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ABSTRACT OF THE DISSERTATION

The Study of Mechanical Motion Using Photoreactions in the Presence of a Magnetic
Field

by

Jacob B. Rodriguez

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2024
Dr. Christopher J. Bardeen, Chairperson

This dissertation delves into the field of photomechanical motion, exploring the
manipulation of materials using light. Central to the research is the study of TEMPO,
hexaarylbiimidazole (HABI), and pyrolytic graphite (PG), each offering unique insights
into energy transfer and material control. The study begins with TEMPO, demonstrating
its capabilities in controlled mechanical motion due to its stable free radical properties.
This exploration lays the groundwork for further investigations into HABI and PG, where
their photoresponsive behavior is examined. An important aspect of this research is the
ability of light to alter the magnetic susceptibility of materials, enabling controlled
movement in magnetic fields.

This dissertation underscores the importance of understanding the thermal and
magnetic properties of materials in developing advanced technologies. The implementation
of photothermal and photochemical techniques has broad applications, from magnetic

levitation to sophisticated manufacturing processes. Future research is suggested to



develop new methods leveraging light-matter interactions, with vast potential for
advancements in energy systems, manufacturing, and biomedical technologies.

In summary, this work contributes significantly to the understanding of
photomechanical motion, offering new methodologies with far-reaching implications in

various scientific and technological domains.
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Chapter 1. Introduction

Light is one way to transfer energy from one part of the galaxy to the other. It can
be explained as a flow of photons, which are weightless bundles of energy. Light allows
for precise spatial and temporal control.! By adjusting parameters such as light intensity,
wavelength, and duration, one can precisely control the initiation and extent of
photomechanical motion.? This high level of control is valuable in applications requiring
fine-tuned movements such as biomedical imaging®®, laser cutting®’, and
photolithography in semiconductor manufacturing® to name a few. Photomechanical
motion refers to the movement or deformation of materials in response to light. This
phenomenon occurs when materials undergo physical changes, such as shape distortion,
when exposed to light.” The interaction between light and the material can induce various
effects, including bending'?, twisting'!, crawling'?, rolling'®, and jumping'*. The process
often involves the absorption of light energy by the material, leading to alterations in its
structure or properties, which, in turn, result in observable mechanical motion. Light-driven
mechanisms operate without physical contact, making them non-invasive. This is
particularly advantageous in applications like laser eye surgery'>, biomedical diagnostics'®,
and light-driven sensors!” involving delicate or sensitive materials where traditional
mechanical methods might be disruptive or damaging.

There are multiple ways light can be converted into energy, one of them being
photochemically.'® Photochemical reactions can be selectively activated by light of
specific wavelengths. This selectivity allows for precise control over when and where the

reaction occurs, enabling targeted mechanical motion in a controlled manner.



Photochemical reactions can also exhibit rapid response times and have tunable

parameters.'’

However, photochemical reactions exhibit disadvantages as well.
Photochemical reactions can be sensitive to environmental conditions, such as
temperature.?’ Variations in these conditions may influence the efficiency and reliability
of the photochemical process. Some photoactive compounds may experience
photodegradation or loss of activity over time due to prolonged exposure to light.?! This
can limit the long-term stability and durability of photochemical systems.

Besides converting light photochemically into energy, there are also radiation
pressure and photothermal methods. Radiation pressure refers to the mechanical force
exerted by electromagnetic radiation (such as light) on a surface or object.?> This force
arises due to the transfer of momentum from photons to the surface or object upon
interaction. The concept is based on the principle that light carries momentum, and when
it interacts with matter, it imparts this momentum, resulting in a pressure-like force.
Photothermal refers to a process or phenomenon in which light is converted into heat.?
This conversion occurs when light is absorbed by a material, and the absorbed energy is
transformed into thermal energy, raising the temperature of the material.

Another concept that we explore in this lab is utilizing the magnetic properties of
materials in order to generate photomechanical motion in the presence of a magnetic field,
and that is the backbone of this dissertation. Light can modify an object’s magnetic
susceptibility by changing its internal electron configuration.?* Magnetic susceptibility

indicates the degree of magnetization of a material in response to an applied magnetic



field.?> In a simple case, the creation of unpaired electrons would make an object
paramagnetic, causing it to be attracted to a nearby magnet.

There are three main types of magnetism: ferromagnetism, paramagnetism, and
diamagnetism.?® Ferromagnetism is a property of certain materials that have a natural
magnetic moment and can be magnetized to retain a permanent magnetic state. This is due
to the alignment of unpaired spins in the material, even without the presence of a magnetic
field. Paramagnetism is a property of some materials that are attracted to a magnet when
in the presence of a magnetic field. Without the field, those materials have randomly
oriented unpaired electrons, giving a net magnetic moment. They have a positive magnetic
susceptibility (x). Some examples are triplet states and free radicals. Diamagnetism is a
property of all matter where there are no unpaired electrons. This is because all orbital
shells are filled. Under an applied magnetic field, however, the spins are opposed by the
field, causing them to align opposite the magnetic field. This gives the material a negative
. Paramagnetic materials have diamagnetism since all materials exhibit diamagnetism, but
the magnitude of paramagnetism is so large that it cancels out the diamagnetism.

To exploit the properties of magnetism, we studied the stable free radical 2,2,6,6-
tetramethyl-1-piperidinyloxy?’ (TEMPO) (Figure 1.1) Before attempting to change the
properties of any materials, we doped the polymer, polymethyl methacrylate (PMMA),
with TEMPO. We decided on PMMA because it is clear, commercially available, and
unreactive to the ambient atmosphere.

We used TEMPO as a test case to see if an object with free radicals can move when

near a magnet. As expected, a TEMPO-doped polymer is attracted to a magnet since it is



paramagnetic. While analyzing TEMPO, we fortuitously came across the phenomenon of

supercooling (which will be discussed in the next section of this chapter).
o)

N

Figure 1.1. Chemical structure of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)

With TEMPO demonstrating motion, we had two strategies to show that creating
radical spins and then moving objects under the presence of a magnetic field is possible.
Approach one: Use photochemistry to create radical spins in ortho-chloro-
hexaarylbiimidizole (o-CI-HABI, but it will be called HABI for the purposes of this
dissertation). Approach two: Photothermally creating radical spins by heating up pyrolytic
graphite (PG). Both approaches exhibit a tunable way to increase/decrease the strength of
motion depending on the strength of the magnetic field. In theory, photothermal reactions
can go on forever since it is not doing photochemistry that may lead to degradation of
breaking and making bonds which is a reason why we moved forward with photothermal

reactions over photochemical ones.



The rest of this chapter is organized into three parts: the supercooling of TEMPO,
photochemical changes involving HABI, and photothermal changes involving PG.
1.1 Supercooled TEMPO

TEMPO is a stable free radical.?’ The nitroxyl group on it allows TEMPO to persist
as a radical. Normally, free radicals are unstable.?® They are usually highly reactive and
will react with the air and the molecules around them.
1.1.1 Applications

TEMPO and its derivatives are stable nitroxyl radicals and are used in a variety of
applications. Given the properties of these radicals, they can be used as oxidizing agents.?
Among the various nitroxyl-radical catalysts, TEMPO is most frequently used because it
is commercially available.®® In addition, TEMPO radicals are used as scavengers of
unstable radicals species.’! For example, to afford stable trialkylhydroxylamines, the
trapping of transient carbon-centered radicals by nitroxides such as TEMPO is used.

TEMPO radicals are also found in applications in spin labels in the study of
conformation and structural mobility of biological systems.*? For example, starburst
dendrimers can be characterized by Electron Paramagnetic Resonance (EPR) with TEMPO
radicals as spin labels. TEMPO radicals are also frequently employed as functional
materials, such as oxidants of alcohols* and polymeric stabilizers®*. Since TEMPO is
stable, it can be attached to other molecules, which is called a spin label. The spin label can
then be used in EPR to study the dynamics and interactions of the labeled molecule. EPR
is a characterization method used to study molecules with unpaired electrons. An example

of an EPR spectrum is shown in Figure 1.2. It can provide information about the immediate



surroundings and magnetic behavior of unpaired electrons. It can be used with studying

radicals formed in chemical reactions, which I will discuss in the next section.

—

200

CAT12 - H,0

—

CAT12-4.5.SBD

Figure 1.2. Example EPR spectra. Experimental (full lines) and computed (dashed lines) EPR spectra of 4-
ammonio-2,2,6,6-tetramethylpiperidine-N-oxyl iodide derivatives (CAT12) in water solution and in
solution containing starburst dendrimers (SBDs). Copyright © 1995, American Chemical Society??

While analyzing TEMPO, we fortuitously came across the phenomenon of
supercooling.
1.1.2 Supercooling

We had melted TEMPO in a vial, and then as it cooled back down to room
temperature, it remained a liquid. Supercooling is exactly that; it is when a liquid material
drops below its freezing point and remains liquid. Water is a common supercoolable liquid.
It is studied in meteorology because supercooled droplets exist in clouds and play a role in
the formation of precipitation.>> The freezing of supercooled water releases latent heat,

preventing plants from freezing. Supercooled liquids (SCLs) are also used in rechargeable



heat packs. When a supercooled liquid (SCL) is disturbed inside a heat pouch, a nucleation
site occurs, and like in plants, the latent heat creates heat in the heat packs.
1.1.3 Nucleation

Nucleation refers to the initiation of a phase change in a material. For SCLs, it is
the single starting point of the solidification process. There are two types of nucleation:
homogenous and heterogenous.*® Homogenous nucleation is spontaneous and happens
within the liquid without any foreign surfaces or impurities being present. Heterogeneous
nucleation happens when there are surfaces with defects on the container or impurities in
the liquid. Comparing the two types, it is much harder for homogeneous nucleation to occur
because the SCL needs to overcome a substantial energy barrier, while that is not the case
for heterogenous nucleation.’’” SCL TEMPO falls under heterogenous nucleation. SCL
TEMPO sublimes within its container, and this causes the appearance of a nucleation site
on the container’s walls or under the lid. After hours, days, and even sometimes months,
crystal growth occurs at the nucleation site which eventually causes SCL TEMPO to fully
solidify.
1.1.4 Crystal Growth

Crystal growth is the process by which a seed crystal (nucleation site) becomes
larger as molecules add to its crystalline structure. The rate of crystal growth is influenced
by multiple factors, which include the presence of impurities, temperature, concentration
of particles in the surrounding area, and even agitation. Depending on the application,

crystals may be grown for their purity, size, and other properties.*3



1.1.5 Thermal Properties

To characterize TEMPO’s ability to be a SCL, we analyzed its thermal properties
using differential scanning calorimetry (DSC). DSC is a thermoanalytical technique that
measures the variation in heat needed to raise the temperature of a sample compared to a
reference, plotted against temperature.®® DSC can detect both endothermic processes like
melting and exothermic processes like crystallization. For TEMPO, which will be
discussed in more detail in chapter 3, it has an exothermic peak for melting, but it does not
have any endothermic peaks as it is cooled back down to room temperature, indicating that
it remains an SCL.

