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ABSTRACT OF THE DISSERTATION

New Strategies for Molecular Organization for Functional Materials

by
Taylor Nicole Lewis

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2022
Dr. Christopher Bardeen, Chairperson

Functional materials require molecular organization to transport charges. This
dissertation goes beyond typical molecular organization and focuses on three types of
molecular organization: an optical lattice, covalently bound cages, and disorganized liquid

interactions.

Aluminum monochloride (AICI) has been proposed as a promising candidate for
laser cooling for organization in an optical lattice. In chapter 3, we show that pulsed-laser
ablation of stable, non-toxic mixtures of Al with alkali or alkaline earth chlorides can
provide a reliable source of cold AICI molecules. We model the AICI production in the
limits of nonequilibrium recombination dominated by first-encounter events and find that
AICI production is limited by the solid-state densities of Al and Cl atoms and the
recondensation of Al atoms in the ablation plume. This new source of AICI molecules will

provide the basis for future laser cooling experiments.

Covalent assemblies of conjugated organic chromophores provide the opportunity

to engineer new excited states through structural organization. A newly developed triple-

Vi



stranded cage architecture, where covalent aromatic caps attach three conjugated walls, can
be used to tune the properties of thiophene oligomer assemblies. In chapter 4 a variety of
spectroscopic experiments are used to show that excited state properties of a benzene
capped cage are dominated by through-space interactions between the chromophore
subunits, generating a neutral H-type exciton state. Switching to a triazine cap enables
electron transfer from the chromophore-linker after the initial excitation to the exciton
state, leading to the formation of a charge-transfer state. The ability to interchange
structural components with different electronic properties while maintaining the cage

morphology provides a new approach for tuning the properties of chromophore assemblies.

In chapter 5, the ability of disorganized molecular assembly, a liquid, can be used
to generate work. A high-energy nanosecond laser pulse is used to impulsively heat an
aluminum plate resulting in the rapid heating of an adjacent liquid. The volume expansion
from the liquid—gas transition propels the aluminum plate upward with an initial velocity
up to 4 m/s. A simple model is developed to quantitatively describe the fluid dependence
on the heat of vaporization. Furthermore, this method proves that pulsed later heating for
liquid—gas actuation is an efficient way to convert light energy into kinetic energy, with

efficiencies approaching 2%.
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Chapter 1: Introduction

1.1 Ordered Molecular Materials to Functioning Electronics

The properties of any solid-state material are determined by its molecular components
and geometrical arrangements. Solid-state crystals have long provided a basis for the
molecular ordering of a material, as they are naturally abundant on Earth. These molecules
align together in a uniform ordering, based on their intermolecular forces, to create a crystal
lattice. This provides a pathway for tuning the solid-state properties of a crystal from a
chemistry perspective, where a crystal could be synthetically tuned based on known atomic
and molecular properties. Therefore, new crystals are synthesized and researched for
applications in functioning materials. The link between the nanoscopic properties and
macroscopic function is the key to the use of a material. In this dissertation, different
strategies will be thoroughly examined for new types of molecular organization of
materials. The idea is to go beyond traditional crystalline molecular materials and study
the potential of new systems for functional materials.

To provide a basis for understanding the requirements of order, we will analyze
molecular systems in two limits, from new types of molecular ordering to fully
disorganized molecular interactions. First, we will focus on gas-phase diatomic molecules
cooled to quantum degeneracy to generate a new optical lattice. Second, we will look at a

new covalently bound molecular structure that supports delocalized excitons and charge



transfer states. And lastly, we will study a novel photomechanical system that uses a
liquid—gas phase transition to convert light energy into mechanical energy. The three
systems analyzed will provide specific evidence for the link between organization and

function and provide a basis for new classes of functional optoelectronic materials.

1.2 Different Types of Organization

Technological advancements stem from research at the fundamental or molecular level.
An electronic device typically consists of a uniformly ordered array for charges to easily
move throughout.* With the search for new materials that can be molecularly organized for
a given application, the design and study of novel systems, beyond molecular crystals, is
vital. This can be broken down into the three types of matter: gas, solid and liquid phase
materials. Gases are freely expanding, with no fixed shape or volume, meaning their
molecular components are completely disordered. With the advancement of laser
technology, the ability of ordering gaseous atoms and molecules in an optical lattice
became possible. Stabilizing and studying new ordered gas-phase materials will allow the
ability to unlock new quantum phenomena and the ability to stabilize a new state of matter.
This could also lead to a better design and understanding of condensed-phase materials.

Crystalline solids provide ordering through ionic, covalent, metallic, or van der Waals
forces to hold together the bulk material.? New ways of organizing condensed-phase
materials are possible through synthetic routes, in which covalent bonding provides a way
for ordering a non-crystalline solid. These types of organized systems aid in understanding

time-resolved dynamics and how to most efficiently turn light energy into electrical



potential energy. Lastly, organized molecular crystals are not always necessary to promote
mechanical work. With this idea, molecular disorganization based on long-range liquid
interactions can be used for mechanical actuation. This idea can be used to assess how
organization relates to mechanical actuation. Below, we will discuss the current state of the
field and three strategies for organization at the molecular level that will be expanded upon

in chapters 3-5.

1.3 Functions of Organization

The ability of a material to change its properties due to external stimuli is the basis of
many devices, including those that transform photon energy from light into usable
electrical or mechanical energy.® These materials are at the forefront of many different
types of industries that work on optoelectronic devices, such as quantum computing,*”’
crystal engineering,®® photomechanical actuators,'®*® photovoltaic solar cells,**° light
emitting diodes (LEDs),?*-% energy storage,?*2° and more.

With light being the most abundant resource, photons provide a useful way to supply
an external stimulus. Photons can be localized and used having the power to replace
chemical fuels and electrons as energy transporters in functional materials. Below, three
different functions of molecular organization will be introduced including quantum arrays,
energy and charge transfer, and mechanical actuation. All of these functions rely on

photons to understand the inherent physical properties of the molecular system.



1.3.1 Quantum Arrays

Quantum arrays of trapped molecules present a basis for quantum computing qubits
that can solve the computational requirements of long-range interactions that are highly
controllable.*®3! Molecules have rotational, vibrational, and translational modes that make
up their electronic structure and these modes determine the stability of a molecular
configuration. The Maxwell-Boltzmann distribution relates the temperature of a gas to the
velocity distribution of atoms and molecules within the gas.3? At high temperatures, in the
gaseous state, chemical bonds can be energetically broken to stabilize molecules that are
unstable at room temperature. On the other hand, in the regime of cold or ultracold
temperatures, translational modes can be energetically frozen from nano-kelvin to milli-
kelvin to eliminate translational degrees of freedom. With the advancement of laser
technology, laser cooling emerged, where uniform absorption followed by emission in
every direction results in momentum transfer, thus slowing the atom or molecule.®3%
Alkali metals have been studied for laser cooling because of their potential well overlap
according to the Franck-Condon principle.®® In laser cooling, this predicts the probability
of excited electrons to quickly return to the ground state without changing vibrational state,
which means that the cycling of absorption-emission processes would be high.

When the energetic modes in a molecule are frozen, they reach quantum degeneracy
and begin to behave like waves but still have mass and charge. This phenomena has been
used to study novel states of matter, like the formation of a Bose-Einstein condensate
(BEC), where all particles occupy the same state and have the same quantum

wavefunction.®®-3® When molecules are moving this slow, all steps of a complex chemical



reaction could be more easily monitored. This is of interest in the chemistry, physics, and
materials science communities to study many different emerging areas like precision
measurements, quantum information, and simulated condensed matter systems. Ultracold
molecules offer the advantage of having complete control over all degrees of freedom to
see very small changes in a measurement. Furthermore, if these molecules can be frozen
and trapped for a long period of time, they may have the ability to carry quantum

information without loss,3%40
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Figure 1.1. (Left) Schematic of a 3D optical lattice created by the laser interference pattern,
pink arrows. (Right) Potential wells of optical lattice, where cold molecules are trapped. In
this case, the optical lattice is filled with potassium (K) and rubidium (Rb) atoms to form
KRb polar molecules. Figure from Steven A. Moses, Jacob P. Covey, Matthew T.
Miecnikowski, Bo Yan, Bryce Gadway, Jun Ye, and Deborah S. Jin, Creation of a low-
entropy quantum gas of polar molecules in an optical lattice, Science, 2015, 350(6261),
659-662.* Reprinted with permission from AAAS.

Laser cooling first emerged with atoms like sodium*>*® and helium;* followed by
many nonpolar diatomic molecules, the first of which was Naz*® and Rb2.%¢ In more recent
years, many polar diatomics, like CaF*° and YO,>® and even polyatomics are of interest
because of their applicability to real-world condensed phase systems. After a particle is

cooled to nanokelvin temperatures, it can be loaded into an optical lattice, which is an



optical interference pattern created by intersections of laser beams seen in Figure 1.1. This
lattice has parallels to a condensed phase crystal lattice where the particles are instead
locked into place in the potential wells created by the beam interference. One advantage of
cooling and trapping polar molecules is that they can be controlled with external electric
and magnetic fields because of their large permanent dipole moment. This offers the ability
to have a highly controllable lattice using external fields to study different properties of
simulated crystalline materials that could not be synthesized as a crystal lattice in the
condensed phase. This means that the simulated crystal can be tuned without applying any
physical strain, in which novel quantum mechanics will arise.

