dilute concentration of perylene or
perylene-derivative uorescent molecules incorporated in polymer as a minute additive, can
be utilized for non-contact thermometry to monitor internal temperature. In this work the

perylene derivative dye Lumogen F Orange 240 was employed, which shares key properties
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with its progenitor: namely, resistance to bleaching, ease of incorporation in non-polar media,
and a distinct, multi-peaked uorescence spectrum, which is useful for temperature
measurement. The absorption and emission spectra of Lumogen Orange are redshifted ~100
nm from perylene, which results in overlap between the absorption of Lumogen Orange and
the AgNPs. As such, the same light (see Section 5.3.4) was utilized to excite both the
plasmonic nanoparticles and the uorescent dye. After light was applied, the samples
warmed to a steady state in approximately 5 minutes, which enabled accurate determination
of the temperature before signi cant photobleaching occurs. At 0.27 3 =G , the high
intensity of light used to excite the heaters however also increases the photobleaching rate of
the dye, witha 6 time constant measured at just 2 hours at room temperature. Collected
uorescence was spectrally Itered (to remove the excitation source then coupled by a 1 inch
lens through a ber optic cable onto a spectrometer (Ocean Optics Flame with 25 ZG slit)

having 1.4 nm spectral resolution using 0.1 s integration time.

Figure 5.3: Absorption spectrum (left) of Lumogen Orange F 240 in LDPE. Emission spec-
tra (right) at increasing temperatures exhibit distinct changes that are utilized for temperature
measurement. Dashed lines indicate wavelengths used to determine intensity ratios for ther-
mometry.

Figure 5.3 shows the measured absorption and emission spectra of Lumogen F Orange

240 in LDPE. The peaks correspond to the vibrational levels of the rst excited electronic
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state of the Lumogen molecule. Emission spectra are shown for several temperatures. The
changes in the spectra with temperature can analyzed in several different ways in order to
determine temperature[63]. Here, a ratiometric approach was utilized: computing all possible
intensity ratios (the uorescence intensity at wavelength * divided by the uorescence
intensity at wavelength J plotted versus temperature) to determine the combination with the
most linear response over the temperature range of interest, as described in supplemental
section A.3. Such an approach is robust to variation in illumination intensity and
photobleaching (particularly important for this application), and relatively simple to calculate.
Figure 5.4a shows the selected intensity ratio (where x = 560 nm and y = 581 nm),
demonstrating its linearity with temperature. 560 nm is on the blue side of the central peak

while 581 nm lies on the red side.

@ (b)

Figure 5.4: a) Intensity ratio of Lumogen uorescence at varying specimen temperatures, with
linear t. b) Measured temperature increase in PE-AgNP-Lum due to photothermal heating
after blue light is applied at time t=0 s, with a single exponential t.

To determine the temperature of photothermally heated samples, specimens containing
AgNPs and Lumogen Orange (PE-AgNP-Lum) were irradiated by the LED light source and
monitored as they came to steady-state (Figure 5.4b). A steady state temperature of 55 1

C was measured for all times after 5 minutes. Internal temperatures determined via this

approach are the result of an ensemble measurement of uorescence from molecules
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distributed throughout the entire specimen and thus, represent an average temperature value
away from the intensely heated (but very small) regions surrounding each particle. As
discussed below and in the introduction, the distributed nature of the multi-step reactions that
lead to oxidative degradation in PE means that the degradation process is unlikely to be

signi cantly affected by the hot-spots around each particle, and thus the average temperature

should be the most appropriate comparison with conventionally (oven) treated samples.

5.4 Results and Discussion

5.4.1 Characterization of Chemical Degradation

Figure 5.5: Infrared spectra of PE-AgNP-Co (LDPE containing silver nanoparticles to convert
visible light to heat to drive the oxidative degradation reactions catalyzed by the pro-oxidant
cobalt stearate) as a function of illumination time. Inset shows the individual peaks comprising
the carbonyl peak region.
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Figure 5.6: UV-Vis extinction spectra of PE-AgNP-Co showing the products of oxidative
degradation (peak at 275 nm) as a function of illumination time. In the high extinction re-
gion (above 4) absorption by the sample is suf ciently high that the detector cannot quantify
the remaining (less than 0.01 percent of the original light level) intensity. The peak above 400
nm is due to the presence of AgNPs (see Figures 5.2 and 5.6).