We prove that mechanical motion is possible by incorporating a stable free radical
into a polymer, but we wanted to incorporate light to have controllable photomechanical
motion. In the next section, we will discuss our strategy to photomechanically move
hexaarylbiimidizole (HABI) doped in PMMA.

1.2 HABI

HABI is a molecule that contains two imidazole rings that are substituted with aryl
groups. HABI is yellow as its monomer and then becomes purple free radical dimers as
shown in Figure 1.3 because it is a photochromic molecule, which is explained in section
1.2.1. The molecule is unreactive to the air, commercially available, ready to use right from
the manufacturer, and can easily be irradiated to become free radicals, which is why it was

chosen for the photochemical approach to this dissertation.
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0-CI-HABI triphenylimidazolyl radical (TPIRs)

Figure 1.3. HABI molecule. (Left) The dimer, 0-CI-HABI and (Right) the monomer free radicals.

1.2.1 Photochromism

Photochromism can be described as the reversible alteration of a chemical species
induced by light, resulting in a transition between two forms characterized by distinct
absorption spectra. Photochromic materials change color upon photoirradiation and are a
well-known class of molecules.!***! Photochromic systems can be divided into two
categories based on the thermal stability of the photogenerated species: T-type (thermally
reversible) systems, where the photogenerated isomers return to their original forms
through thermal processes, and P-type (photochemically reversible) systems, where this
reversion to the initial isomers doesn't occur even at elevated temperatures.*> Typical
examples of T-type photochromic compounds include azobenzenes, spiropyrans, and
hexaarylbiimidazoles, while stable P-type photochromic compounds include diarylethenes
with heterocyclic rings.*! This dissertation will focus on hexaarylbiimidazoles in chapter
1.2 and chapter 4.
1.2.2 Applications

HABI is a great candidate for efficient photoinitiation techniques®* >4, like coatings

that are cured with light, because a single molecule becomes two free radicals. This puts



HABI in an advantage compared to other molecules that only produce a single free radical.
The study of HABIs dates back to the 1960s*®, with their discovery bringing to light their
peculiar properties. Their photochromic behavior, which causes a change from yellow to
purple under UV irradiation, is attributed to the photoinduced cleavage of the C-N bond
between imidazole rings. This process forms radicals, specifically a pair of 2,4,5-
triphenylimidazolyl radicals. These radicals are stable in oxygen-rich environments and
exhibit slow recombination rates.* This project utilizes HABI’s slow recombination rate
for photomechanical motion.

HABI on its own is a fine powder, so we needed a way to embed it a polymer for
use in photochemical motion. Similarly to the TEMPO experiments, we decided on
polymethyl methacrylate (PMMA) because it is clear, commercially available, and
unreactive to the ambient atmosphere.

1.3 Pyrolytic Graphite

Working with HABI gave us the motivation to explore other methods to change ¥,
which is why we then began working with magnetic levitation (maglev). Pyrolytic graphite
is one of the most diamagnetic materials with ¥ on the order of -1.0x10™*% while other
materials are on the order of -1.0x107.> PG’s diamagnetic susceptibility is strong enough
to utilize its diamagnetism for maglev. As an alternative to HABI to change a material from
diamagnetic to paramagnetic, we explored PG because of its strong diamagnetic

susceptibility.
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1.3.1 Magnetic Levitation

Stable maglev was considered physically impossible from Earnshaw’s theorem?’,
which states that it is impossible for “a stationary object made out of magnets in a fixed
configuration to be held in stable equilibrium by any combination of static magnetic or
gravitational forces”. However, it was achieved by Braunbek in 1939.°% Induced
magnetism is not affected by Earnshaw’s theorem, and it is possible to have a minimum
total energy, which is necessary for reaching stable equilibrium. Since then, we have
utilized magnetic levitation for different applications such as maglev trains. These maglev
trains use electromagnets and superconducting magnets.>® Electromagnetic levitation relies
on a control system® to adjust the magnetic current to maintain clearance between the train
and railing, and superconducting levitation requires intricate cooling systems for
superconducting coils.®! Diamagnetic levitation, on the other hand, simply requires the
balance between the repulsive force of the material with the magnetic field and the force
of gravity.®?
1.3.2 Photothermal Magnetic Levitation

The y of PG can be changed photothermally. Jiro Abe was one of the leading
scientists to perform macroscale displacement of PG photothermally using a 405 nm
laser.® Abe presents a method to control the motion of magnetically levitating pyrolytic
graphite using photoirradiation. The optical movement of the graphite is driven by
photothermally induced changes in its magnetic susceptibility. They also demonstrate that
light energy can be converted into rotational kinetic energy using the photothermal

property of graphite.
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In 2022, Huang et. al. created stable magnetic levitation of PG using circular
magnetic arrays.% In their system as shown in Figure 1.4, they used circular magnets
embedded in one another with alternating poles to manipulate the magnetic field above the
magnets. They also created a method to investigate position stability of PG. The proposed
analytical method provides a comprehensive approach to study the position stability of PG
disks. It offers insights into the local forces within the disk, which can help in optimizing
the shape design of PG disks for better stability. This method is the first of its kind to study
the position stability of PG disks and fills a gap in the theoretical model of the mechanism

of stable levitation.
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Figure 1.4. Region division of magnetic field generated by circular magnetic array: (a) schematics of
magnet setup, and (b) pictures of the magnets. Copyright 2022 IEEE®

12



Kang et. al. introduced a method for trajectory control of levitated diamagnetic
graphite using a unique permanent magnet rail (Figure 1.5).% This rail is constructed using
a Halbach 1D magnet array combined with non-magnetic spacers. The spacers play a
pivotal role in controlling the trajectory by adjusting the magnetic force field. As the
magnetic force field weakens due to the spacers, the levitated PG slides towards areas of
weaker magnetic force. Additionally, they introduce a photo-gated motion control
technique. This method uses a laser beam to create an equilibrium state for the levitated
PG disk. When the laser is turned off or moved away from the PG disk, the equilibrium

breaks, causing the PG disk to slide due to the magnetic potential gradient force.

(a) NdFeB Spacer
permanent —

magnet —___ oo [T

B . Magnetic flux
S—N
(b) (c)
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hl w == : — ‘ -
- BT - BdB/dz = BI-55 MY == 0 S
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Figure 1.5. Schematic of the permanent magnet rail for trajectory control of diamagnetic substances: (a) top
view of rail; (b) cross-section view of the Halbach 1D magnet array without spacer and its magnetic flux:
both sides of the Halbach 1D array have stronger magnetic flux than the center; and (¢) cross-section view
of the magnets with spacers; this array has a weaker BdB/dz than an array without spacers superconducting.
Copyright © 2018, Korean Society for Precision Engineering®

1.4  Photomechanical Motion Using an External Magnetic Field (This Work)
In the pursuit of understanding and harnessing photomechanical motion using an

external magnetic field, our exploration started with TEMPO as a preliminary case and
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then led us to the realm of photochemical reactions, particularly focusing on HABI. This
will be the topic of chapter 4. The objective was to leverage HABI's properties, specifically
its magnetic susceptibility, through photoexcitation for controlled photomechanical
motion.

In chapter 5, we discuss the concept of using photothermal heating to control the
magnetic susceptibility of the graphite plate. By altering the magnetic susceptibility
through laser-induced heating, we can tilt a graphite plate that is placed on the surface of a
magnet. This novel approach to magnetic levitation could be used in applications like beam

steering, where a laser beam’s direction can be controlled.
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Chapter 2. Experimental Methods

This chapter is divided into three parts that correlate with the three projects worked
on during my PhD.
2.1 Supercooled TEMPO
2.1.1 Sample Preparation

2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPO, Sigma-Aldrich, 98% purity) and
4-hydroxy-2,2,6,6-tetramethyl-1-piperidine-1-oxyl (TEMPOL, Tokyo Chemical Industry)
were used as received. To prepare a typical SCL sample, 1.2 £ 0.20 g of TEMPO was
loaded into a 20 mL glass scintillation vial with a polyethylene-lined screw cap (VWR,
part number 66022-128). Lower mass samples could also be prepared in 2 mL autosampler
vials (Fisher, part number 03-391-8), NMR tubes, plastic vials, and 1 mm diameter
capillary tubing. The glass containers were either used as received or cleaned using
different solvents (acetone, MeOH, and HCI). Glass vials were also cleaned by soaking
them in room temperature Piranha solution (a 3:1 v/v mixture of concentrated sulfuric acid
and 30% hydrogen peroxide) for 40 minutes. Thermal melting was achieved in a Barnstead
Thermolyne 1400 furnace set to 41°C, and samples were immediately removed from the
oven and allowed to cool undisturbed on a benchtop to reach room temperature.
2.1.2 UV-Visible Spectroscopy (UV-Vis)

All  UV-Vis measurements were performed using a Cary 60 UV-Vis
Spectrophotometer. TEMPO solutions in chloroform were analyzed in a 1 cm path length
quartz cuvette, while the TEMPO SCL absorption was measured using a 1 mm path length

quartz cuvette. For solid TEMPO measurements, a few drops of liquid TEMPO were cast
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onto a microscope slide (Eisco 17 x 37, 1.1 mm thick) under a coverslip (Fisherbrand
Microscope Cover Glass 25 x 25 mm). Solidification was induced by gently tapping the
slide after cooling to room temperature.

2.1.3 Electron Paramagnetic Resonance (EPR)

EPR measurements were conducted using a Bruker Magnettech ESR5000. Samples
were run with a center field of 338 mT, sweep width of 50 mT, modulation of 0.2,
frequency of 100 KHz, and a power of 10.0 mW.

2.1.4 Differential Scanning Calorimetry (DSC)

DSC scans were performed using a Netzsch 214 Polyma differential scanning
calorimeter. Measurements were done with variable heating and cooling rates, ranging
from 0.2-5.0 °C min™!, over a total range of 5-60 °C. After melting and cooling, the samples
were held at 20 °C for 30 minutes to confirm that no solidification occurred in the metal
sample holder.

2.1.5 Optical Melting and Solidification

Optical melting was achieved by exposing 200 mg of solid TEMPO to a 532 nm
continuous wave (cw) laser for 5 minutes at a power of 2 W. After the sample melted,
supercooling was confirmed by observing the liquid for up to 1 hour at room temperature.
Solidification of the SCL was triggered by a single 532 nm pulse, with an energy of 270
mJ and a duration of 10 ns, generated using a Continuum Surelight SLI1-10 laser.