While this field encompasses a large framework of complex physics phenomena, it
presents a challenge from a chemistry perspective. The development of a new molecular
optical lattice is dependent on the formation and yield of cold, unstable molecules.
Therefore, new methods must be explored for the production of a high yield of cold

molecules.

1.31.1 Using Laser Ablation to Create Unstable Gas-Phase Diatomics

As previously stated, there is a search for polar diatomic molecules that can be frozen
and loaded into an optical lattice. AICI is a candidate of interest for laser cooling because
it has favorable predicted Franck Condon factors,®>° meaning it has a low probability of
vibrational relaxation after absorption. This would allow for more molecules to be laser
cooled, resulting in a higher concentration of AICI. Since AICI is a highly reactive open-

shell molecule, it is unstable at room temperature, typically requiring high temperature



methods to produce through the pyrolysis of AICls, >1000 K.%%- Since the objective is to
have cold molecules, laser ablation can be used to trap a high concentration of the molecule
of interest in a pre-cooled environment of buffer-gas helium =~ 4 K.% This has previously
been done to produce AICI from AICI5.% Laser ablation is the process of vaporizing a solid
with a high energy laser pulse in which random distributions of gaseous fragments will

form, as seen in Figure 1.2.
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Figure 1.2. Schematic of laser ablation of solid sample. The ablation laser beam is
focused with a high energy density onto a sample in which gaseous fragments of different
chemical species will expel into a plume (black dots). If the solid sample was AICl3, a
distribution of ions, as well as AICI species would be expected in the gaseous plume.

This technique offers the advantage of having a high density of pre-existing
molecules (typically >108 molecules) before laser cooling so other forms of synthesis are
not necessary, like photoassociation or Feshbach resonances which typically result in a
total number of molecules around 10°.° Instead, ablation offers a robust way to generate a
molecular distribution, based on the precursor used, after multiple laser pulses. The
disadvantage of this method is that a random distribution of molecular species will be

generated from ablation and there must be a stable, consistent precursor available that can



be used. There are many different precursors to form AICI; virtually any aluminum source
can be mixed with any chloride source. In efforts to produce the highest concentration of

AICI from laser ablation, an extensive study of the chemical precursors is necessary.

1.3.2 Energy Transfer and Charge Transfer

To make any electrical material “work,” energy must be supplied to the system. In
traditional devices, electricity is supplied from a power plant that relies on burning coal to
produce energy. The amount of electricity consumed globally increases every year and is
expected to reach 4.5-108 TJ by the end of 2022.%¢ As the global climate continues to suffer
from the burning of fossil fuels to supply electricity and power to the world, we must turn
to renewable energy sources. Sunlight provides the most abundant form of natural energy
in the form of wave-like packets called photons. In one hour, 1.0-107 TJ of sunlight hits the
Earth,%” meaning we could power the entire globe for more than one year with just two
days of sunlight if this energy could be efficiently extracted. Although technology is
continuously advancing, there still exist many challenges in effectively converting sunlight
into usable energy. With an understanding between the order and function of molecular
systems and the scalability into a functioning material, the possibility of replacing current
electrically powered devices with photon-powered systems becomes possible.

An emerging area in light harvesting materials is organic-based devices for the
electronics and photonics industries.®®8 Currently the inorganic semiconductor, silicon, is
leading this industry, commonly seen in photovoltaic solar cells and other electronics. But

organics, usually in the form of plastic, offer ideal properties like low cost, flexibility, and



versatility.®® Furthermore, these structures are easily chemically synthesized and
processed. A system of focus is n-conjugated oligomers and polymers because of their
nonlinear optical properties and semiconducting properties.*®%° Currently, much work is
put into the synthesis of new conjugated organic chromophores that interact to occupy new
electronic states that have trapped excitons or separated charges for energy conversion
processes.!’” The efficiency of the chromophore’s charge separation is dominated by the
supramolecular packing of the structure.

These designs often utilize an electron-rich donor linked to an electron-deficient
acceptor in a m-conjugated assembly to facilitate energy and electron transfer. Through the
absorption of light, the electrons are excited to a new state where they can an electron can
separate into and electron-hole pair because of the separation between the donor and
acceptor. The electron-hole pair stills feel coulombic attraction but can become delocalized
across a conjugated network, in an excitonic state.’® Many systems focus on tuning this
network to create delocalization for a longer period across a larger distance, limiting
recombination. In practice, these charges could then be extracted in a device, like a
photovoltaic cell or LED. A focus here is that the design of conjugated organic
chromophore assemblies will lead to the tuning of the excited state for the desired

application.



1.3.2.1 Photophysics
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Figure 1.3. Jablonski diagram of common excited state relaxation pathways. Photon
energy is absorbed to promote electrons from the singlet ground state (So) to some singlet
excited state, and then internally converts to the lowest energy excited state (S1). Then the
electron can vibrationally relax, fluoresce, or intersystem cross into the triplet manifold
(T1) with the potential to phosphoresce back to the ground state.

The systems discussed in this work can be explained energetically with the Jablonski
diagram in Figure 1.3. Photoreactive materials absorb photons within their band gap,
promoting their electrons to a singlet excited state (Sn) within 10 fs. This electron will
undergo rapid internal conversion (IC) to the lowest energy singlet state (S1) on the order
of ps. From here, the electrons can non-radiatively decay through vibrational relaxation
back to the ground state, in which heat is released. Or the electron can radiatively relax
through the emission of a photon through fluorescence, on the order of ps to hundreds of
ns. If the electronic structure of a molecular system has sufficient singlet-triplet overlap,
the electrons can spin flip into a triplet state (Tn) through intersystem crossing (ISC). This

process must dynamically outcompete other non-radiative or radiative processes. From

here, the electron will internally convert to the lowest energy triplet state (T1) before it can
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non-radiatively relax or emit a photon through phosphorescence, which occurs from pus to
ms.

Molecular organization can change the electronic properties of a given material, as
charges are easier to move through an ordered array. The electronic structure of a molecular
system is determined by its atomic components, geometry based on steric interactions, and
chemical environment. The complexity of these energetics from system to system demands
photophysical characterization and understanding as new molecular materials are
discovered. Coupled with current technological advancements in synthesis and
instrumentation results in a pathway to better understand how to tune the properties of a

photoreactive material to the desired application.

1.3.2.2 Tuning the Electronic Properties of Bithiophene Chromophores

Historically, many conjugated molecules have been studied in dilute solution to gain
insight into intermolecular energy transfer between two molecules close to one another.”~
3 The drawback of this is the lack of control between the donor and acceptor in terms of
geometrical arrangement. For this reason, covalently tethered bichromophores have
attracted much interest due to the ability of electron-donors to be bonded to the electron-
accepting linking group or “bridge” to promote intramolecular charge transfer.’*"’
Specifically, thiophenes are the basis of a lot of conjugated polymers in organic solar cells
because of their synthetic understanding and structural versatility coupled with their

electron donor behavior.”>8% Sulfur atoms have high polarizability that makes a

prominent contribution to the electron-donating and charge-transport properties. When a
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n-conjugated bridge links with a thiophene acceptor, electron transfer can be facilitated
across the network. The electron transfer rate is determined by the length of the conjugated
chain, the functional groups used as the electron acceptors, and the stereochemistry.®’
Therefore, the molecular structure has the potential to be tuned synthetically based on the
desired properties. The donors and acceptors are chosen based on the compatibility of
energetics, solubility, and crystallinity. In the past two decades, by tuning the structures of

oligothiophenes, the power conversion efficiency has increased by 20%.%

Figure 1.4. Triple-stranded phenylene cage synthesized by the Krische Lab at the
University of Texas at Austin.®® Reprinted with permission from Hiroki Sato, Jon A.
Bender, Sean T. Roberts, and Michael J. Krische, Helical Rod-like Phenylene Cages via
Ruthenium Catalyzed Diol-Diene Benzannulation: A Cord of Three Strands, J. Am. Chem.
Soc., 2018, 140(7), 2455-2459. Copyright 2018 American Chemical Society.

Many of the studied compounds consist of multiple straight-chained chromophores that
facilitate electron transfer across a bridging group or a network of
dendrimers.’880:828689.100.101 - £ rthermore, the typical excited state population in
bithiophene chromophores intersystem crosses within 200-300 ps®1°%192 resulting in a

weak fluorescent yield. These types of structures are conformationally flexible in nature,
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in which multiple conformations can exist at once, leading to very different energetics and
dynamics. This complicates the link between structure and performance that would be
essential for use in electronic devices. This led to the synthesis of a new triple-stranded
phenylene structure held together by two capping groups on each end, as seen in Figure
1.4

This geometry forms a covalently bound rigid cage where the conjugated chains
are now structurally constrained, not allowing for much conformational freedom. The
structure of this phenylene cage provides a link between nanoscopic molecular
organization and controlled properties of the system. Although this geometry is still far
from crystalline order, it presents a large leap toward ordering energy transfer networks for
functional materials. These new synthetic methods provide the basis for different cage
compounds where bithiophenes could be incorporated to facilitate donor-acceptor
properties. This would directly impact the electronic structure that determines the
dynamics. The ability to unlock new excited state geometries correlated to the structure of

functional groups will allow for the use of these chromophores macroscopically in devices.