We begin by discussing the chemical changes characteristic of thermal oxidation of
polyethylene as tracked by FTIR and UV-visible absorption spectroscopy. The average
temperature within (see Section 5.3.7) the irradiated PE-AgNP-Co sampleswas55 1 C.
For comparison, PE-AgNP-Co were conventionally heated (in the dark) at 55-60 C. Because
degradation (as quanti ed by these measures) proceeded identically when heating
photothermally (autonomous heating due to light absorption) or by conventional means
(placing the samples in an oven), gures show only the photothermal case. The conventional
case is almost indistinguishable (see Section A.2). For reference, prior work on
thermo-oxidation[27] has established a reaction pathway that is summarized in Scheme 5.1.
Figure 5.5 summarizes FTIR spectra of PE-AgNP-Co samples as a function of irradiation
time. The peaks at 2915 =G , 2850 =G , 1470 =G ,and 720 =G , which correspond
to the stretching and bending modes of the -$ bonds of the polyethylene backbone,
showed no change. With increasing degradation time, infrared absorption increased in
several areas: a broad region from 3500 =G  to 2500 =G , a series of smaller peaks
from 1400 =G to 700 =G , and a complex peak at round 1700 =G . Most notable is

the complex carbonyl peak at 1700 =G (Fig. 5.5 inset), which consists of multiple nearby
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Scheme 5.1: A simpli ed scheme describing the thermo-oxidative degradation of polyethy-
lene and the relevant degradation products created. Thermal degradation is initiated (1) when
a hydrogen atom is abstracted from the chain by heat and nearby defects creating a poly-
mer free radical (2). The radical reacts with oxygen to incorporate hydroperoxides onto the
chain (3). The pro-oxidant cobalt ions catalyze the splitting of these hydroperoxides into alkoxy
radicals (4). These alkoxy radicals enable various reactions which produce carbonyl groups
(5.i), hydroxides (5.ii), and backbone modi ed groups (5.iii) monitored via FTIR, as well as
conjugated ketones monitored by UV-vis absorption spectroscopy (6).

peaks belonging to various carbonyl containing compounds. The growing presence of
carbonyl groups is an excellent indicator of degradation in polyethylene. The addition of
oxygen into the polyethylene chain as carbonyl groups is a key step in oxidative degradation,
and carbonyl groups decrease the overall stability by enabling further reactions that modify
and ultimately break the polymer chain (see Scheme 5.1).

Decomposing the carbonyl peak into its' constituents, the largest sub-peak is centered at
1713 =G , which is indicative of the presence of carboxylic acids in the sample. This can
be con rmed by the simultaneous presence of the broad structure from 3500 to 2500 =G
corresponding to an + -$ stretch with hydrogen bonding; a small peak at 944 =G for+ -$
wag/bend; and a peak in the 1320-1210 =G  range for -+ stretch. The next largest

sub-peak is occurs at 1735 =G, indicating the presence of ester groups in the sample.

112



Ester presence can be con rmed by the coexistence of peaks at 1180 =G  and 1040

=G , corresponding to the acyl and alkyl -+ stretch, respectively. On the high
wavenumber shoulder, a peak at 1780 =G  indicates the presence of small ring lactones,
which is dif cult to con rm with secondary peaks, and on the low wavenumber shoulder, the
broad region indicates the presence of carbonyl groups with nearby unsaturations, including
conjugated ketones.

Conjugated ketones, though only weakly displayed in FTIR spectra, have a very strong
absorption in the UV-visible spectral range, which has previously been utilized to track PE
degradation[27]. The nearby g h -unsaturation shifts the strongly absorbingu ! u*
transition of the carbonyl group from below 200 nm to 275 nm, well within the range of
general purpose absorption spectrometers. Figure 5.6 shows the effect of illumination time on
PE-AgNP-Co samples on UV absorption. With increasing exposure time, a peak appears in
the spectrum at 275 nm, which grows and eventually exceeds the measurement capabilities
of the detector (see Figure 5.6 caption). In combination with the prediction of the presence of
conjugated ketones from FTIR and previous literature precedent[27], we associate the peak
at 275 nm with the increasing presence of g h -unsaturated ketones in the sample.