2.1.6 Powder X-Ray Diffraction (PXRD)
TEMPO was crushed into a fine powder using a mortar and pestle. PXRD was

performed using a Panalytical Empyrean Series 2 diffractometer with CuKa radiation (A =
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1.5418 A, 45 kV/40 mA power). The following slit sizes were used: incident divergence
(1/2°), incident anti-scatter (1°), and diffracted anti-scatter (P8.0). The sample stage was
set to spin with a revolution time of 2 seconds and step size of 0.0131 degrees.
2.1.7 Polarized Optical Microscopy

A few drops of liquid TEMPO were cast onto a microscope slide (Eisco 17 x 37,
1.1 mm thick) under a coverslip (Fisherbrand Microscope Cover Glass 25 x 25 mm). The
sample was allowed to cool to room temperature before capturing unpolarized and
polarized images using a Leica MC120 HD 2.5 Megapixel Microscope Camera.
Solidification of SCL TEMPO was induced by gently tapping the microscope slide, and
images of the solid sample were subsequently acquired.
2.1.8 Viscosity Measurements

To assess the viscosity of SCL TEMPO in comparison to melted TEMPO, a 3.18
mm OD ball bearing was dropped into a 17.78 mm long NMR tube filled with TEMPO.
Videos were recorded at 60 frames per second (0.016 second accuracy) using a Google
Pixel 6 phone. For liquid TEMPO, NMR tubes were heated to 45 °C, followed by
immediate use. In the case of SCL TEMPO, the filled tubes were heated to 45 °C and
allowed to cool before performing the experiment. Water (viscosity = 0.89 cP at 25°C) was
used as a standard.
2.2 HABI
2.2.1 Sample Preparation
HABI/PMMA Solution: Ortho-chloro-hexaarylbiimidazole (HABI), dichloromethane

(DCM), polymethyl methacrylate (PMMA), and polyvinyl alcohol (PVA) were all used by
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the manufacturer without any modifications. To make a HABI in PMMA film, we first
start off with making 1:1 HABI to PMMA solution. 5.0 g of DCM is dispensed using a
glass pipette in a 20 mL scintillation vial, 0.5 g of HABI and 0.5 g of PMMA were weighed
in corresponding weigh boats. A stir bar was placed in the vial and then put on a stir plate
at 700 rpm. PMMA is gradually added into the vial. Once the solution becomes viscous,
the stir plate is raised to 1000 rpm. After all the PMMA is dissolved, the HABI is gradually
dispensed into the vial and should dissolve almost immediately. The solution is stirred for
another 5 minutes after HABI is dissolved.

Substrate: PVA coated glass slides are used as the film substrate. The glass slides
themselves cannot be used as a substrate because HABI/PMMA films cannot de-adhere
from glass. The PVA is water soluble, so the PVA substrate is dissolved to remove the
HABI/PMMA films. First, cut 3” glass slides into three parts. Clean slides with acetone.
Place the slides into a petri dish. Using a pre-made 4 % PV A/water solution, coat the glass
slides with two drops of the solution using a plastic pipette. The entire glass slides are
coated by using the tip of the plastic pipette to spread the PVA solution. Let the solution
dry on the glass slides overnight. The substrates are then ready to be used.

HABI/PMMA Film: Use a glass pipette to dispense the HABI/PMMA solution onto the
dried PVA substrates. A single drop is used for small, round films, and multiple drops are
used for larger films. Film sizes vary depending on the experiment. Immediately cover the
petri dish with a second petri dish. If the films are left out in the open air, the films will dry

heterogeneously, causing haziness in the films. The second petri dish allows for a DCM
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atmosphere, allowing for homogeneous drying. Let films dry over night to ensure complete
drying.

De-adhesion of PMMA Films: Once the HABI/PMMA films are completely dry, the PVA
on the glass slides needs to be dissolved for proper film de-adhesion. Remove the second
petri dish, and then fill the first petri dish with Millipore water until films are fully
submerged. Add a small stir bar, place the petri dish on a stir plate at 300, cover with
aluminum foil, and then stir at 300 rpm for about 15 minutes. Remove the de-adhered films
using a small spatula, and then let dry on a Kimwipe. Films are kept in a closed cardboard
box until used for experiments.

HABI solution: A 1 mM solution of HABI in toluene was used for experiments.

2.2.2 Spectroscopic Characterization

UV-Vis: Liquid samples were placed in a clean 1 cm UV-grade fused-silica cuvette and
measured at room temperature. An Agilent Cary 60 was used for the measurements, with
a setting of 0.5 nm intervals and an integration time of 0.0125 seconds. Solid samples were
measured using an Ocean Optics USB4000 using a 50 ms integration time, two scans to
average, and a boxcar width of one.

EPR: A Bruker EMX EPR was used to examine the EPR spectra of HABI films and HABI
solutions. A generic 405 nm 500 mW CW laser was used to irradiate samples. For films,
EPR measurements were taken for 24 hours. For solutions, measurements were taken for

25 minutes.
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2.2.3 Experimental Setup
HABI films were placed in a petri dish with water to analyze the movement near a strong
magnetic field (Figure 2.1). To overcome the fact that HABI thin films have a weak

magnetic susceptibility, we used Millipore water as a surface contact to minimize friction.

Linear Actuator N52 Magnet

N

~
hv
3cm - “
Millipore H,0 / HABI film pre- HABI film post-

in petri dish irradiation irradiation

Figure 2.1. Schematic of HABI experiment

With the sample floating in a petri dish, a magnet with 8000 G at its poles was 3 cm from
the sample. Before irradiation, there was no reaction between the HABI film and the
magnet hanging above it. After irradiation, the sample was attracted to the high field of the
magnet, and the sample would follow the high field as the magnet actuates back and forth.
As shown in Fig. 5, we were able to move the sample with ease on the surface of the water.
Over time, the rate which it took for the sample to move from one position to another
decreased. We ran into an unexpected phenomenon during one of the experiments; even
without irradiation, the sample would react with the magnetic field if the magnet were close
enough to it. As per Geim, if a magnetic field is strong enough, there could be a noticeable
repulsive force even with diamagnetic materials that have very low y'°.! We tried other
materials such as plain PMMA films, aluminum foil, a small piece of wood, and everything
reacted to the magnetic field. Once the magnet was 3 cm from the HABI films, the

diamagnetism was too weak for the sample to move without any irradiation. With that

26



distance, we were able to continue our experiment to demonstrate the change in magnetic
susceptibility of our HABI film samples.
23 Pyrolytic Graphite (PG)
2.3.1 Sample Preparation

Pyrolytic graphite (PG) was purchased by K&J Magnetics. Highly oriented
pyrolytic graphite was purchased from Structure Probe, Inc. Graphite plates were created
by milling as-received graphite pieces to dimensions of 5x5x0.83 mm. Fisherbrand 22x22
mm microscope cover slips with a thickness of 0.18 + 0.02 mm were cut to the same area
using a diamond saw and then glued to one side of the graphite plates using Gorilla clear
epoxy (part number 42001). These glass surfaces provided a specular reflection that could
be used to monitor changes in the reflection angle. The total mass of these samples was
54.6+£0.1 mg.
2.3.2 Experimental Setup

A 3” diameter, 1.5” thick cylinder N52 neodymium iron boron magnet (DZ0X8)
was purchased from K&J Magnetics. The maximum surface field of the magnet was
measured to be 5000 +/- 200 G. To ensure that the magnet stayed safely attached to the
laser table, a custom aluminum stand was built to hold it. A 2 W 532 nm CW laser was
used to heat the PG samples, and neutral density filters were used to modify the laser power.
A 633 nm continuous wave HeNe laser was used as a probe laser whose reflection from
the PG sample allowed us to obtain the tilt angle (0) with respect to the magnet surface. A
Google Pixel 3 camera was used to take images and record videos of the PG motion and

the probe beam displacement. Magnetic field strengths were measured with an Alpha Lab
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Inc. Gaussmeter model GM-1-ST. Temperature measurements were taken with an HTI
HT-18 Thermal Imager.
2.3.3 Tilt Angle Measurement

When the PG was exposed to the 532 nm laser, there was a tilt angle change (A6)
that took place over several seconds until a new stationary angle was reached. This angle
change generated a displacement of the probe beam spot on a distant surface. We were able

to quantify 6 using Equations (2.1)-(2.2) and the geometry from Figure 2.2. The horizontal

probe beam made an angle ¢ with the surface normal of the tilted PG plate.

Probe Beam

Figure 2.2. Schematic of tilt angle () changes.

¢ can be related to the probe spot displacement d with respect to the fixed height h of the

surface above the magnet using the trigonometric relation:
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tan(90° — 2¢) =d/h (2.1)
Once ¢ is found, the tilt angle 6 is given by

9 =90°— ¢ (2.2)
Given h=79.5 cm and a millimeter resolution in the d measurement, this optical lever set-
up allowed us to detect 6 with an accuracy of 0.1°.
2.3.4 COMSOL Simulation Settings

The magnetic levitation force was calculated based on finite element method using
the commercial software, COMSOL Multiphysics. The built-in material sintered NdFeB
(N54, remanent flux density norm of 1.48 T) was assigned to the cylindrical magnet with
a radius of 3.81 cm and a height of 3.81 cm. The graphite plate (5 mmx5 mmx0.83 mm)
with an isotropic magnetic susceptibility of -6.1x10* was placed on top of the magnet at a
position 3.5 cm away from the magnet center with varying tilt angles. An infinite element
domain enclosing the whole structure was chosen as the boundary condition. VVolumetric
force integration was applied to the graphite plate to calculate the magnetic levitation force

exerted on it.
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Chapter 3. TEMPO Supercooling

3.1 Introduction

Solid glasses® and crystals® 2 composed of small organic molecules have attracted
attention as functional materials. Recently, molecular liquids have begun to receive interest
as functional materials as well.*® There are two ways in which a molecule can exist in the
liquid phase at room temperature. First, it can exist as a thermodynamically stable liquid
with its melting temperature Tm<25°C. Alternatively, it can exist as a supercooled liquid
(SCL) when its Tm>25°C. Supercooling occurs when a liquid is cooled below its Tm but is
unable to reach the thermodynamic minimum solid-state due to kinetic barriers.” ® This
metastable liquid can undergo sudden crystallization when a perturbation is applied. The
liquid-to-solid transformation usually involves dramatic changes in optical properties
(scattering, luminescence output) as well as physical properties like viscosity and
compressibility. Although supercooling can complicate the search for thermodynamically
stable functional molecular liquids® and on-demand energy release from heat storage
medial® 1, it also presents opportunities to create new types of stimuli-responsive
functional materials. Examples include mechanically-induced crystallization of an SCL
that can be used for rewritable inks!?*®, as well as phase change materials that store heat
that can be released when solidification is induced.'® The ability of SCLs to undergo
solidification when exposed to a specific stimulus is the key to their utility. Ideally, an SCL
should be kinetically stable in the absence of this stimulus so it can be stored indefinitely

until solidification is desired.
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While studying the magnetic properties of the stable free radical 2,2,6,6-
tetramethyl-1-piperidine-1-oxyl (TEMPQO) (structure shown in Scheme 3.1, melting point