1.3.3 Photomechanical Actuation

To assess the photophysical properties of a molecular system, it must be
spectroscopically explored. The use of the laser to supply photons is important in
understanding of the kinetics and dynamics of nature at the atomic level as it provides a
way to precisely tune the wavelength, duration, and phase of light. A laser source can be

localized to one area, unlike an incoherent light source that rapidly expands in all
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directions. Lasers have the ability to gently probe electrons internal to a molecule or
completely ablate the surface of a material, depending on the energy regime. Furthermore,
a laser can be used in a continuous wave of photons or be compressed into a short pulse,
dependent on the desired energy density. This allows for a larger dose of energy into a
system to manipulate the excited states and therefore the performance of a material. The
following sections will use these basic principles, changing a laser’s wavelength, duration,
and intensity of light to understand the fundamentals of molecular systems that transduce

light into mechanical motion.

1.3.3.1 Organized Crystals

A commonly studied class of crystalline materials are photoreactive, resulting in a
mechanical change through isomerization, dimerization, cyclization, or dissociation.®
These photoswitches have long been used in the solid-state because the chemical reaction
results in a structural rearrangement through a change in crystal packing. Diverse materials
from single molecular crystals to composite materials filled with a crystal array can be used
to convert photons into mechanical work;!314104108 it knowledge of maximizing the
efficiency of these systems in a macroscopic device is still being expanded upon.

The ordering of these materials from the microscopic to macroscopic regime has shown
they can do meaningful work. In Figure 1.5, a diarylethene (DAE) derivative is shown
(top) to undergo a ring-open to ring-close isomerization upon UV irradiation and then

reacts back to the ring open form upon visible irradiation.'® The corresponding crystal
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(bottom) results in bending from expansion of the molecular structure putting strain on the
crystal lattice. This occurs on the order of 300 um, but the extension of this to centimeters

has now been done to produce macroscopic motion.

Figure 1.5. (Top) Molecular structure of the diarylethene (DAE) derivative 1,2-bis (2-
methyl-5-phenyl-3-thienyl)perfluorocyclopenten that undergoes a ring-open to ring-closed
cyclization when irradiated with UV light. Upon visible light irradiation, it photoconverts
back to the ring-open form. (Bottom) When crystallized in ribbons, reversible crystal
twisting can be seen between ring-open and ring-closed forms due to the change in crystal
packing.'® Reprinted with permission from Daichi Kitagawa, Hajime Tsujioka, Fei Tong,
Xinning Dong, Christopher J. Bardeen, and Seiya Kobatake, Control of Photomechanical
Crystal Twisting by Illumination Direction, J. Am. Chem. Soc., 2018, 140(12), 4208-4212.
Copyright 2018 American Chemical Society.

In Figure 1.6, the same DAE derivative was grown in a porous template to produce
uniform expansion upon irradiation that resulted in mechanical work, lifting a mirror
12,000x its mass.2%” Although this is a leap forward in usable photoreactive materials, these

systems still suffer from low optical penetration and poor kinetic energy conversion
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efficiencies (n = 10 %).19"11% A basic limitation in efficiently scaling molecular materials

into usable photo-actuators is the timescale of irradiation and effectively converting energy

into mechanical motion.
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Figure 1.6. Schematic of DAE derivative that photoconverts from ring-open (blue) to ring-
closed (red) form to bend single crystals (a) or ordered template (b). Without the composite
template, the single crystals undergo asymmetric expansion. With the composite template,
the ordering of the crystal nanowires allows for uniform bending of the structure.®’
Reprinted with permission from Xinning Dong, Fei Tong, Kerry M. Hanson, Rabih O. Al-
Kaysi, Daichi Kitagawa, Seiya Kobatake, and Christopher J. Bardeen, Hybrid Organic-
Inorganic Photon-Powered Actuators Based on Aligned Diarylethene Nanocrystals, Chem.
Mater., 2019, 31, 1016-1022. Copyright 2019 American Chemical Society.

16



Another factor to take into consideration when trying to increase the efficiencies of
mechanical materials is to understand the thermal energy put into the system through laser
heating. To further analyze systems that convert light into mechanical work, we will

transition from photochemical actuation to photothermal actuation in the next section.

1.3.3.2 Disorganized Thermal Expansion

In photomechanical materials, the absorption of photons can also drive a thermal
reaction that can move the material through a volume increase. In a phase change material
(PCM), thermal heating can be used to induce a solid—liquid or liquid—gas phase change
which results in a mechanical actuation, generating a work output of the bulk.??° A
solid—liquid phase transition results in a relatively small volume expansion on the order
of 10-15%, causing a physical mechanical motion to power an actuator.*'** To harness
an even larger motion, a liquid—gas phase transition can be contained to have a larger
mechanical motion due to the larger volume expansion. This phenomenon has long been
used in steam engines and is more recently used in the robotics industry to move liquid-
filled polymer materials when heated. 15120

Wang and co-workers developed a light-driven liquid-vapor soft actuator out of a
polymer and carbon nanotube sandwich structure as seen in Figure 1.7.}2' They
encapsulated different organic solvents as the working fluid that would volatilize and
expand upon light irradiation and recondense to recover to the original position. The
significance of this study is shown in Figure 1.7C, in which it has the fastest actuation

time, on the order of tens of milliseconds, of all other liquid-vapor actuators to date.
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Figure 1.7. Schematic'? of two different soft actuators developed and their performance
with different embedded solvents, analyzed based on max height (hmax), time to max height
(tmax), and recovery time (trc). (a) Actuator is made of a polydimethylsiloxane
(PDMS)/carbon nanotube (CNT) active layer. (b) Actuator is made of a PDMS/CNT active
layer sandwiched with a polyvinylidene fluoride passive layer. (c) Response time is plotted
with all other literature soft actuators that are driven by light,}21245 electric stimuli, 43146~
130 solvent/vapor/moisture,133139140.151-136 ang  temperature.133140141157 Reprinted with
permission from Miao Wang, Lei Zhou, Wenyan Deng, Yagi Hou, Wen He, Lejian Yu,
Hao Sun, Lei Ren, and Xu Hou, Ultrafast Response and Programmable Locomotion of
Liquid/Vapor/Light-Driven Soft Multifunctional Actuators, ACS Nano, 2022, 16, 2672-
2681. Copyright 2022 American Chemical Society.
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Furthermore, they point to alkane solvents having the best combinations of speed and
performance of the actuator. Some of this work uses a light source but much of this research
has relied on supplying the energy through resistive heating.

In any device that relies on thermal heating, the material absorbs heat and quickly
diffuses through or into the surroundings. The rate at which diffusion takes place is
determined by the thermal diffusion coefficient of the specific material. In continuous
heating of a mechanical material, the energy input is in a constant battle with the rate of
diffusion. For this reason, resistive heated materials have begun using pulses to improve
the kinetic energy conversion efficiencies.!1®1°%-10 The idea here is to maximize the work
output by supplying energy at a faster rate than it can diffuse. The disadvantage of this
technique is that the timescale of a resistive pulse is long, on the order of microseconds.
On the other hand, the thermal barrier can be overcome by using a laser source to locally
heat through absorption, but efficiencies using a CW laser source are still low. Based on
Carnot’s theory, the maximum efficiency increases as the difference between the initial
temperature and final temperature of the working fluid increases.’®! Therefore, in the
efficiency of heat engines, the temperature gradient is linearly proportional to the
efficiency. A pulsed laser has the advantage of supplying energy at a faster rate than
thermal diffusion through a material. If a liquid can absorb enough laser energy

instantaneously, a very large temperature gradient within the liquid could be achieved.
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Figure 1.8. Schematic of simple laser flyer design where aluminum (Al) foil, typically 25-
100 um thick, is epoxied to a glass substrate and the flyer is ejected after a single laser
pulse.

Another field that is interested in turning light energy into mechanical energy, for shock
compression materials, works with laser fliers.2%2-17 This type of system utilizes the rapid
vaporization of a solid metal film with a strong laser pulse to move a material as shown in
Figure 1.8. Basically, a single laser pulse induces a shock wave through the material and
generates enough momentum to project the material at a high velocity. From there, the
velocity can be converted into mechanical energy to measure the kinetic energy conversion
efficiency of the system. The efficiencies of these laser fliers are approaching 50% by
tuning the absorption properties at the surface of the thin metal films.1%41% Much of the
research in this field is focused on materials science and increasing the kinetic energy
conversion efficiency by adding a monolayered material to the surface of the flier. The goal
is to increase the percentage of laser pulse absorbed by adding a less reflective layer to the

surface of the flier 164166.168-170173 The disadvantage of these systems is that they are
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microscopic, on the order of microns, and typically degrade after a single laser pulse under
vacuum. To date, there has not been a macroscopic laser flier based on these principles.
Furthermore, there has not been any laser flier research that relies on a different
mechanism, other than a solid—gas transition, to cause motion. Therefore, it would be
beneficial to see whether a different phase surrounding the material would enhance the
motion. Based on this idea, combining the laser flier technique with photothermal actuation
discussed in the previous sections; a new photothermal actuator using a high-energy pulse
to launch a flyer could provide new fundamental characterizations to both fields. If the
absorptive material was surrounded by a liquid that is easily volatilized, the heat diffusion
into this liquid could result in a very large gas expansion. This idea will be discussed more

in chapter 5.

1.4 Preview of This Work

This work will present novel pathways to bridge the gap between molecular
organization of assemblies and functional materials. The findings in chapters 3-5 aim to
provide a pathway to develop the next generation of materials with improved function.
Three specific photophysical questions will be answered:

(1) Can we optimize the production of cold AICI molecules for laser cooling and

optical lattice formation?