The four carbonyl types identi ed above can be tied to the thermo-oxidative degradation
reaction pathway as follows (see Scheme 5.1). Lactones and conjugated ketones remove a
saturating hydrogen resulting in tertiary carbons and double bonds in the carbon backbone
with increased susceptibility to further degradation. Previous work has argued that
autoxidation in PE is driven by unsaturated defects[64]. Esters result from insertion of an
oxygen molecule into the backbone, modifying the innate hydrophobicity of the chain.
Carboxylic acids are associated with chain ends since the carbonyl carbon can only bond to
one alkyl chain. It is extremely unlikely that only pre-existing chain-end groups are replaced
with carboxylic acids and it must be concluded that the presence of carboxylic acids
corresponds to chain breakage. The height of the carboxylic acid carbonyl peak at 1713
=G is thus proportional to the concentration of chain breaks. The relative ratios of the four
carbonyl peaks change little as a function of exposure time or method, and as such each

could be used as a proxy for degradation.
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5.4.2 Comparing chemical degradation as a function of heating modality

(@) (b)

Figure 5.7: Amplitude of the carboxylic acid FTIR peak (a) and ketone UV-Vis peak (b) as
a function of illumination time for neat LDPE (gray) and that containing silver nanoparticles
(purple), cobalt stearate (green), and both silver nanoparticles and cobalt stearate (red). The
"oven" condition refers to conventional heating at 55-60 C. The "light" condition refers ex-
posure to visible light, which in the presence of AgNP results in photothermal (autonomous)
heating to drive the reaction. The light intensity utilized in this work resulted in an average
internal sample temperature of 55 C.

Figure 5.7 shows the growth of the 1713 =G  carboxylic acid FTIR peak as well as the
275 nm g h -unsaturated ketone UV-Vis peak for all sample types and heating conditions. For
samples conventionally heated (oven), those containing cobalt (PE-Co, green squares and
PE-AgNP-Co, red squares) showed an increase in both signals proportional to exposure time,
while cobalt-free samples (PE-neat, gray squares and PE-AgNP, purple squares) showed no
change. These results demonstrate the expected catalytic effect of cobalt as a pro-oxidant
that increases the rate of degradation. Previous work[65] indicates that cobalt interacts with
step 3 in the reaction chain shown in Scheme 5.1, enhancing the decomposition of alkyl
hydroperoxides to enable formation of alkyoxy radicals. Thus the presence of cobalt enables
observation of the thermally-driven chemical reaction on a shorter time scale. Samples with
silver nanoparticles (PE-AgNP-Co, red squares) degraded as a similar rate as those without

(PE-Co, green squares) indicating that the presence of silver nanoparticles has no
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deleterious (or restorative) effect.

We compare the effect of using conventional heating to drive oxidative degradation to the
results obtained due to light exposure. For cobalt-free samples (PE-neat, gray triangles)
exposed to our light source (designed to be resonant with the AgNP surface plasmon
resonance, in the blue visible range) no change was observed, indicating that no
unintentional photo-oxidation occurred. Photo-oxidation is a related but not identical process
to thermal-oxidation[27, 66, 67], driven by absorption of ultraviolet light, which is not present
in the light source utilized in this work. In fact, the cobalt-free PE-AgNP samples (purple
triangles) absorbed light and warmed, resulting in an internal average temperature of 55 1

C (as determined by the internal uorescence thermometry technique summarized in
section 5.3.7), however even at this elevated temperature (a similar case to the conventional
heating of PE-AgNP, purple squares), no signi cant change was observed. Overall these
results indicate that the only reactions observable on this time scale are cobalt-catalyzed
thermo-oxidation.

Thus, turning our attention to cobalt-containing samples under the presence of light,
Figure 5.7 indicates that PE-AgNP-Co samples (red triangles) which contained silver
nanoparticles showed a signi cant enhancement in degradation products as a function of
light exposure. As previously mentioned, such samples warmed to an internal temperature of
approximately 55 C (see Section 5.3.7). In fact, comparing the photothermally heated
PE-AgNP-Co case (red triangles) in which heat is generated from the visible light to when
heat is applied conventionally (red squares), the results are almost identical. This indicates
that the average sample temperature is the driving factor for carbonyl creation, rather than the
peak temperature (which is near each nanoparticle). The strong similarity of the data is also
consistent with the hypothesis that for this chemical reaction scheme the heterogeneity of the
temperature eld present in photothermal heating is neither a detriment nor an advantage.
These results also indicate that reactions taking place in the environment due to autonomous
heating from a sensitizer and ambient light would result in the same chemical by-products as
an "accelerated aging" laboratory experiment utilizing a conventionally-heated sample and
that, autonomous accelerated aging might be possible. As a nal remark, we note that PE-Co

samples (without AgNPs, green triangles) degraded very slightly as a function of light
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exposure, likely due to the slightly increased ambient temperature within the LED illumination
area (i.e., 36 2 C). The difference between the response of the PE-AgNP-Co samples
(red triangles) and the PE-Co samples (green triangles), shows the effect of the AgNPs as a
sensitizing agent, signi cantly increasing the absorption of visible light and enabling energy

"harvest" from the visible light source.