Tm=38°), we found that it remained liquid after cooling back down to room temperature.

o’
N

Scheme 3.1. Chemical structure of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)

We were surprised that this commonly used, commercially available molecule could persist
as a stable SCL over months, comparable to the best reported lifetimes of synthetic organic
SCLs.Y+ 18 Spectroscopic studies revealed no indication of significant differences between
TEMPO molecules isolated in solution and those in the neat solid and liquid phases. The
radical nature of TEMPO gives rise to an absorption feature that extends out past 600 nm.
We took advantage of this absorption to demonstrate laser induced melting to form the
SCL followed by impulsive laser heating to induce crystallization. There have been

multiple demonstrations of optical control of solid->liquid phase transitions (melting)®-2°
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as well as liquid->solid transitions.?” 2 The results in this chapter demonstrate that the
optical control of an SCL solid->liquid->solid phase change sequence is also possible.
Furthermore, spin active liquids like the TEMPO SCL are fundamentally interesting from
a materials standpoint.?® The physical origin of TEMPO’s remarkable stability as an SCL
remains an open question, but our results suggest that small molecule free radicals may be
worth considering as a design motif for this class of materials.
3.2  Results and Discussion

When the heating curve of TEMPO was measured in a differential scanning
calorimetry (DSC) experiment, a pronounced endothermic peak at 38°C was observed,
corresponding to the reported melting transition (Figure 3.1). DSC is a thermoanalytical
technique that measures the amount of energy absorbed or released by a sample as it is
heated, cooled, or held at a constant temperature. Integration of this peak allowed us to

calculate an enthalpy of fusion of 13.8 + 0.4 kJ/mol (88.3 = 2.5 kJ/kg). This value is

DSC /(mW/mg)
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Figure 3.1. DSC thermogram for TEMPO with a heating/cooling rate of 5 °C min™ illustrating an
endothermic melting peak at 38°C upon heating but no exothermic peak upon cooling, which is an indication
of supercooling behavior.
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comparable to that of benzene® but well below that of typical phase change materials used
for thermal storage.®! After the temperature ramp was reversed and the sample was cooled,
no corresponding exothermic peak due to re-solidification was observed in the DSC curve.
Varying the heating and cooling rates from 0.2-5.0 °C min~! had no effect on the shape of
the DSC curves (Supporting Information, Figure S3.1). Subsequent heating of the SCL
did not lead to crystallization, suggesting that the TEMPO SCL was relatively stable to
temperature perturbations.

The DSC results were confirmed by visible inspection of TEMPO samples that
were melted in an oven and then cooled back to room temperature. The presence of the
liquid phase could be easily determined by eye, since crystallization of the SCL led to a
large increase in the sample’s light scattering. Polarized light microscopy gave no
indication of any residual birefringence in the SCL (Supporting Information, Figure
S3.2). PXRD measurements showed sharp peaks from the solid that could be assigned to
orthorhombic and monoclinic polymorphs, but the SCL exhibited only a single very broad
peak at 20=15.3° (Supporting Information, Figures S3.3-S3.5). The broad peak is
characteristic of organic molecular liquids and reflects the nearest neighbor scattering in
the liquid.®?3* No sharp peaks were observed that would indicate the presence of a partially
ordered or liquid crystal phase. Using the falling ball method and water as a standard, we
measured the viscosity of the SCL to be 1.2 cP at 25°C. This value was approximately 10%
greater than the value measured for the melt at 44°C. The increased viscosity of the room
temperature SCL is consistent with the expected change in liquid viscosity due to the lower

temperature, which is in the range for a structurally similar liquid like methylcyclohexane
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(Supporting Information).®® None of these measurements provided evidence for significant
structural differences between the SCL and the pure liquid in a high temperature melt. It is
possible, however, that more sophisticated rheology measurements could provide evidence
for the existence of cooperative regions or longer relaxation times in the SCL.%
Supercooling was observed for TEMPO as received (reported as 98% pure) and for
TEMPO purified by sublimation, suggesting that the supercooling was not an artifact of
chemical impurities. Furthermore, SCL formation was observed in a wide variety of glass
containers, including 20 mL vials, NMR tubes, and 1 mm diameter glass capillaries. Within
a set of 20 mL vials containing ~1 g of TEMPO, the longevity of the SCL depended on
which vial was used. Some vials would only support the SCL for a few hours, while others
could maintain the SCL for weeks or months. If one of these long-lived vials was emptied
and re-filled with fresh TEMPO, the long-lived SCL was still observed, whereas a short-
lived vial was never observed to support a long-lived SCL. We suspected this variation
might be due to chemical impurities or solid residue inside the vial. But the use of various
cleaning protocols, ranging from acetone rinsing to Piranha acid cleaning, had no
measurable effect on the ability of a specific vial to support a long-lived SCL. Based on
these observations, we hypothesize that the solidification of the SCL in a stationary
container is induced by the presence of microscale structural defects on the container walls,
rather than by chemical impurities or intrinsic nucleation events within the melt itself.
Some TEMPO SCL samples persisted for up to 6 months with no sign of
crystallization, even after swirling or gentle shaking (Figure 3.2). In order to check

whether these samples could still crystallize, we used two methods. First, if the cap was
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removed and the vial left open to the air for several minutes, solidification typically
occurred within 10 min. We suspect that the impact of microscopic dust particles from the
ambient air induced crystallization. If the SCL was vented through a small opening that
prevented dust entry, it would survive for hours while slowly evaporating. The second
method involved direct mechanical perturbation by dipping a pipette tip into the SCL and
withdrawing some liquid, which induced crystallization within a few. Note that simply
contacting the SCL with a clean pipette tip was not sufficient to induce immediate
crystallization. A full characterization of the mechanical conditions under which

crystallization can be induced would be desirable but is left for future work.

Figure 3.2. Observation of a TEMPO SCL sample at the following time points: (a) immediately after removal
from oven, (b) after 5 months sitting undisturbed, and (c) after nucleation is induced by insertion of a glass
pipette tip.

For the long-lived (>1 week) samples, the most common mode of crystallization in
a closed vial involved growth of a seed crystal separated from the liquid. Over the course
of days, a TEMPO crystal would nucleate and grow on the walls or cap of the vial. As the
crystal extended from the nucleation point, sometimes up to several centimeters in length,

parts of it could break off and drop into the SCL. These fragments acted as seed crystals
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for solidification. In some cases, the crystal would actually grow all the way down to the

SCL to seed crystallization (Figure 3.3). The stability of the TEMPO SCL, combined with

Figure 3.3. Remote crystal growth from a TEMPO SCL observed at different time intervals: (a) SCL after 1
hour, (b) SCL after 12 days with incipient crystal needle growing from top, and (c) after 16 days the crystal
needle reaches the SCL and induces crystallization.

its higher vapor pressure, enabled crystal growth via evaporation of the SCL and
recondensation of the vapor as a solid at a distant location within the container. This type
of secondary crystal growth was never observed for a solid TEMPO sample held under the
same conditions (Supporting Information, Figure S3.6). Sublimation from the solid was
apparently negligible over the same time frame. This observation is consistent with
previous studies on water®” and organic molecules® that have shown the SCLs have
significantly higher vapor pressures than their solids. New crystal growth could be initiated

at a specific location within a few hours by placing a small amount of solid TEMPO in a
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capillary in the desired location above the SCL, although the resulting crystal needles
typically grew in random directions from the seed (Supporting Information, Figure
S3.7). These observations show that the TEMPO SCL can be used as a reservoir to supply
molecules for crystal growth at a remote location in a sealed system.

To actively induce crystallization of the SCL in a closed system, we utilized the
visible absorption of the nitroxide radical that provides a way to heat the sample using light
instead. We previously used TEMPO as a photothermal agent for wax melting®, but in this
work we used a 532 nm laser to melt solid TEMPO itself. Figure 3.4 shows a 100 mg mass
of TEMPO being melted by a cw 532 nm laser beam. Using 2 W of laser power, the
TEMPO melted completely within 2 minutes. The laser melted TEMPO persisted as an
SCL for at least one hour after the laser was turned off. As observed for thermal heating in

an oven, solidification could not be induced using the cw laser to slowly reheat the SCL.

Figure 3.4. Optically induced melting of TEMPO and solidification of SCL TEMPO in a 2 mL glass vial:
(a) initial solid state, (b) melting process using a 2W cw 532 nm laser, (c) stable SCL formed after laser
melting, (d) impact of the single nanosecond 532 nm laser pulse laser indicated by the splash mark formed
towards the left of the vial, and (e) solid TEMPO formed after the single nanosecond pulse impacts the SCL.

In order to trigger crystallization, we used a pulsed 532 nm laser to impulsively heat the
sample. A single 10 ns, 270 mJ laser pulse could vaporize part of the liquid, and the
resultant bursting gas bubble provided enough mechanical perturbation to trigger

solidification, which occurred within 200 ms of laser impact (Figure 3.4). We suspected
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that the laser melting might have been incomplete, leaving some residual crystals on the
sides of the vial that could act as seeds when the laser pulse perturbed the SCL. To eliminate
this possibility, we confirmed that the same laser pulse could also trigger recrystallization
of an SCL generated by oven melting, where no residual seed crystals could exist. We also
confirmed that laser melting and recrystallization did not affect a sample’s ability to form
an SCL afterward, which suggests that the 532 nm laser exposure did not generate new
chemical species that changed the SCL properties.

To fully characterize the laser induced solid—>liquid->solid process, we would
ideally measure the wavelength dependence for both melting and solidification, but we
were limited by the availability of suitable laser sources to 532 nm. Given the strong
overlap of 532 nm with the TEMPO absorption, we assume that direct absorption of the
laser light and photothermal vaporization provides the mechanical perturbation to trigger
crystallization. Similar mechanical perturbation of an SCL using ultrasonication® or laser
cavitation** have both been shown to be capable of triggering crystallization. These
mechanical methods are distinct from other laser-induced crystallization phenomena that
rely on high fields to align and trap molecules in solution?® #2 or on nonlinear laser
breakdown to produce chemical defects in the liquid that act as nucleation sites.** The
optically induced thermal-mechanical method used here to induce a solid—>liquid->solid
cyclic transformation complements earlier work that relied on photochemistry to
accomplish a similar cycle.?’