First, chapter 3 will focus on the formation of gas-phase AICI in a helium buffer gas
environment. Pulsed laser ablation is used to produce AICI from mixtures of different

alkaline earth chlorides with aluminum powder. The yield of AICI is monitored with
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absorption spectroscopy as a function of Al:ClI molar ratio to determine the optimal
conditions for the highest yield. Most interestingly, a simple non-equilibrium model can
quantitatively describe experimental data to prove that AICI production is dominated by
first-encounter events. This work provides the first insight into the chemistry that is
occurring in an ablation plume and shows that the production of cold AICI molecules is
directly dependent on the solid-state chloride density. The optimized parameters found in
this work provide a generalized method for the production of unstable laser coolable
molecules after laser ablation. The experimental details will be outlined in chapter 2.

(2) Can we control the electronic properties of a covalent bithiophene cage by changing

the capping unit?

Second, chapter 4 presents new conjugated organic chromophores in a triple-stranded
cage architecture. These covalently bound thiophene oligomer assemblies present a new
way to limit conformational freedom while tuning the dominant electronic properties. The
excited state properties will be analyzed through time-resolved spectroscopic methods,
discussed in chapter 2, and computation. This work shows that a benzene cap holding the
bithiophene arms together on each end results in neutral Frenkel H-type exciton formation
generated by through-space interchromophore interactions that lead to intersystem
crossing. By switching to triazine capping units, a charge-transfer state forms that can
outcompete the intersystem crossing dynamics and enhance the fluorescence quantum
yield. This work provides the first example of tuning the properties of chromophore

assemblies while retaining the morphology of the system. Furthermore, this architecture
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can be generalized and used for future studies in controlled excited state dynamics for
material applications.

(3) Can disordered materials undergo a photoinduced phase transition to increase the

efficiency of photomechanical actuation?

Third, chapter 5 will discuss a new type of photomechanical actuation that relies on
rapid thermal heating that can outcompete heat diffusion. Instead of an ordered molecular
structure, this system relies on long-range molecular interactions in a liquid and its
characteristic volume expansion. This work proves that a high-energy laser pulse is an
efficient way to convert light energy to mechanical energy, in which the basic principles
could be applied to a functional actuator. It further proves that solid-state molecular
ordering is not always required for functional materials.

While the three systems that have been studied here are different in chemical nature,
they provide a link between molecular properties and material functionality. The necessity
of order for functionality will be assessed and understood from a chemical and
thermodynamic standpoint. Furthermore, their function is dependent on light irradiation

and will further pave the path toward sustainable materials.
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Chapter 2: Experimental

In this chapter experimental details are provided for the three systems studied,
whose results will be described in chapters 3-5. First, the preparation of solid-state Al:Cl
samples will be described, including attachment to copper target. Then the spectroscopic
measurements of AICI will be explained, with brief details on the laser setup and an image
of a typical sample and its signal. Second, the synthesis and computational details of
bithiophene monomers and cages will only be briefly mentioned, as they were done by our
collaborators.(CITE) Then the spectroscopic measurements will be thoroughly explained,
including steady-state absorption and fluorescence, quantum yield (QY) measurements,
time-resolved photoluminescence, and femtosecond transient absorption (fs-TA).
Furthermore, the alignment from the titanium sapphire (Ti:Sapph) femtosecond laser to the
fs-TA spectrometer will be outlined and optimization using a laser dye will be explained.
Lastly, the development of a liquid holding launch pad for aluminum plate propulsion will
be explained with images of a typical setup. Then the operation of the neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser will be outlined, with the specific laser line used

to propel the aluminum.

2.1 AICI Target Study
2.1.1 Target prep

XCln chloride powders and aluminum powder were homogenously mixed to form
pellets for the target study. A variety of increasing Al:Cl molar ratios of 1:25 to 10:1 were

made for Al:KCI by mixing 99.95% aluminum powder <75 um (Sigma-Aldrich) 99% with
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BioXtra potassium chloride (KCI, Sigma-Aldrich). Only a 1:4 molar ratio of Al:Cl was
made for the rest of the chloride sources consisting of, crystalline sodium chloride (NaCl,
Fisher Scientific), 98% anhydrous magnesium chloride (MgCl., Sigma-Aldrich), and
anhydrous calcium chloride (CaCly, Fisher Scientific). Pure 98% sublimed, anhydrous
aluminum trichloride (AICl3, Sigma-Aldrich) was pelletized for the AICI3 sample.

Each mixture was stirred until homogenous and pelletized between two anvils in a
12 mm pellet die. They were pressed at 6000 psi for 1 minute using a hydraulic press. After
removing from the pellet die, they were glued to a copper target using epoxy (Stycast
2850FT). All samples were allowed 24 hours in air for the glue to cure before loading into
the experimental chamber, except AlCIs that was wrapped in parafilm for 4-5 hours of
curing. The copper cell with the sample glued to it was then loaded into the ablation

vacuum chamber.

2.1.2 Spectroscopy

The spectroscopic measurements were performed by our collaborators®>1’® and the
experimental schematic can be seen in Figure 2.1. In summary, the sample pellet was
loaded into a cryogenic buffer gas cell with flowing liquid helium to reach 4.2 K. The
sample target is then laser ablated by a 80 um focused beam with 14 mJ of 532 nm at 1 Hz.
The ablation plume then passes through a spectroscopic window where a CW 261.5 nm
laser is selectively absorbing AICI to monitor the production concentration. Absorption
measurements are also performed on K at 767 nm and Al at 395 nm to monitor the

production of the dominant species in the cell after laser ablation. As the ablation beam
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scans the sample as the absorption is monitored using an amplified photodiode to generate

an image of the target, as seen in Figure 2.2.

Pulsed He Flow

Nd:Yag Cell

l:/

Precursor

Ti:Sapph

| | Photodiode

P R S R R -

e —

Figure 2.1. Schematic of the experimental apparatus. The flip mirrors (1, 2 and 3) allow
for the frequency range selection. Configuration (1) uses the Ti:Sapph output at 766 nm
(red) directly for measuring K. Configuration (2) uses the SHG output (bow-tie cavity with
LBO crystal) at 395 nm (blue) to measure Al and (3) uses the THG output from a BBO
crystal at 261.5 nm (violet) to measure AICI absorption.

Figure 2.2. (A) Sample target with various Al:KCI molar ratios, as labelled in pink (1)
10:1, (2) 8:1, (3) 5:1, and (4) 1:4. (B) Target mappings for absorption of AICI, Al, and K.
The color map on the right shows the variation in AICI absorption from 0 (dark blue) to 1
(yellow).
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Each transmitted data point is measured and the optical density is quantified by
—logy, (170) where I, is the transmitted signal before the ablation plume is present. The

signal is averaged over at least 50 spots on the target from 1-3 ms after the ablation laser

pulse for each spot to generate a time-dependent absorption trace.

2.2 Cages
2.2.1 Synthesis

Synthesis and synthetic characterization of all thiophene monomer and cage
compounds were done by our collaborators.” The novel synthesis procedures are described
in chapter 4. Characterization included proton nuclear magnetic resonance (*H NMR),
carbon nuclear magnetic resonance (**C NMR), electrospray ionization time-of-flight mass

spectrometry (ESI-ToF-MS), infrared spectroscopy, and X-ray crystallography.

2.2.2 Computational Details

All computation was done by our collaborators.”® Briefly, the equilibrium
geometries of all compounds were defined at the wB97X-D/6-31+G(d) level in the gas
phase, cyclohexane, and acetonitrile. From the optimized structures, vertical transitions
were computed to further analyze the excitation energies by thermal activation of low-

frequency modes.
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2.2.3 Steady-State Absorption and Fluorescence

An Agilent Cary 60 UV-Vis spectrophotometer and a Horiba PTI QM-400
fluorescence spectrophotometer were used to collect absorption and emission spectra,
respectively. All solid samples were made into dilute solutions (= 2 - 107> M) using
chloroform, toluene, and cyclohexane. For emission spectra, a 350 nm excitation
wavelength was used with a 2 nm bandpass. All solutions were purged with argon for 15
minutes and sealed prior to collection to remove oxygen from the sample.

The emission spectra of 4a and 6a are compared by using a gaussian peak fitting
function, described by Equation 2.1, to show the diminished 0-0 vibrational peak. The
parameters of the peaks are shown in Table 2.1, where the peak width (w) and full width
half max (FWHM) were fixed in each spectrum. This allowed the peak center (xc), area,
and amplitude (A) to vary. Then peak 1 for 4a could be quantitatively compared to peak 1
of 6a to prove the decrease in the 0-0 vibrational peak.

xX—XC
—0.5(—, )?

y = Ae

Equation 2.1. The equation for each gaussian peak fit with the fitting parameters in Table
2.1.