5.4.3 Comparison of mechanical properties as a function of heating modality

Figure 5.8: Tensile properties of LDPE with additives before and after 120 Hours exposure to
eithera 60 C Ovenor0.27 3 =G blue light.
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As discussed in the introduction, changes in mechanical properties have important
practical consequences when tracking polymer degradation. The heterogeneous temperature
distribution present during photothermal heating could in principle concentrate mechanical
defects, which would likely enhance the undesirable effect of micro-fragmentation. In the next
two sub-sections, we examine the bulk mechanical properties and micromorphology (via
electron microscopy) of LDPE to determine if such deleterious effects are enhanced under
photothermal heating. Figure 5.8 summarizes the mechanical properties of LDPE
formulations before and after exposure to heat or (blue) light. The neat LDPE sample, unaged
and without additives, was found to have modulus at 1% strain of 197 22 MPa, stress at
break of 11.7 1.8 MPa, and strain at break of 628 103 %. These values are consistent
with the manufacturers speci cations for this LDPE. Incorporation of additives showed no
signi cant effect on any of these properties prior to aging (i.e., comparing the as-made (red
bars) for different formulations). In general, early-stage oxidative degradation in LPDE most
strongly affects strain at break (elongation). Low molecular weight regions (where chain
scission has occurred) represent mechanical defects. Elongating the sample exposes a
signi cant volume to stress and breakage occurs when a defect-rich site is encountered.
Thereby defects prevent signi cant elongation (because the sample breaks) and can also
lower the observed stress at break. Modulus re ects only the initial response to deformation,
and thus is robust to defect formation.

First we consider the innate changes in mechanical properties due to the
thermo-oxidative degradation via conventional means. After 120 hours in a 55-60 C oven
(blue bars), cobalt-free samples (PE-neat, rst column, and PE-AgNP, second column)
showed no signi cant change from as-made samples (red bars) in any measured property,
which is consistent with the observation (via spectroscopy) of no chemical changes within
these formulations. Again, at these time scales, only cobalt-catalyzed oxidation is observable.
Samples containing cobalt (PE-Co, third column, and PE-AgNP-Co, fourth column) displayed
catastrophic loss of maximum strain (top row), breaking at21 4.5% and 22 3 %,
respectively, less than one-twenty fth of the as-made value. As expected[68], modulus and
stress at break showed weaker effects, modulus was slightly increased (252 10 MPa and

247 8 MPa, respectively) and stress at break decreased slightly (10.8 0.3 MPa and 10.7
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0.3 MPa, respectively).

For samples exposed to light, after aging for 120 hours under 0.27 3 =G blue light
illumination (green bars), neither cobalt-free sample (PE-neat, rst column, and PE-AgNP,
second column) showed signi cant change in any tested property compared to as-made
samples. As discussed in the previous section, placement close to the blue light source
experienced a slightly elevated ambient temperature (36 C), which resulted in small changes
to PE-Co samples (third column, green bar), including a minor reduction in strain at break.
Overall these results con rm that the blue LED light source does not output suf cient UV light
to damage polyethylene via photo-oxidation and that thermo-oxidation is the dominant
process under these conditions.

In contrast to the small effect due to the overt heat produced by the blue light source
(PE-Co, see above), samples that contained both cobalt and light-to-heat converting AgNP
(PE-AgNP-Co, fourth column, comparing the red and green bars) displayed signi cant
changes in mechanical properties as a function of blue light exposure. In particular, a
catastrophic loss of strain at break from 535 101 % to 10 4 % and a decrease in stress
atbreakt0 9.2 1.1 MPa was observed. As with the carbonyl measure, changes in
mechanical properties were again very similar to oven treated specimens that experienced
the same average temperature. Polymer fracture is governed by defects, making tensile
testing very sensitive to defect creation. However, no difference was observed between the
conventional and autonomous (i.e., photothermal) methods, indicating that the photothermal
process did not produce signi cantly more defects than the conventional testing.

These results are consistent with our hypothesis that the distributed nature of the
oxidative reaction, requiring oxygen (richer near the sample edges), cobalt (randomly
distributed) and AgNPs (also randomly distributed) results in that reactions in the immediate
vicinity of the hot nanoparticles are not a signi cant fraction of the chemistry occurring within
the sample. Rather, the AgNPs primarily serve as an energy conduit, with a large
cross-section (larger than their physical area [69] which collects light and then highly

ef ciently[2, 70, 71] converts this optical energy into internal heat.

118



5.4.4 Surface and internal morphology from electron microscopy
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