The chemical origin of TEMPO’s ability to form an SCLs is not obvious. One

possible explanation for the stability of the SCL would be formation of a new chemical
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species in the liquid phase that inhibits crystallization. UV-Vis absorption measurements
on TEMPO in dilute solution, in the solid-state, and in the SCL phase (Figure 3.5) all
showed the same broad, featureless peak due to the nitroxide radical n=>r* transition*,
albeit shifted to slightly longer wavelengths in the solid and SCL. The absorption red-shift
and broadening are consistent with the higher dielectric and polarizability of the neat

TEMPO samples as compared to liquid CHCI3.* The EPR lineshapes of the solid and the
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Figure 3.5. UV-Vis absorption spectra of solid TEMPO (blue), TEMPO SCL (red), and dilute TEMPO in
chloroform solution (black) at 293 K.

SCL were quite similar except for some additional broadening in the solid (Figure 3.6a).
We confirmed that isolated TEMPO molecules in liquid solution exhibited the expected
hyperfine splitting due to the spin=1 nitrogen atom (Figure 3.6b) that collapsed to a single
derivative feature in the neat solid and liquid due to enhanced exchange interactions.*

Previous work has shown that nitroxide radicals can form head-to-head dimers or

40



oligomers in solution with distinct EPR signatures*” 8, but these splittings would likely be
swamped by the broadening due to rapid exchange in the dense liquid. However, the similar
EPR intensities for solid and SCL samples suggested that the spin densities of both phases
were within 10% of each other, so there was no indication of extensive spin pairing. Neither
UV-Vis nor EPR measurements provided clear evidence for new chemical species that

could explain the SCL stability.
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Figure 3.6. EPR spectra of (a) TEMPO solid and SCL and (b) TEMPO in chloroform solution at 293 K.

If extraneous chemical species do not stabilize the liquid, then the molecular
structure itself must play arole. In general, the use of strategic alkyl substitution to decrease
molecular symmetry has been successfully used to inhibit crystal growth® “, although
exceptions to this rule have also been found.®® The low AHss of TEMPO indicates that
there is not a strong thermodynamic driving force for crystal formation. If the
intermolecular interactions are enhanced by adding a hydrogen bonding group, we expect
there will be a stronger driving force for crystallization and no SCL formation. This
hypothesis was tested using 4-hydroxy-2,2,6,6-tetramethyl-1-piperidine-1-oxyl

(TEMPOL), in which an OH group is added to the 6-membered ring opposite to the NO
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group. This derivative crystallized immediately after being removed from the oven with no
sign of supercooling, suggesting that the presence of a strong directing group can overcome
the thermodynamic factors that give rise to the stable SCL for TEMPO.

Finally, we examined whether TEMPQ’s solid-state structure could provide clues
for the SCL stability. TEMPO exhibits three different crystal phases®, two of which have
been fully characterized by single crystal x-ray diffraction. In the monoclinic form, the
TEMPO molecules align themselves in head-to-tail rows with the nitroxide substituents
pointing in the same direction.®> ° The orthorhombic form exhibits very different packing
without well-defined layers or orientational ordering.>* PXRD measurements showed that
solid TEMPO is composed of a mixture of the monoclinic and orthorhombic forms. The
starting crystal mixture had no effect on formation of the SCL. Resolidification from both
the melt and SCL regenerated a monoclinic/orthorhombic mixture, although the relative
weighting of the two forms can change (Supporting Information, Figure S3.5). Recent
work has suggested that solid-state polymorphism can translate to polyamorphism in
supercooled liquids.®> Because sustained crystal growth requires the formation of a nucleus
above a critical size®, one possible explanation for the stability of the TEMPO SCL is that
very different microscopic arrangements coexist within the liquid and frustrate largescale
crystal growth of either phase. Additional measurements that quantitatively characterize
the physical properties of the SCL (vapor pressure, rheology, nucleation kinetics) will be

required to evaluate this speculative mechanism.
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3.3  Conclusion

In this chapter we characterized the remarkably robust SCL phase of the stable free
radical TEMPO. Upon melting and cooling back to room temperature, the SCL can persist
for months even after mild physical agitation. The SCL’s high vapor pressure can enable
crystal growth at remote locations within the sample container. TEMPQO’s free radical
character permits absorption of visible light for melting, while a nanosecond pulse of light
can induce recrystallization from the SCL. The capability of cycling between solid and
liquid phases using only light as a stimulus may be useful for applications like controllable
adhesion or modifying light transmission properties. Although the exact mechanism of the
SCL stability is a subject for future investigation, the discovery of TEMPO’s supercooling

abilities opens up a new class of materials for potential applications as SCLs.
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3.4  Supporting Information
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Figure S3.1. DSC thermograms of SCL TEMPO, illustrating an endothermic peak with the absence of an
exothermic peak at various heating/cooling rates: 5 °C min! (blue), 1 °C min™ (green), and 0.2 °C min™*

(red)
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Figure S3.2. Polarized light microscopy of SCL and solid TEMPO. (a, b) Unpolarized iages of SCL and
solid TEMPO. (c, d) Corresponding polarized images. No residual birefringence is observed in TEMPO SCL.
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Figure S3.3. Powder X-Ray Diffraction measurements of different TEMPO phases: out of the bottle from
the manufacture, ground into a powder (black), melted and then solidified (red), SCL TEMPO (green), and
resolidified after becoming a SCL (blue). The broad diffraction peak in the SCL pattern at 20=15.3° is typical
of organic molecular liquids like benzene and represents the average intermolecular spacing in the liquid.
The change in diffraction intensities for the resolidified SCL (blue) reflects increased crystal alignment due

to their growth on top of the glass plate.
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Figure S3.4. Simulated Powder X-Ray Diffraction measurements from the CCDC database of the
orthorhombic (black) and monoclinic (red) polymorphs of TEMPO. The orthorhombic polymorph is from
CCDC submission 1272628 and the monoclinic polymorph is from CCDC submission 2113192. The
orthorhombic peak at 11.2° and the monoclinic peak at 21.4° are diagnostic for the presence of the respective
polymorph.
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Figure S3.5. Powder X-Ray Diffraction measurement of re-solidified TEMPO SCL (lowest panel of Figure
S3), magnified by 80x. The measurement shows a distinct monoclinic peak (circled red) at 21.4° and a distinct
orthorhombic peak at 11.2° (circled blue), indicating the presence of both polymorphs. Note that in other
regions the peaks of the two polymorphs overlap with varying intensities, making it difficult to
unambiguously assign them to the different polymorphs.
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Figure S3.6. No separate crystal growth is observed in the solid TEMPO sample under identical conditions
to SCL at the following intervals: (a) initial and (b) after 12 days.

a b c d

\ l | L

Figure S3.7. Crystal growth at the tip of a TEMPO-filled capillary tube suspended over an SCL sample. The
capillary is imaged at different time intervals: (a) initial state, (b) crystal growth evident after 4 hours, (c)
after 8 hours, and (d) additional crystal growth after 11 hours. The tip of the tube acted as a nucleation site

for rapid crystal growth at a remote location.
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Figure S3.8. Crystal growth of TEMPO by SCL evaporation observed at different time intervals: (a) initial
state, (b) crystal growth evident after 24 hours, (c) additional crystal growth after 48 hours, and (d) SCL
solidification after 50 hours, likely due to a crystal fragment from the top dropping into the liquid.

O.

OH

Scheme S3.1. Chemical structure of 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPOL)
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Figure S3.9. Fitting for the solid TEMPO absorption plot in Figure 5. The blue data points were assumed to
reflect the scattering background and were fit using a biexponential function of the form y = A;*exp(-x/t1) +
Az*exp(-x/t2) + yo, where A;= 2.814E10, t;= 13.587, A= 3.968, t,= 190.971, and yo, = -0.051. The values
from the exponential fit were subtracted from the normalized solid TEMPO (black) absorption data, resulting
in the peak at 464 nm in Figure 5.
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Chapter 4. Photoinduced Paramagnetism in HABI

We turn our attention to working with photochromic HABI that can generate free
radicals when irradiated with light.
4.1 Introduction

Photochromic compounds, those which exhibit changes in color when irradiated
with light, have been studied extensively.!!* These changes occur because photochromic
molecules react and transform when irradiated, most commonly through cycloaddition'4,
isomerization'?, and cyclization'®. This change in structure is accompanied by a change in
the absorption spectra which can indicate the amount of conversion. These changes can be
initiated with either infrared, visible, or UV light and are reversible with radiation, time, or
heating.* The functional groups present on photochromic compounds affect which light is
absorbed and consequently determine the reaction pathway that leads to molecular
transformation and change in color.

Ortho-chloro-hexaarylbiimidazole, otherwise known as o-Cl-HABI but will be
referred to as HABI for ease, is a photochromic molecule that was discovered in the 1960s
by Hayashi and Maeda®, changing from yellow to violet when irradiated as shown in
Figure 4.1. HABI can be homolytically cleaved via the C-N bonds to form 2 geminate
triphenylimidazolyl radicals (TPIRs) (Figure 4.2).! The HABI molecules are cleaved both

thermally and photochemically to generate the radicals.
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Figure 4.1: (Left) HABI/PMMA film without irradiation and (Right) HABI/PMMA film after irradiation.

In solution, the dimerization of TPIR to HABI typically takes several minutes due
to the diffusion of radical isomers. Abe et al. implemented molecular design strategies,
such as using bridge moieties like naphthalene'®, paracyclophane!, ortho-position pheny1'S,
and other linkers, accelerating the dimerization process to the microsecond scale. The

selected bridge moieties shorten the dimerization half-life time to 260 ms'!, 35 ps!'’, and

3.5 us' at 298 K, respectively. TPIR/HABI has been utilized to create multi-responsive

Cl N@N

hy
- o
" ) 7 cl
0-ClI-HABI triphenylimidazolyl radical (TPIRs)

Figure 4.2. HABI molecule. (Left) The monomer, o-CI-HABI and (Right) triphenylimidazolyl radicals

(TPIRs)
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devices and materials. Liu et al. designed field-effect transistors (FETs) with blended thin
films of two HABI derivatives and polymer PDPP4T, demonstrating tunable
semiconductor performance through light irradiation and heating'®. Ahn et al. explored the
application of the photoresponsive properties of triphenyl imidazolyl
radicals/hexaarylbiimidazole (TPIR/HABI) for designing cross-polymeric matrices with
reversible "healing" capabilities.!”” They developed covalently cross-linked gels by
incorporating HABI groups into the polymer backbone, resulting in a novel and highly
dynamic healable polymer gel.!® Xiang et al. developed a 2-glycol-HABI based light-
responsive smart polymer material HABI-PU, demonstrating rapid self-healing within
seconds through light-induced mechanisms.

We explored HABI due to its long-lived free radical states. Having a recombination
rate on the order of minutes enables its use before the reverse reaction takes place.