XC w A FWHM Area

4da Peak 1 22700 700 97202 1648 1.706
Peak 2 21350 700 123245 1648 2.163

Peak 3 20000 700 70354 1648 1.234

6a Peak 1 22900 600 201858 1412 3.036
Peak 2 21550 600 205078 1412 3.084

Peak 3 20200 600 104429 1412 1.571

Table 2.1. Parameters used to fit the three gaussians in Figure 4.11 are shown. The equation
of each gaussian is shown in equation 2.1, where A is the peak amplitude, xc is the peak
center, and w is the width of the peak. Each peak was fit with equal spacing of 1350 cm™.
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2.2.4 Quantum Yield Measurements

Horiba’s fluorescent quantum yield instructions provided a basis for these
experiments.t’” The absorption and emission spectra were collected with an Agilent Cary-
60 UV-Vis spectrophotometer and a Horiba PTI QM-400 fluorescence spectrophotometer,
respectively. For the emission collection, a 1 nm bandpass and 350 nm excitation
wavelength was used for each sample. Prior to absorption and emission measurements,
each sample was purged with argon for 15 minutes to remove oxygen. The relative
fluorescent quantum yields were determined by making 5 dilute solutions of increasing
concentration, for each sample and comparing to a standard with a well-known fluorescent
quantum yield. 9, 10-diphenyl anthracene (DPA) in cyclohexane was used as the standard
because of its similar absorption and emission wavelength range to the cages and
monomers being measured. In these experiments, the UV-Vis spectrometer and
fluorometer must be kept turned on for the entirety of the experiment without zeroing or
restarting the software between samples. This is to avoid any lamp drift or differences in
zeroing the background. Further, if different samples are going to be run on different days,
the standard must be remade and tested on the same day and in parallel to the unknown
sample.

After the spectra were collected, the absorbance was plotted against the integrated
fluorescence intensity for the solvent and five different concentration samples. The data
points were then fit with a linear line to quantify the slope (m). The phenyl-compounds 4a
and 6a and the triazine cage 4b are plotted in Figures 2.3 and 2.4, respectively. Using the

slope from the linear fit, the fluorescent quantum yield (®f;,) can be calculated,
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Figure 2.3. The absorbance was plotted against the integrated fluorescence intensity for
the solvent and five different concentration samples for 4a (a), 6a (b), and DPA (c). The
data points were fit with a linear line to obtain the slope (m) for the calculation of the
fluorescent quantum vyield.
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Figure 2.4. The absorbance was plotted against the integrated fluorescence intensity for
the solvent and five different concentration samples for 4b (a) and DPA (b). The data points
were fit with a linear line to obtain the slope (m) for the calculation of the fluorescent
quantum yield.

Once the quantum yield of the sample (®f,) is calculated, it can be used to

calculate the radiative lifetime (7,44),

Tfl
Trad = (D_fl

using the experimentally determined fluorescence lifetime, 77, (section 2.2.5 below).

Finally, using this result, the radiative rate can be calculated,

and then used for analysis of excited state dynamics.

2.2.5 Time-Resolved Photoluminescence (TRPL)
Time-resolved spectra and decays were recorded using a Hamamatsu C4334
Streakscope that provides spectral and temporal resolution to 2.5 nm and 15 ps. The sample

was excited with 400 nm from a frequency doubled 800 nm output from a 1 kHz Coherent
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Libra femtosecond Ti:sapphire laser. The emission was then collected by the streak camera
in a front face configuration. All dilute solutions (= 2 - 107 M) in chloroform, unless
different solvent is specified, were purged with argon for 15 minutes.

Decays were plotted on a log scale for the phenyl compounds (4a and 6a) in Figure
2.5, and the cage compounds (4b and 6b) in Figure 2.6. A monoexponential fit (equation
2.2) was used to fit the decays in Figure 2.5 to analyze the radiative lifetime. For the cage
compounds, there are two components in the decays, as seen in Figure 2.6. Therefore, a

biexponential fit (equation 2.3) was used to analyze the two major lifetimes in each decay.
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Figure 2.5. (a) Fluorescence decay over time of 4a (black) with a monoexponential fit (red)
fit to the decay to give a lifetime of 229 ps. (b) Fluorescence decay of 6a (black) with a
monoexponential fit (red) fit to the decay to give a lifetime of 244 ps. Both fluorescent

decays were collected in a 2 ns window from 448-653 nm (4a) and 415-568 nm (6a).
X

y = 1‘11*‘«’_T_1

Equation 2.2. Monoexponential fitting function to obtain ; modelled in fit (red) in figure
2.5.
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Figure 2.6. (a) Fluorescence decay over time of 4b (black) with a biexponential fit (red)
fit to the decay to give a lifetimes of 298 ps and 4.3 ns. (b) Fluorescence decay of 6b (black)
with a biexponential fit (red) fit to the decay to give lifetimes of 277 ps and 765 ps. Both
fluorescent decays were collected in a 20 ns window from 476-510 nm.
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y=Ae T1+Ae 2

Equation 2.3. Biexponential fitting function to obtain 7, and t, modelled in fit (red) in
Figure 2.5. The prefactors A; and A, are used to calculate the weight of each component
(%r1).

2.2.6 Femtosecond Transient Absorption (fs-TA)

Fs-TA experiments were carried out using a 1 kHz Coherent Libra femtosecond
Ti:sapphire laser. The 800 nm fundamental output beam of ~ 2 W was first split with a
beamsplitter so 70% of the power went to the TA line and 30% of the power went to a
Quantronix OPA (not used in these experiments). The TA line was then split into the pump
and the probe line at a second beamsplitter. About 90% was sent through a BBO crystal
for frequency doubling, that resulted in a 400 nm pump line. The other 10% was used to
make the white-light continuum probe. The path length of the pump and probe were routed

to be equivalent, to ensure that time zero (temporal overlap of each beam) occurred on the
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length of the delay stage. The pump and probe were then focused spatially and temporally
through a 1 mm flow cell. After the sample cell, the probe beam was focused into an optical

fiber coupled to an Ultrafast Systems UV-Vis CMOS spectrometer.

Pump Alignment: After the BBO crystal, the 400 nm pump is aligned through a
chopper that is controlled with the UltrafastSystems software. Be sure that the entire pump
beam fits through the open area and is not cut off by the chopper. Next, align the beam
through a double-pass box mirror on the 1600 ps delay line. To do this, first take off the
box mirror and align perfectly between the two iris’s (one in front of and one behind delay
stage). Put the box mirror back on the delay stage and align to the sample. Next, the pump
should be aligned to the wall (= 3 meters away) to check for “walk off” of the beam. This
ensures that the pump beam is not moving spatially during the entirety of the delay stage.
Open the AA Spectrum on the UltrafastSystems software and see the position of the delay
line on the right side of the screen. Scan from the front to the back of the stage a few times
while closely watching the beam on the wall to ensure that it does not move from its
original position. If it does not move, then pump alignment is done. If it does move, then
the pump needs to be realigned through the box mirror to make sure that it is going straight
through, and repeat checking for walk off on the wall. Repeat until the beam does not have
any “walk off”. This step is critical in receiving correct TA signal, as walk off of the pump

beam can result in an apparent decay of the absorption signal.
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Probe Alignment: The probe line is telescoped through a 3 mm sapphire plate to
generate a white light continuum. The probe should be first optimized by finding the
brightest output when finely adjusting the compression grating in the Ti:Sapph with the
grating controller. Next, the probe should be optimized by eye by adjusting the power with
the iris before the sapphire plate in combination with the angle of the sapphire crystal. A
filamented rainbow should appear after the sapphire plate and then focus to a white beam.
Next, the UltrafastSystems software is used to check the quality of the probe by clicking
the probe spectrum icon. When optimized it should be from ~450-750 nm, as seen in
Figure 2.7. Note that some 800 nm fundamental will leak through the sapphire plate so be
sure to reduce this with a hot mirror before the sapphire plate or neutral density filters after

the sapphire plate.
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Figure 2.7. White light continuum probe spectrum generated from a sapphire plate.
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If the spectrum is not present, then the beam is not likely coupled into the optical
fiber. In this case, finely adjust the 3D stage where the probe is focused into the optical
fiber until maximum signal is seen. Use neutral density filters to move the maximum signal
between 10,000 and 20,000 counts. The probe spectrum will appear to be “jumpy,”
meaning the continuum is not very stable. To fix this, adjust the iris letting light into the
telescope to the sapphire plate to optimize for a combination of the most stable signal and

best square spectrum. These should all be very fine adjustments.

2.2.7 Optimization of fs-TA

Once the pump and probe are aligned, a laser dye should be used to maximize the
overlap between the pump and probe at the sample. When using a 400 nm pump, Coumarin
540a can be used for optimization of signal before running any samples. Use Coumarin
540a mixed in methanol at a concentration that roughly results in 30-60% transmittance in
a 1 mm path length cell. Then flow through the cell, with the solution flowing through at a
constant rate, first making sure that the polymer tubes are compatible with the solvent used.
Open the ultrafast systems software and look at the AA spectrum. The integration time
should be set based on the level of noise in the spectrum. Move the stage back and forth to
make sure that time zero occurs on the stage. At the front of the stage, the spectrum should
be at the baseline and after time zero, there should be a large induced absorption, as seen
in Figure 2.8. Zoom in time to find time zero and set it at the point just before the delta
function grows into the spectrum. Now the fs-TA measurement will be temporally

overlapped. To spatially overlap the pump and probe beams, look at the maximum signal
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in time on the AA spectrum and finely tune the position of the pump in the x and y
directions with the last oval mirror that directs the pump to the sample. Be sure not to touch

any mirrors before the last one, or time zero will also change.
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Figure 2.8. AA spectra (top) 2 ps before time 0 and (bottom) 1 ps after time O for
Courmarin 540a in methanol.
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Figure 2.9. 3D surface for Courmarin 540a in methanol. The y-axis is in time from -200 —
1400 ps, the x-axis is wavelength from 450-850 nm, and the heat map shows intensity
according to the legend. The uncorrected surface plot should appear similar to this after
running the dye.

Data Collection: Next, set parameters for data collection and run a scan on
Coumarin 540a. After collecting the dye data, run a solvent response scan using the same
collection parameters. This must be done with all samples run on TA to ensure there are

no solvent effects changing the kinetics. The 3D matrix should look like Figure 2.9 for

Coumarin 540a.

Data Workup: Surface Xplorer software can be used to analyze the data. First, do

a background subtraction to delete all spectral noise before time 0. Then, do a chirp

correction using the solvent response by applying the solvent response fit to the chirp
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correction in the data set. Next, zoom into the 3D spectra in time to find time 0 and correct
to the nearest femtosecond when the delta function first appears. After this, the time

associated spectra and wavelength dependent kinetics can be analyzed and plotted.

Global Fitting: Finally, global fitting analysis can be done in Surface Xplorer to
determine the major time components present in the spectra. Briefly, global fitting analysis
uses a singular value decomposition (SVD) procedure in which a weighted least-squares
fit provides the best estimate of the 3D TA matrix. The principle components in the TA
matrix are reconstructed by generating the highest significant linearly independent set of
eigenvectors. Each individual eigenvector has a reduced noise associated principle spectra
with corresponding kinetics. After the SVD is performed, a global fit is used to fit the
principle components with a sum of convoluted exponentials that results in spectral and

Kinetic traces at single wavelengths,

_ t=to., _ t—tg
S(t)=e R *ZAie )
7

Where an exponential prefactor (Ai) contains all of the lifetimes present in the global
analysis and represents the significance of each time constant at each wavelength. The main

spectral associated species are then represented with correlated kinetic lifetimes.1’
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2.3 Liquid-Vapor Actuation
2.3.1 Sample Preparation

The actuator design consists of an optically clear substrate connected to a cylinder
that contains the working fluid. An image of this setup is seen in Figure 2.10. The Al
plate (flyer) sits on top of the cylinder in contact with the liquid. The Al plate completely
covers the liquid filled hole, creating a seal. The cylinder consists of 25 mm diameter
cylindrical stainless steel (316L) with a 9 mm diameter hole through its center to contain
liquid. The depth (D) of the cylinder could be varied from 0.5 mm to 20 mm. The
transparent substrate was a 25 mm diameter, 3.2 mm thick disk of scratch- and UV-resistant
cast acrylic polymethyl methacrylate (PMMA, Mcmaster Carr part #8528K34) were cut
3.2 mm thick. The stainless steel cylinder was affixed to the acrylic substrate with
cyanoacrylate superglue (3M Scotch-Weld Instant Adhesive CA8) to create leak-proof
seal. The Al flyer was a rectangular block with dimensions length=13 mm, width=9 mm
and height=1 mm with a mass of 0.94 g. For the metal dependence, the length and width
of the stainless steel and copper were the same as Al (13 mm x 9 mm), but the height was
changed so the flyer had equal mass to the aluminum plate. For the Al flyer mass
dependence, the length and width of the flyer were held constant, and only the height was

altered to change the mass of the plate.
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Figure 2.10. Image of a stainless-steel spacer (10 mm height) with a 9 mm hole through
the center is glues to an acrylic substrate.

To fill the cylinder, liquid was slowly injected into the cylinder to avoid any
bubbles. The Al piece was carefully positioned on top of the 9 mm hole through the center
of the spacer making sure that the liquid underneath was in contact with the Al. The
presence of an air pocket could be detected in the course of an experiment by the distinctive
hollow popping sound that it made upon laser impact. For the alkane solvent dependence,
four straight chain alkanes and one cycloalkane were used. 99+% n-pentane (CsH1o,
Thermo Scientific), >98% n-hexane for GCMS SupraSolv (CsH14, Millipore Sigma), 99%
ACS grade cyclohexane (CesH12, Fisher Scientific), >97% n-octane (CgHis, TCI Chemical),
and >99% n-decane (CioH22, TCI Chemical) were used as received. Deionized water was
used for all of the H.O trials. Since alcohols can dissolve the acrylic substrate, a mixture
of 10% methanol (0.2 micron filtered Optima, Fisher Scientific) and 90% deionized water
(H20/MeOH) was used to compare with pure H2O. Ethylene glycol (C2HesO2, Fisher
Scientific >99% ACS grade) and glycerol (C3HgO3, Fisher Scientific, >99% ACS grade)

were also tested.
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2.3.2 Single-Shot Laser Irradiation

A neodymium-doped yttrium aluminum garnet laser (Nd:YAG, Amplitude Surelite
[1-10) with single shot capability was aligned to fire single pulses upward through the
optically clear acrylic substrate and liquid-filled cylinder where it hit the Al piece resting
on top. This laser source generated 5 ns pulses at 1064 nm and 532 nm. The laser energy
was recorded at the position of the Al plate on top of the cylinder before all experiments.
The pulse energy was varied from 0.01 J to 0.45 J by adjusting the delay time of the laser
Q-switch. With a measured laser spot diameter of 5.5 mm in a Gaussian profile, the energy
fluences at the Al surface ranged from 0.1 J/cm? to 0.6 J/cm?, all below the threshold for

Al ablation.

After firing the laser, the Al plate trajectory was recorded using a Sony ZV-1 slow
motion camera set to record at 760 frames per second. The trajectories were analyzed using
ActionCam Movie Creator software from Sony. The height of the plate was quantified by
referencing the plate position with respect to a ruler placed next to the setup. The plate
consistently travelled in the vertical (y) direction with very little horizontal component, so
we used a vertical trajectory model to solve for initial velocity of the aluminum plate, where

height (y) with respect to time (t) is

y(t) = vt — %gt2 1)

where v; is the initial velocity and g is the acceleration of gravity due to Earth (9.8 m/s?).

The maximum height (ymax) occurs when velocity=0 and t = vi/g, leading to
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~

VYmax = 5 (2)
or

Vi =+ 29Ymax (3)

where ymax IS the maximum height of the plate extracted from the slow-motion videos.
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Chapter 3: Optimizing Pulsed-Laser
Ablation Production of AICI Molecules
for Laser Cooling

3.1 Introduction

Laser cooling of atoms!’®8 has led to significant advances in fundamental
physics, including the creation of Bose—Einstein condensates®®” and the demonstration of
quantum phase transitions.'® It also provides the basis for many precision tests of
fundamental theories'®!8 and atomic clocks.’®” Extending laser cooling techniques to
molecules could open up completely new directions of research, such as controlled
chemical reactions,31881%2 quantum simulation of strongly interacting systems,*%%
searches for physics beyond the Standard Model, and precision tests of fundamental
theories.?%2% The large electric dipole moments of polar molecules also make possible
the creation of arrays of entangled molecular qubits that have been proposed as a novel

platform for quantum computing.31-207:208

Given these potential applications, tremendous experimental effort has been put
into the field in recent years, resulting in successful laser cooling and magneto-optical
trapping of several diatomic species such as CaF,**® SrF,2% and YO.° Computational
results and experimental studies suggest there exist other molecules with excellent
properties for laser cooling and trapping,®® including BaH,?*® CaOH,?'?'? YpF 213

CaOCHs3,2* YbOH,%9215 and SrOH,?! which have been laser cooled. Other proposed
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diatomics for laser cooling are AIF,?"?18 BaF 219220 Cs, 221 MgF,%?? RaF,%% TiO, '8 TIF, %
and CH.? AICI has been predicted to have excellent properties for laser cooling and
trapping, including a large Franck—Condon factor of 99.88% and strong cycling.>>* High
resolution spectroscopy experiments have recently confirmed these theoretical predictions,
providing additional motivation to study this molecule.®® One prerequisite for the study of
AICI is to have a general and versatile technique to produce a large number of molecules
in the gas phase, especially for experiments that aim to create quantum degenerate

molecular gases.

AICI is an unstable molecule that must be created in situ. The production of gas
phase AICI for spectroscopic measurements has most commonly been accomplished by
heating or putting a discharge through AICI3.%%-5 High temperature ovens have also been
used to react Al vapor with separate sources of Cl atoms, including gases like Cl and
HCI,62226.227 a5 well as vaporized solids like MgClz, AgCl, and AICI3.22-23! These high
temperature sources produce translationally hot molecules and generate a heavy thermal
load. In molecular laser cooling experiments that operate on a cryogenic buffer-gas cell,
typically laser ablation is used to minimize the heat load. This approach was used to
generate AICI for the recent spectroscopy studies,®® but there has been no systematic
exploration of different conditions and precursors for optimal AICI production. In
optimizing the production of AICI by laser ablation, several factors need to be taken into
consideration for the solid target, including ease of preparation, safety, and the yield of gas
phase AICI. From previous work on thermal sources, the most obvious choice for a target

would be neat AICls, but this material presents several practical difficulties. It rapidly
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decomposes in the presence of water vapor, producing toxic HCI gas and inert Al2Os. The
rate of this decomposition depends on how the AICIs is stored, and the details of sample
loading (time of air exposure, relative humidity). Although it is straightforward to press
AlClsinto a pellet, we found that these chemically unstable targets provided highly variable

AICI signals from run to run.