HABI, without any intervention is a diamagnetic compound'.The presence of free
radicals introduces paramagnetic properties to this photogenerated species, expanding its
potential applications. With HABI, we can use optical excitation to switch its magnetic
properties from diamagnetic to paramagnetic (or less diamagnetic) to create localized
motion using an external magnetic field.

Herein we present a method to produce magnetic films using HABI with PMMA

as a scaffold. We are determined to use photoexcitation to generate unpaired electrons in a

HABI PMMA matrix, transforming its magnetic susceptibility (y).
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4.2  Results and Discussion

In our quest for a deeper understanding of the dynamics governing HABI radical
recovery at room temperature, we employed a dual methodology involving UV-Vis and
EPR techniques. Our first objective was to unravel the kinetics of the HABI radical
recovery process in both solution and in polymer, both of which are shown in Figure 4.3a

and Figure 4.3b respectively.

Figure 4.3. a) 1.0 mM HABI in toluene solution and b) 1:1 HABI in PMMA film

4.2.1 HABI in Solution

We started with HABI in solution, and then went onto HABI in polymer. UV-Vis
absorption of 1.0 mM HABI in toluene solution was obtained (Figure 4.4). As depicted in
the representation within Figure 4.5, the graph spotlighting the behavior of the HABI
solution in toluene unveiled a linear correlation between radical recovery and 1/absorbance

against time. This linear relationship offers a telling clue that the kinetics of the radical
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Figure 4.4. UV-Vis spectra of HABI in Toluene solution. There is 99 % recovery within 15 minutes.

recovery conform to the characteristics of a second-order process®!, encapsulated in the

following equation:

rate = — 24 = ka)? (4.1)
Here, the symbol A signifies absorbance, t represents time, and k stands as the rate constant.
We can integrate (4.1) to obtain:

L=kt + (4.2)

1
(4] [4o]
The resulting equation creates a linear trend when plotted that matches with the data in
Figure 4.5, thus confirming second-order kinetics. The second-order rate law suggests that

the reaction rate is more sensitive to concentration changes than a first-order reaction. By

overlaying peak absorbance from UV-Vis and peak field from EPR at different TPIR
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recover intervals shown in Figure 4.6, it is confirmed that the TPIRs recover at least 99 %

within 15 minutes.
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Figure 4.5. Plot of 1/peak absorbance over time for 10.0 mM HABI solution in toluene showing 2" order
kinetics of TPIR dimerization.

4.2.2 HABI in Polymer Films

Film Prep: HABI presented many challenges to overcome. We first began by drop casting
roughly 3 cm diameter non-uniform circular 1:1 HABI films onto glass slides (substrates).
Spin coating was an option, however, even at slow speeds, the films would dry too thin.
Once the HABI films were dried overnight, they needed to be removed from the substrates.
However, PMMA adheres very well to glass, so we needed to use a razor blade to take the

HABI films off. Unfortunately, the films would fracture most of the time since PMMA
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becomes very brittle when mixed with HABI, and only randomly sized pieces were left to

use for experiments.
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Figure 4.6. Overlaid plot of peak absorbance from UV-Vis and peak Gauss field from EPR over time. Both
UV-Vis and EPR radical recovery data overlap.

Deadhesion was the first of many pitfalls. To rectify the deadhesion issue, there
needed to be a way to separate the HABI films from the substrates. The solution was
simple, yet effective: coat the substrates with a material that could dissolve off without
affecting the integrity of the samples. That would allow the HABI films to cleanly come
off the substrate. The candidate that worked for this was polyvinyl alcohol (PVA). PVA is
a water-soluble material that does not react with the HABI films. A 4% PV A/water solution
was used to first coat all the substrates. They were dried overnight and were ready for use

as PVA substrates. Once HABI films were drop casted onto the PVA substrates and dried,
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they could be submerged in water. Over some time, usually about 15 minutes, the HABI
films would then pop off the PVA substrates and were ready to be used.

The second challenge was film clarity; films would sometimes dry hazily instead
of transparent. It was imperative the films were clear so that light could pass through the
entire sample, allowing the whole sample to be irradiated when the time came. Our sample
preparation began on the benchtop. Substrates would be placed in a glass petri dish on the
benchtop, and samples were drop casted in the open air. At the time, we were unaware that
the drying rate of the dichloromethane (DCM) solution, the solution used to make the
HABI film solution, was nonuniform when drying in the open air. Depending on the rate
of evaporation from sample to sample, haziness sometimes formed. The first course of
action was covering the petri dish with a cardboard box to eliminate the flow of ambient
air. While haziness appeared less often with this method, it was still very much apparent.
It was then hypothesized that the variations with room temperature day to day may be the
culprit. Instead of drying on the benchtop, they were placed in an insulated furnace that
was left off. The temperature of the inside the furnace should not fluctuate compared to the
ambient air in the lab. This method, however, still left some samples to be hazy. The next
technique did work. It was determined that the DCM that was evaporating needed a small,
closed environment to create a saturated DCM environment above the HABI films to allow
uniform evaporation. To do this, a second, slightly larger, petri dish was placed upside
down on top of the petri dish holding the samples. This allowed for the creation of the
closed DCM environment needed for uniform evaporation. After switching over to using

two petri dishes, there was no more haziness.
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Kinetics: Our attention also turned to the kinetics governing HABI/PMMA polymer films
(referred to as HABI films) under ambient conditions, and it was observed that HABI films
follow different kinetics than HABI in solution?'. From the UV-Vis spectra shown in
Figure 4.7, 80+/-2% of the TPIRs recover within an hour, however, the time it takes for

the rest of the radicals to recover can be many hours. Figure 4.8 shows that there is a strong
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Figure 4.7. UV-Vis spectra of HABI/PMMA films.
EPR signal with 40% of radicals still present in the sample after 24 hours, which is in
agreement to Morita et. al.>> We first hypothesized that the radicals are stuck in the polymer

matrix and cannot move as freely as they would in a liquid to recombine. However, if that

were the case, we should have still seen a strong UV-Vis absorption at 550 nm which
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indicates TPIR. As it turns out, PMMA radicals were being formed upon HABI film

irradiation.®
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Figure 4.8. Overlaid plot of normalized peak absorbance from UV-Vis and normalized peak intensity from
EPR over time for HABI films. While there is almost full recovery via UV-Vis, there are still 40 % radicals
left via EPR.

Photoinduced Motion: It was impossible to show photomechanical motion on any surface
other than water due to excess surface friction, so water was decided as the experiments’
interface. But while it was possible for HABI films to float and move on the surface of a
water using a magnetic field, it was determined that even without an irradiation source,
HABI films could also move without any irradiation.

Since HABI films are slightly diamagnetic®, they were expected to be repelled and
to move away when presented near a magnet. However, sometimes the HABI films were

attracted to the magnet. This not only happened to HABI films, but any floatable material
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we tried moved as well such as wood, Styrofoam, and aluminum foil. Well, it turns out the
x of the water has a role to play in how materials move on the surface of water when in the
presence of a magnetic field. Water has a volume y of —9.035x107® and PMMA has a y of
—9.06x107%.242% If a material is more diamagnetic (bigger negative value), than water, it
should be repelled by a magnetic field when floating on water, and if a material is less
diamagnetic (lower negative value), than water, it should be attracted by a magnetic field
when floating on water.

Since the HABI films are more diamagnetic than water, they should always be
repelled but that was shown to not always be the case. To rectify this issue, the y needed to
be controlled, and the easiest way to do that was to dope the water with a material that is
unnreactive. We tried ethanol, but samples sank to the bottom of the water dish. This is
because there was not enough surface tension. The material chosen was copper sulfate,
which has been used to adjsust the y of water.?® We made a 38.47% saturated solution with
Millipore water, which had a y of 0. This allowed for the samples to always be more
diamagnetic to the water, allowing to see repulsion when in the presence of a magnet every
time.

With irradiation, the TPIRs are formed within the HABI films, changing the film’s
x to paramagnetic. After irradiating some of our samples, we were able to successfully
demonstrate photomechanical motion using a magnet to move HABI films (Figure 4.9).
However, even with the y of water being controlled, HABI occasionally displayed unusual
behavior once irradiated. It was expected that every irradiated HABI film sample would

become attracted to the magnet; however, some samples were unresponsive. Possible
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reasons for this lack of photomechanical motion could include inconsistencies in film
composition, variability in film thickness, and inhomogeneous irradiation. Despite efforts
to control these parameters, further experiments are necessary to fully explain the observed
results.
4.3 Conclusion

In this chapter, our focus centered on the photochemical exploration of HABI, a
photochromic compound capable of generating free radicals upon light irradiation. The
results and discussions presented in this chapter shed light on the kinetics of HABI radical
recovery, both in solution and in polymer films. Our dual methodology, combining UV-
Vis and EPR techniques, provided valuable insights into the recovery processes. In
solution, the second-order kinetics of radical recovery were confirmed, while the formation

of PMMA radicals upon HABI film irradiation made the HABI radicals difficult to isolate.

Figure 4.9. Irradiated HABI/PMMA film moving towards a cylindrical N52 magnet at different time
intervals: a) 0 seconds, b) 2 seconds, and ¢) 4 seconds.

67



Overcoming obstacles in sample preparation, such as deadhesion and haziness, was
crucial for the success of our experiments. The use of PVA as a substrate coating proved
effective in facilitating the removal of HABI films without compromising sample integrity.
Additionally, controlling film clarity through optimized drying methods ensured the
transparency necessary for effective light irradiation.

As shown in Figure 4.9, photomechanical motion is indeed possible, but despite
the efforts of attempting to show photomechanical motion of HABI films, we were unable
to reliably observe this behavior, which is why we moved on to studying the photothermal

properties of pyrolytic graphite to induce photomechanical motion.
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Chapter 5. Photoactuation of Pyrolytic Graphite

Using an External Magnetic Field

5.1.  Introduction

Most mechanical systems are powered by electricity (motors, piezoelectric
actuators) or chemical fuels (engines, muscles). Light provides an alternative way to
generate motion that does not require physical contact with the mechanical object and
possesses multiple control parameters (wavelength, polarization, intensity). The challenge
is to identify useful strategies that can transform photons into mechanical work. One
common approach is to harness photochemical reactions in organized media like polymers
or crystals to generate directional material deformations like bending and expansion.**
Chemical reactions can be avoided if photothermal expansion is harnessed in a bimorph or
piston type structure to generate similar types of motion.> ® These approaches both rely on
the incoming light field to supply the energy required to perform mechanical work. But if
the sample is placed in a static field, then we can envision an alternative approach that uses
light to switch the material’s susceptibility to this field. Changing the material’s
susceptibility will change the object’s potential energy in the applied field, and this change
in potential is converted to mechanical motion as the object moves to a new potential
energy minimum.