In an effort to generate more reproducible results, we explored mixtures of Al with
a stable ionic compound source of chloride, denoted XCl,, where X is the cation and n is
the number of associated Cl anions. The laser ablation process involves several chemical
steps, including rapid nonequilibrium heating of the solid target, volatilization of the
precursors by breaking Al-Al and X-CI bonds, diffusion, and finally AI-Cl bond
formation. Any one of these steps could act as a bottleneck for AICI production. In this
work, our goal is to gain a better understanding of how this process works in order to
optimize AICI production for future laser cooling experiments. Both the chemical identity
of XCl, and the Al:XCl, molar ratio are varied, and the yield of AICI is monitored using
absorption spectroscopy in a cryogenic buffer-gas beam cell.** The production of Al and

K atoms was also monitored for Al:KCI mixtures.

We develop a simple framework to describe AICI production in the limit of
nonequilibrium reaction dynamics dominated by first-encounter events. With the
additional assumption that Al atom production is partially suppressed by recondensation
under the cryogenic conditions, this model provides a quantitative description of the data
and reproduces the observed trend with different XCln precursors. The general conclusion

is that using Al: XCl, mixtures as ablation targets provides a robust and general strategy for
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AICI production. This preliminary investigation of AICI formation in ablation plumes
should help provide a guide for the development of new ablation precursors and their
optimization. The ultimate goal is to develop convenient, high efficiency sources of

metastable diatomic molecules that are amenable to cooling to nano-Kelvin temperatures.

3.2 Results

3.2.1 Experimental Measurements of AICI, Al, and K

The ablation target consists of a pressed pellet of powdered Al and XCln precursors.
For all cases, a robust, stable pellet was formed that could be cut and glued to the target
plate. Several Cl sources were tested in addition to AICl3, including NaCl, KCI, CaCl, and
MgCl.. These chlorides are non-toxic and relatively stable. MgCl, and CaCl; can absorb
water to make a hydrate, but this process is very slow when the MgCl; or CaCl; is pelletized
with Al, with less than a 0.03% mass increase after 24 hours of exposure to ambient air. Of
the other low molecular weight chlorides, LiCl is very hygroscopic and visibly changes
appearance after less than 1 minute of air exposure, so it was not tested. BeCl; is toxic and
was also omitted. The properties of the alkali and alkaline earth chlorides are summarized
in Table 3.1. The variation in X—Cl ionic bond strengths provides a way to assess whether

the initial dissociation of this bond is a limiting factor in AICI production.
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MW (g/mol)  p (g/cm?®) p (mol/cmq) D° (kJ/mol)

Al 26.982 2.70 - -
KCI 74.551 1.988 0.0267 433.0

NaCl 58.443 2.17 0.0371 412.1
CaClz 110.984 2.15 0.0387 409 (Ca-Cl)
MgCl2 95.211 2.325 0.0488 312 (Mg-Cl)
AICI3 133.34 2.48 0.0558 502 (AI-CI)

Table 3.1. Aluminum and XCl, sources in order of increasing chloride molar density. The
molecular weights (MW), solid-state densities (p), and bond dissociation energies (D) are
also shown. D° values are shown for the diatomic bonds as denoted (X—CI).%%

The apparatus for the production and measurement of the AICI has been described
in detail in a previous paper.® Briefly, a high-energy 14 mJ, 5 ns at 532 nm laser pulse is
focused on the target in a vacuum chamber. The resulting ablation plume is swept through
the absorption cell by a 4 K stream of He gas. The absorptionatthev =0,/ =1 — v’ =
0,]J' =1 transition located at 1146 THz (261.5 nm) gives rise to the most intense
absorption and is monitored by an ultraviolet probe laser.

The absorption is time-dependent, as shown in Figure 3.1, peaking shortly after the
ablation laser shot at 10 ms and then decaying away on a timescale of <5 ms. Figure 3.2
shows images of a Al:KCI target before and after an absorption run. The grey color of the
target in Figure 3.3 can be attributed to the Al powder with its oxide coating. The KCI does

not absorb in the visible region and makes a transparent glassy solid when compressed.
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Figure 3.1. Sample absorption time trace at the peak of the AI**CI Q branch. We note that
the initial spike at t = 10 ms is an artifact from the ablation laser scatter on the absorption

photodiode.

Figure 3.2. (A) Typical sample targets of Al:KCI mixtures before ablation. Targets vary
in shade of grey due to the amount of aluminum in Al:KCI molar ratio, consisting of pure
KCI (top right), 1:3 (top left), and 1:10 (bottom). (B) Typical target appearance after
ablation to show the shiny aluminum coating on the sample after ablation. The Al:KCI

ratios are 3:1 (top right), 1:1 (top left), and 1:3 (bottom).

After ablation, the target in Figure 3.2B shows the expected loss of mass, but this
loss is not uniform across the pellet. This corrugated landscape is probably due to local

concentration inhomogeneities in the pellet, as well as morphology changes that occur due
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to fracture during the ablation process. The most notable change is the appearance of a
bright, reflective layer of Al metal in the ablated regions. The presence of this coating
suggests Al atoms are being efficiently ablated and recondensing onto the target surface as
a metallic layer. The effect of ablation on the KCI is less obvious, but it is also ablated as
deduced from the large loss of material from the pellet. From Figure 3.2, one potential
concern is that debris from one target could contaminate a neighboring target. However,
this contamination would only affect the surface, while the majority of ablated material
originates from the interior of the pellet. Extra contributions by K atoms in the absorption
signal of neighboring low KCI pellets were not detected, further indicating that cross-

contamination is negligible.

To determine how the AICI production depends on the composition of the ablation
target, the Al:KCI combination was used with varying amounts of KCI and Al powders.
The amounts of AICI, K and Al produced from different mixing ratios were monitored in
the absorption chamber. The experimental results are shown in Figure 3.3 as a function of
the Al:Cl molar ratio, Rmol. Also shown in Figure 3.3 are simulated data generated by two

chemical models that are described in the next section.
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Figure 3.3. Model A (red line) and Model A’ (green line) are overlaid with experimental
data (blue dots) AICI (A), Al (B), and K (C) showing a qualitatively better fit from Model
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o1



3.2.2 Modelling AICI Formation
Given the highly dynamic nature of the ablation process followed by rapid cooling

in the He gas, it is doubtful that the system ever reaches chemical equilibrium. The reaction
Al + Cl — AlCl (1)

is thermodynamically favored with AG = —75 kJ mol~1,% but at low temperatures the

reaction

3AICL > 2A1 + AICl, ()

235 we

is even more favored.?*2% Extrapolating from previous high temperature results,
can estimate K,, = 101°°° for reaction (2) at 10 K, which implies that no AICI should be
present at this temperature if the system is at equilibrium. But the disproportionation
reaction (2) has an activation barrier and can be suppressed for temperatures below about
150 K, as shown in earlier work on cryogenic solids.?®’ So the rapid cooling of the ablation
plume should be able to quench reaction (2) and preserve the thermodynamically unstable
AICI. Given that reaction (1) will be occurring under conditions of rapid cooling, AICI
formation will be determined by first-encounter collisions of Al and CI atoms early in the
process, followed by an extended period during which the excess collision energy present

in the AICI molecule is carried away by collisions with the He atoms. Thus a reasonably

high He gas density is expected to be necessary for preserving the newly formed AICI.64238

To model the Rmol data, we take as the starting point the assumption that the AICI
concentration [AICI] is proportional to the product of the initial gas phase concentrations

of Al and Cl atoms produced by the ablation pulse, [Al]o and [Cl]o respectively,
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[AlCl] = K[Al],[Cl], 3)

Note that the form of eqn (3) resembles that expected for a system at equilibrium, where

K = Keq,

the equilibrium constant. But here eqn (3) is justified by different physical
considerations. From a probabilistic standpoint, the collision probability is just
proportional to the Al and Cl densities. Alternatively, if we consider the bimolecular kinetic

equation,

a[Alcl]

C== = klatl[cl] (4)

where lower-case K is the rate constant, for small time intervals dt we also obtain eqn (3)
with K = kdt. These arguments justify the use of eqn (3) as the starting point for our

calculations.

3.2.3 Model A: free atom production.
We assume that the ablation laser vaporizes a volume Vo, which puts a limit on the

amount of Al and CI that can be vaporized because

mgyy n mxcl, _ MWy n MWxci,

pal PXxcClp pPAl Al Pxcly

NXCln =V (5)

where ma; and mxcin are the masses of Al and XCl, in the ablation volume Vo. The
molecular weights of the compounds are MW a1 and MWoxcin; pai, pxcin are the solid-state
densities of Al and XCI, and Nai and Nxcin are the number of moles of atomic Al, and

molecular XCl, in Vo. Egn (5) places a constraint on the number of moles of Cl available
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to bond with a given number of moles of Al. We define the molar ratio of Al:Cl atoms

(Rmo1) in the solid to be

_ 1 Npgi
Rmol -

(6)

n Nxci,

If we assume that the moles of atoms in the gas phase are directly proportional to the
number of moles in the solid, i.e. N** = aNy and N5*° = BnNyc;,, Where a and g are

the ablation efficiencies and the n factor takes into account that we get n Cl atoms per

molecule of XCl,. Eqgn (3) then becomes

[Alcl] = K[All,[Cl], = K (ﬂ) (ﬂ) = Kap (M) <"NX—C‘") (7)

Vgas Vgas Vgas Vgas

Using eqn (5) and (6), we obtain an expression for [AICI], NJ* and N5 in terms of Rl

and Vo with only a, 8, and K as adjustable parameters:

gas __
NAl —nVO MWXCln+MWAl Rmol (8)

gas __ B
—+—NRnol
Pxcly pal

[AlCl] =Y MWXCln+MWAl Rmol (10)

54



2
Where y = Kaf (V&) . Egn (10) gives the full dependence of the AICI concentration on
gas

Rmol. We can take the derivative of eqn (10) to find the Rmoi Value that gives the maximum

[AICI],
MW xcly,
Pxcl
rrr’fgzx = nMWZl (11)
pal

The maximum [AICI] is found to be

_ Y _nparPxcly,
[AlCl]max - 4 MW orMW xcyy, -

Eqn (11) shows that R4 depends only on the relative molar densities of Al and Cl atoms
in the laser focal volume. Egn (8)—(10) can be independently scaled to obtain agreement
with the experimental data. Since the scaling factors may be different, this fitting does not

permit the absolute determination of the efficiencies a and .