There are many types of potential energy fields that can be used to induce
mechanical motion, including gravitational, electric, and magnetic. However, it is

challenging for light to reversibly modulate an object’s mass or net charge because these
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changes would require the physical loss or rearrangement of particles. It is easier to
envision how light could modify an object’s magnetic susceptibility ymag by changing its
internal electron configuration. In the simplest case, the creation of unpaired electrons
would make an object paramagnetic, causing it to be attracted to a nearby magnet. This
effect was originally used to prove the nature of the molecular triplet state by measuring
the light-induced rotation or attraction of molecular crystals in a strong magnetic field.” 8
In the case of triplet detection, the creation of long-lived triplet states changed the sample
from weakly diamagnetic to weakly paramagnetic, and the attraction of the paramagnetic
object in a magnetic field gradient could be detected. Alternatively, photothermal heating
of a ferromagnetic object above its Curie temperature can dramatically reduce its magnetic
susceptibility. Omenetto and coworkers have taken advantage of the relatively low Curie
temperature of CrO, to demonstrate various types of light-induced motion in polymer
composites containing CrO2 nanoparticles. ®! In principle, more long-lived spin-state
isomers, spin cross-over states, or free radical states could also be used to change a
material’s magnetic susceptibility’??4, although we could not find examples of these
photophysical spin processes being harnessed to generate a mechanical response. Note that
photothermal modification of ymag is distinct from the use of photothermal heating to soften
a polymer matrix containing magnetic particles, which can also lead to mechanical
motion.%®

If an object is placed in a static magnetic field B(z), the overall magnetic force

experienced by an object with volume V is given by the expression®®
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where 1o is the vacuum permittivity. Note that the sign of the force is determined by the

sign of ymag: @ diamagnetic material (ymag<O) will be repelled by the magnet, while a

paramagnetic material (ymag>0) will be attracted, assuming that the gradient <0 near

B(2)
oz
the, i.e. B(z) decays away from the magnet surface, as is usually the case. For a diamagnetic
object, the magnetic repulsive force can be balanced by its gravitational force, allowing it
to find a mechanical equilibrium position where all or part of it levitates above the
magnet.}” 18 Using permanent magnets, a strongly diamagnetic material like graphite is
required to observe this effect.’®?! Levitation of an object makes it easier to use light to
control its motion because friction becomes negligible, and small changes in ymag can more
easily change the object’s position or orientation.?? It is possible to use photothermal
heating to modify the field B(z) experienced by the graphite to induce motion®® More
commonly, ymag is modified by photothermal heating of the graphite itself. Previous
workers have shown that using a laser to heat one section of a graphite disk causes it to
shift position or even rotate.’® 24 2 In these experiments, the asymmetric irradiation
induces local changes ymag Via either purely thermal?® or thermoelectric effects?’, and the
anisotropy with respect to the vertical magnetic field that can be exploited to move the
graphite In these experiments the main observable being the position of a horizontal piece
of graphite suspended above a magnet array designed to maintain the horizontal orientation

of the graphite.
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In three dimensions, the situation is more complicated. The magnetic field induces
a magnetic dipole within the object, which then tends to align itself in the applied field.?®
This magnetic torque acts to align both paramagnetic and diamagnetic objects parallel to
the flux density vector?® and depends on the shape of the object.®® Of course, if a
paramagnetic object is brought close to a magnet, the attractive force will overcome the
alignment force and the object will adhere to the magnet. But a strongly diamagnetic
material experiences both alignment and repulsive forces, which can combine with the
gravitational force to create interesting levitation phenomena. In this chapter, we
investigate whether photothermal heating can be used to control the angular deviation of
levitated graphite. In Figure 5.1, we outline an experimental set-up in which a graphite
plate is placed on top of a strong permanent magnet. There is a torque that works to align

the plate parallel to the B-field lines, while the gravitational force pulling it down to the
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Figure 5.1. Schematic of tilt angle (¢) changes. A graphite plate with length L is placed at a distance R from
the magnet center. An incoming pump beam heats the sample and lowering the tilt angle from 04 to 6. A
probe beam reflection from the plate surface is used to monitor the tilt angle.
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surface is counteracted by the levitation force. In Section I, we use computational
modeling to demonstrate that this balance of forces can allow a stable equilibrium tilt angle
to be attained for a graphite plate. We show that changing ymag, for example by changing
its temperature by an amount AT, should change in the tilt angle &by an amount A6, with
a linear relation between A@and AT. In Section IV we experimentally confirm that the tilt
angle @ can be controlled by using laser irradiation to change the temperature of the
graphite. Using this geometry, we have an object whose angular orientation can be
controlled by an external light field, which is effectively a photomechanical object that
does not rely on photochemical or photothermal expansion. We characterize the
performance of this opto-magnetic mechanical system in terms of its response time, angular
deviation, and intensity dependence. We show that it provides a stable, reproducible way
to achieve large angular deviations that are controlled by an external light source. It is
possible that this geometry could be adopted for light-controlled beam steering
applications.
5.2. Calculated Response

In order to understand the origin of the laser-induced tilting of the graphite plate,
we first analyze the forces acting on it. If the plate is placed on top of the magnet, the
gravitational force acts on its center-of-mass to produce a torque that acts to rotate it

downward to the magnet surface. This gravitational torque 7 is given by

Tg:% Vg cos(6) (5.2)
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where L is the length of the plate, V is the volume, p is the density, and g is the gravitation
constant of 9.8 m/s2. 7 causes the plate to fall toward the surface, as usually observed when
there is no other attractive or repulsive force between the tilted object and the surface.
When the surface emits a strong magnetic field, however, it induces a magnetic dipole
moment in the material that tends to align it parallel to the filed lines. The interaction of
this induced dipole with the magnetic flux density vector produces a magnetic torque Zmag
which we calculate numerically using COMSOL. 7mag gives rise to the well-known
phenomenon of iron filings that align along the field lines when a magnet is placed on a
sheet of paper. zmag Causes both diamagnetic and paramagnetic objects to align parallel to
the flux vector?®, but there is also a repulsive or attractive component that depends on the
sign of the magnetic susceptibility ymag. For iron filings, the friction of the paper prevents
these ymag=>0 objects from being drawn to the magnet surface, where they would collect
into a dense clump. But if ymag<<O, then the repulsive force serves the same purpose as the
frictional force for the iron filings and can keep the aligned object suspended above the
magnet surface. By varying 6, both 7y and zmag can be calculated and if there exists an angle
6q Where the total torque #sot=7magt75=0, then Gq corresponds to a stable equilibrium
position.

In Figure 5.2, we show the calculated torques acting on a 5x5x0.83 mm plate
located at R=3.25 cm from the magnet center. The torques for both ymag=-6.1x10*
(corresponding to diamagnetic graphite) and for ymag=+6.1x10* (corresponding to a

paramagnetic material) are plotted. The calculated data in Figure 5.2a show that the
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paramagnetic solid has no stable 4 value where tit=0. Both 75 and zmag are negative except
when zmag becomes slightly positive close to 6=90°. Since both torques are negative, zt<0
for all #values and the paramagnetic plate always falls to the surface. In order to counteract
73, We need a diamagnetic material like graphite that experiences a zmag>0 for all angles.

For this situation, Figure 5.2b shows that zmag exactly cancels out zy at 6=29°. Furthermore,

Zmag>0 /A(mag<0
X 6] = -4 . 6 ]
4.0x10 Tmag= +6.1x10 4.0x10 Ymag= -8.1x107*
3.0x1078 — Tgx 3 3.0x1078]
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Figure 5.2. Calculated torque components zy (black), zmag (red) and zio=1mag* 7y (blue) for a) positive ymag
(paramagnetic); and b) negative ymag (diamagnetic). There is a stable g = 29° for ymag<O but no stable Gy
for ymag>0.

the total torque =t is positive for 6<29°, which means that if the plate is physically pushed
down to <&y, there is a restoring torque that will tilt it back up to 6. Similarly, if the
plate is pushed up to €>6q, mot is Negative, and the plate reduces its tilt back to 6. Thus
the 6:q=29° angle corresponds to a stable equilibrium position.

The next question is how to control & using an external light source. We first
investigated the dependence of Gq On ymag. The calculated Gq values in Figure 5.3 for
different ymag Values show that the tilt angle &g has a roughly linear dependence on ymag

for changes on the order of 10%. For larger changes, there is some indication that this
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dependence deviates from linear, but we did not investigate this behavior in detail. In order
to change ymag Without perturbing the sample or magnetic field, we can utilize laser-
induced heating. The dependence of graphite’s magnetic susceptibility on temperature T

takes the form,
TO
Zmag(T)z/l/o l—eXp _? (53)

where 70=29x10® cgs and To=350 K.3132 For temperatures T near To, this dependence can

be approximated as
Xmag (AT) = 7, (1—5———J AT =T-T, (5.4)

From the computational results in Figure 5.3 and Equation (5.4), we expect the change
in tilt angle 48to depend linearly on the temperature change AT, and thus also on the

laser power as long as AT<<T.
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Figure 5.3. Linear dependence of 6 0n ymag Calculated using COMSOL (black points) and linear fit (red
dashed line). The slope of the line is -2.7+ 0.2 x10%
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The COMSOL calculations show that the laser-induced tilting of the graphite plate
in an inhomogeneous magnetic field is possible for reasonable physical parameter values.
However, it should be emphasized that these calculations did not quantitatively reproduce
the experimental results in the following section. In particular, they did not exactly match
the observed @y tilt angles, nor did they predict the existence of stable equilibrium angles
at all values of R where stable tilting was experimentally observed. This lack of exact
quantitative agreement is expected given the limitations of the calculations, including the
neglect of graphite’s anisotropic ymag, frictional forces, and the discrete nature of the
simulations. But although precise calculation of tilt angles will require more sophisticated
numerical approaches, the results in the following Section IV show that the COMSOL
calculations qualitatively capture the experimental behavior of the laser-induced graphite
tilting.

5.3. Experimental Results

The experimental set-up for the laser-controlled graphite tilting is pictured in
Figure 5.4, along with the beam path for heating and angle measurement. A stable graphite
plate tilt angle &4 could be found when the graphite contact point was located at 1
cm<R<3.7 cm on the top of the magnet, where R is the radial distance from the magnet
center. If the plate was perturbed in either direction from its equilibrium position, it would
return to the original position after it was released. When the plate was located at R<1 cm,
near the center of the magnet, it was oriented close to 6:q=90°. However, in this case, it
could not recover when pushed flat against the magnet surface but remained lying flat.

When the graphite plate was placed at R>3.7 cm, it flew off the side of the magnet,
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Control Beam

Figure 5.4. Top: Photograph of a 5x5x0.83 mm PG plate tilted on the magnet surface at R=2.5 cm in the
absence of laser exposure. Bottom: Photograph of the entire experimental set-up, showing beam paths for
pump and probe laser beams.

presumably because the large gradient force near the edge could overcome the gravitational
force. 6.q decreased as R increased, closely following the calculated flux density direction,
as shown in Figure 5.5. These same calculations reproduced the z-dependent B-field
strength at different R values (Supporting Information, Figure S5.1), providing evidence
that the flux direction calculations were reasonably accurate. The graphite tilt angle was
always less than that of the flux density vector angle, as expected due to gravity pulling the
plate downward. The amount of deviation increased at larger R values (smaller &q values),

consistent with a larger gravitational torque on the graphite “lever”.
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Figure 5.5. Flux density vector angle (red points) calculated at a vertical distance of 0.25 cm above the
magnet, and the experimental PG tilt angle 64 measured at different distances R from the magnet center.

When the tilted graphite was exposed to a 532 nm cw laser beam, & decreased until
a new equilibrium position was achieved within about 60 seconds. When the laser was
blocked, the plate returned to its original position on a similar timescale. The images in
Figure 5.6 show this sequence of events for a plate located at R=2.5 cm and an incident
laser power of 400 mW. We note that identical tilting behavior was observed for
inexpensive pyrolytic graphite and for a highly oriented pyrolytic graphite sample that had
been machined to the same dimensions. This suggests that the observed behavior does not
result from impurities or defects within the graphite, but instead arises from its intrinsic
electronic properties. Abe and coworkers showed previously that heating leads to an

increase in the density of unpaired spins in graphite?®, although it is possible that hot carrier
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Figure 5.6. Photographs of the PG plate at R=2.5 cm during irradiation by a 400 mW 532 nm laser beam: a)
Initial position marked by a red dashed bar before laser exposure, b) after one minute of laser exposure, c)
10 seconds after 1 minute laser exposure is ended, and d) one minute after laser exposure is ended.

redistribution after photoexcitation enhances the spin population even further.?” This
paramagnetic contribution partially cancels out the diamagnetic term, reducing zmag and
leading to a smaller Atilt angle.

In Figure 5.7a, we show At) obtained by measuring the probe beam deflection

angle for a series of these experiments. The temporal on and off deflection profiles can be

fit to exponential functions of the form

Laser on: O(t) =6, - Ae(l— exp {— LD (5.5a)
TOFI
Laser off: 0(t) =6,, — A0 exp{—i:l (5.5b)
Toff

Interestingly, the zn and o response times did not depend strongly on the laser power,
always hovering around 7zn~15 s after the laser was turned on and zf~12 s after it is
blocked (Supporting Information, Figure S5.2 and Table S5.1). In order to
quantitatively analyze the origin of these time constants, we would have to analyze heat
transfer and loss in the graphite plate, taking into account both radiative and convective

mechanisms, but such an analysis is beyond the scope of the present chapter. Once the new
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equilibrium angle is reached by the heated graphite, it is stable while the laser remains on.
The net angle change 46 depends on laser power, and the final temperature change AT
exhibits a parallel dependence on laser power (Figure 5.7b), as predicted in Section IlI.

This data establishes the photothermal mechanism as the origin of the angle change.
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Figure 5.7. a) Time dependence of tilt angle &for a pyrolytic graphite plate located at R=2.5 cm and measured
with different laser powers: 20 mW (black), 80 mW (red), 160 mW (blue), 600 mW (purple), 800 mW
(green). Laser exposure begins at 5 seconds and ends at 95 seconds. The solid lines are exponential fits to the
data using Equations (5.5a) and (5.5b); b) Linear dependence of A@and AT on laser power, consistent with
predictions of Equations (5.3) and (5.4).

One concern is that repeated heating may affect the reversibility of the laser-
induced tilting. To assess this possibility, cycling behaviors for 160 mW and 500 mW laser
exposure are shown in Figure 5.8a. At both powers, we detected a slight 3-5% drop in the
A0@value over the first 2-3 cycles, after which it stabilized. Higher laser powers resulted in
a larger initial decrease in 46. The decrease in the normalized A48, plotted in Figure 5.8Db,
is consistent with a brief “burn in” period. The magnetic and electronic properties of
graphite are sensitive to thermal annealing®® 34, so it is possible that even the relatively low

temperature changes achieved with our laser can affect unstable regions in the graphite
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microstructure. After these regions are annealed, the material becomes robust with respect

to additional laser exposure.

a T T /| T T T T T T T b T T 3 T T T T T T T
48 - 1.00{ = = = 160 mW'
=0.99- e 500 mW |
@
44 4 H g
kel 4 .
<3’:40 'g o ®
= 80-97‘ ] ] [ ] ] [ ] ] [ ] m
36 1 20.96- . 1
—— 160 mW - _
> @ @ @ (e}
21— 500 mW - ¢ o o
T T T T T T T T T T 0~94 T T T T i F T T T  § T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Cycle # Cycle #

Figure 5.8. a) Cycling of PG tilt angle, recorded for a plate at R=2.5 cm, for 1 minute laser exposures
followed by 1 minute recover for 160 mW and 500 mW laser powers; b) Change in normalized A6 value
during laser cycling, showing a slight decrease during the first 10 cycles.

When the incident laser power was increased beyond 800 mW, the response of 46
became highly nonlinear. For example, when 1.2 W of laser power was used, &€ would
decrease gradually, then the plate would suddenly drop flat against the magnet surface. It
would spring back to its original position once the laser was blocked. In Figure 5.9, we
plot AAt) for P=1.2 W, which led to a maximum temperature increase of 162°C. Both the
drop (10 s) and recovery (2 s) times are faster than for P<500 mW. This large A@was stable
over 10 irradiation cycles (Figure 5.8b). If the laser was left on, the graphite plate would
oscillate up and down as it moved in and out of the beam path. The nonlinear change in &
at higher temperatures cannot be explained by the simple theory presented in Section I11.
We hypothesize that the lower ymag at the higher temperatures allows the levitation force

to be overcome by gravity, leaving no stable 4. When the plate cools out of the laser beam
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path, the levitation force recovers and allows the plate to return to its original tilt. Again, a
full understanding of these dynamics would require detailed modeling of heat transfer and
forces, which is beyond the scope of this chapter. We present it here as an interesting

observation that may spur more sophisticated theoretical treatments of this phenomenon.
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Figure 5.9. @) Tilt angle 6 vs time for a PG plate located at R=2.5 cm during exposure to a 1.2 W laser beam.
The laser is turned on at 5 seconds and then the @ begins to decrease. At 19 seconds, & suddenly drops to 0
and the plate lies flat on the magnet. The laser is then turned off. At 24 seconds, the plate pops back up and
then returns to its original 6eq. b) cyclical oscillations observed at 1.2 W with the sample always returning to
its original 6eq. The laser is turned off once the @drops to 0 and is left off for 5 minutes between each cycle
to ensure full recovery.

5.4.  Conclusion

In this chapter, we have shown computationally that a balance of magnetic and
gravitational forces can lead to a stable tilt for a diamagnetic plate resting on the surface of
a strong magnet. The model predicts that the tilt angle 6 of the plate depends linearly on
¥mag, Which in turn can be modified by changing the plate temperature. The qualitative
predictions of this model were experimentally confirmed by using a laser to heat a graphite

plate that can pivot on top of a strong permanent magnet. This photothermal method

provided a noncontact way to control @with high precision for laser powers up to 800 mW.
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The laser induced tilt A8 was linearly dependent on incident laser power and stabilized
within 2-3 irradiation cycles, suggesting that the graphite could act as a robust
photomechanical transducer. Larger AT changes at high laser powers were observed to lead
to nonlinear angle changes and even oscillatory behavior. Overall, the results in this chapter
suggest that photothermal tilting of a graphite plate levitated in a static magnetic field can

function as a laser-controlled beam steering device.
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5.5 Supporting Information
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Figure S5.1. Comparison of theoretical and experimental data on flux density at different heights Z for: a) R
=0 cm (Magnet center), b)) R=1cm, ¢) R=2 cm, and d) R=3 cm.
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Figure S5.2. Response time variations plotted against laser power with data points acquired at R = 2.5 cm
for a) when the laser is on and b) when the laser is turned off.

Table S5.1. Response times from the plots in Figure S2.

Laser On (s) Laser Off (s)

20 mW 1776 £ 1.8 159+0.9
40 mW 14.8+0.6 17.3+0.6
80 mW 16.0+ 0.4 143+04
160 mW 144+ 0.3 12.6 £0.8
200 mW 154+0.2 13.0+0.5
500 mW 15.1+0.2 11.4+0.3
800 mW 15.1+0.3 83+0.5
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Chapter 6. Conclusions and Future Outlook

This dissertation has presented a comprehensive study on the manipulation of
photomechanical motion through various methods, highlighting the intricate interplay

between light and matter.

Our exploration began with investigating the properties of (2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), a stable free radical, demonstrating controlled
mechanical motion. We discovered TEMPQ's supercooling phase and characterized its
supercooling properties. Remarkably, TEMPO can remain supercooled for months if Irft
undisturbed and shows mechanical robustness to perturbations. Crystals of TEMPO can
form in sample vials and can be crystalized in remote locations. The ability of TEMPO to
absorb visible light enables us to melt TEMPO with a continuous-wave (cw) laser, creating
a supercooled liquid when cooled to room temperature, and then solidify the same sample
using a nanosecond pulse laser. These supercooling properties introduce a new class of

materials with potential applications in energy storage and beyond.

By introducing light, we utilized the properties of ortho-chloro-hexaarylbiimidizole
(HABI) to photochemically generate triphenylimidazolyl radicals (TPIRs), which altered
the material’s magnetic susceptibility (ymag). This alteration enabled photomechanical
motion under an external magnetic field. Although we successfully demonstrated
photomechanical motion using HABI, the results were not consistently reproducible. One

potential application of this technology could be coating HABI films with a highly opaque
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material, such as black paint. This coating could transform HABI films into shutters

capable of blocking and unblocking incoming light beams.

Lastly, working with pyrolytic graphite (PG) allowed for a photothermal approach
for photomechanical motion under an external magnetic field. We demonstrated that a
diamagnetic plate's stable tilt on a strong magnet can be computationally modeled as a
balance between magnetic and gravitational forces, with the tilt angle (6) linearly
dependent on ymag, Which varies with temperature. Experimental validation was achieved
by heating a PG plate with a laser, allowing it to pivot on a strong magnet, showcasing a
precise, noncontact method to adjust fusing laser power up to 800 mW. The laser-induced
tilt showed a linear response to laser power, stabilizing after 2-3 irradiation cycles,
indicating the PG's potential as a durable photomechanical transducer. The findings suggest
that photothermal tilting of a levitated graphite plate in a magnetic field can serve as a

laser-controlled beam steering mechanism.

In conclusion, this dissertation contributes significantly to the field of
photomechanical motion, offering novel insights and methodologies that could

revolutionize how we interact with and manipulate materials at the macroscopic level.
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