3.2.4 Model A’: Al recondensation.

The observation in Figure 3.2 that metallic Al is plating out on the target suggests
that the concentration of Al atoms above the target may be limited by recombination. The
relatively high boiling point of Al (2519°C)?*? versus KCI (1407°C)?° suggests that the
recondensation of Al into its liquid form will occur preferentially. If Al atoms recondense

before they can react with the Cl atoms, this will limit the Al concentration in the gas phase.
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We can take this possibility into account by limiting the amount of Al in the gas phase

using the equation
Ngils = 222 (1 — eeNau/W), (13)

k is a free parameter that limits the amount of Al that can react with Cl atoms. Eqn (13)

assumes that the local density of Al in the solid, % promotes recondensation of the Al
0

from the gas phase. This expression reduces to Né“js = aNy; in the limit of small x or Na,
but predicts that Né“als saturates at a value of ‘/"Ta as Na increases. This expression leads to

a new equation for the concentration of AICI

. .n 1 —KNRmol
[AlCl] —_ y K MWXCln MWAl X 1 - exp MWXCln MWA[ (14)
o _anOl T o anOl
Pxcl,  PAl Pxcl,  PAl

To compare this result to egn (11), the maximum of egn (14) can only be determined
numerically. Physically, we expect the maximum of the [AICI] curve to shift to lower Rmo
values, since increasing Nai only limits the available Cl atoms after saturation. This is

exactly what is observed in numerical calculations (Figure 3.4).
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Figure 3.4. Simulated Rmo curves for different XCl, sources from Model A (A) and Model
A’ (B). With a fixed scaling factor (y), the optical density of each source in Model A is
roughly 3 times larger than Model A’ due to the aluminum recondensation.

3.3 Comparison of model to results

In Figure 3.3, we overlay the results of Models A and A’ with the Al:KCI data.
The prefactors in egn (10) and egn (14) are scaled to match the experimental data. Model
A’ does a better job of reproducing the data than Model A, which assumes no aluminum
saturation after gas-phase collisions in the ablation plume. Model A predicts a maximum
signal for Rmol = 3.75, while Model A’ predicts a maximum [AICI] at Rmoi = 1.55, with k
=53.2 cm®* mol™. Both Model A and Model A’ predict the same trend in K signal, as shown
in Figure 3.3C; while Model A’ better predicts the trend in aluminum signal due to
recondensation of aluminum after ablation, as shown in Figure 3.3B. Another advantage
of Model A’ is that it predicts a sharper drop off in the AICI concentration for larger Rmo
values. The y prefactor required to match the [AICI] data in Figure 3.3A is 2.8 times larger
in Model A’ than Model A. This corresponds to roughly three times lower [AICI] in Model

A’ than Model A for a fixed y prefactor. Based on this trend, we estimate that the AICI
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concentration is reduced by a factor of three due to recondensation of aluminum onto the

surface of the target.

We next turn to the comparative study of different Cl atom sources. Figure 3.5
compares the raw AICI signals obtained for pure AICIs and mixtures with NaCl, KClI,
MgCly, and CaCl, with Rmoi = 0.25. For this comparison, we used the best signal obtained
after testing multiple AICIs pellets, some of which produced no signal at all. The Al:XCl,
mixtures, on the other hand, provided much more reproducible signal levels. We observed
only about a factor of two variation in the yield for these very different chemical mixtures.
This result was robust with respect to the method used to extract the average absorption

from the time-dependent traces in Figure 3.5, as seen in Figure 3.6.

Figure 3.6 provides a relative comparison of the experimental and calculated
signals using models A and A’. The XCl, species are ordered from low to high CI molar
density, as given in Table 3.1. The general trends for all three models are very similar. Both
models predict a relatively weak dependence on the identity of X, as observed. The AICI
yield is not correlated with variations in the X—CI bond strength (Table 3.1), suggesting
that the details of the chemical bonding in the XClI, precursor are not vital. Instead, the
critical quantity for AICI production appears to be the molar density of Cl atoms in the
solid, pci. This can be seen most clearly when the calculated [AICI] signal is plotted for
each XCl, precursor at a fixed Rmo Value. This plot, shown in Figure 3.7A for models A
and A’, is linear and has the same slope for both models. It should be noted that each XCln
source can have a different RS, so we also evaluated the maximum [AICI] signal for

each individual XCln source. The trend with pc is the same as in Figure 3.7A, although
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not quite as linear as for the fixed Rmol plot. In fact, this variation can be predicted from
eqn (12) and the deviations from linearity are due to changes in the MW xcin denominator.
The most important conclusion is that variations between the different chlorides are almost

entirely due to differences in Cl density in the solid.

Normalized Opical Density

Time (ms)

Figure 3.5. AICI absorption after ablation of each chloride precursor at Rmol = 0.25. Each
spectra is normalized to the AICIs optical density to show the decrease in signal in each
chloride source from top to bottom.
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Figure 3.7. The chlorine molar density (pci) for each XCl, source from Table 3.1 is plotted
against the optical density of that XCl, source from Model A and Model A’. (A) The optical
density for each XClI, source is taken at the R}, of KCI from each Model that is reported

max

in Table 3.2. (B) The optical density for each XCl, source is taken at its individual R]%* ,
from Figure 3.5. Both A and B show a linear dependence of AICI concentration on pci.
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Model A Model A’

max max

mol mol
KCI 3.75 1.55
NaCl 2.69 1.11
CaClz 2.58 1.07
MgCl: 2.39 0.99
AICls 1.79 0.74

Table 3.2. The RS found for each XCl, source from Model A and Model A’. These
values are used to plot against the p.; in Figure 3.8B.
3.4 Discussion

Laser ablation of solid targets is an extremely complicated process, involving
multiple processes like thermal melting, phase explosion, and ionization.?*® The laser
fluences used in this experiment are well above the phase explosion?-243 and plasma
thresholds?* for Al, suggesting that many different chemical species can be generated in
the plume above the target. Once the precursors are in the gas phase, modeling the detailed
chemistry would require measuring densities, diffusion coefficients, and reaction rate
constants for these species, a daunting task. An important result of this paper is that
relatively simple models can capture the main features of the AICI production by
considering only the dynamics of the Al and Cl atoms after they are placed into the gas
phase. The details of how they got there do not affect the model, as long as the ablation
efficiencies are independent of Rmoi. This can be rationalized by assuming that the ablation
conditions result in such high temperatures that essentially all solid-state bonding is lost,
leading to free atoms whose reaction to form AICI is entirely determined by the initial

concentrations and collision rate.
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The fact that the first-encounter models do a good job of reproducing the [AICI]
curves is not surprising because the atoms are rapidly cooled as they react to form AICI. If
the cooling process freezes out the initially formed AICI and prevents subsequent high
energy collisions that allow the molecules to react further, for example dissociating back
into Al + Cl or by adding another ClI to make AICI;, then the mixture will not reach
equilibrium. At the measured temperature of 8.5 K, the formation of AICI;3 is
overwhelmingly favored, so the fact that AICI is observed at all is further evidence that the
cryogenic buffer gas beam source does not allow the gas mixture to reach equilibrium. In

other words, AICI production is kinetically controlled under these rapid cooling conditions.

Having developed a physical model that does a reasonable job of quantitatively
reproducing the AICI production data, we are now in a position to draw some conclusions
about the production of cold AICI by laser ablation. The first conclusion, that Cl atom
density in the XCl, precursor is a critical parameter in determining AICI yield, provides
practical guidance for the choice of precursor. In principle, AICIz provides the highest
yield, but as discussed above its toxicity and instability make it challenging to work with.
Given that Al:MgCl. provides a similar signal level, and since there is only a modest
(roughly a factor of 2) variation between the different chlorides we explored, it is not clear
that the added inconvenience and hazard of AlCls are worth the small signal gains. On the
other hand, it may be that molecules with additional bonded Cls could drive the yield even
higher. For example, hexachloroethane is a solid at room temperature, although it is much
more difficult to handle than the salts used in this work. Finally, we should emphasize that

the physical basis of our model is very general and should be applicable to other halides.
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We suspect that identifying precursors with high solid-state halide densities will be an
important consideration for the production of metal halide diatomics using laser ablation

from mixtures.

In addition to the choice of Cl source, other experimental parameters can be tuned
to improve AICI production. One obvious step would be to increase the spot size and thus
Vo, while keeping the heat load on the cryogenic system manageable. Since [AICI] will
scale as Vo? (eqn (10)), this provides a straightforward path to more signal per shot, albeit
at the expense of using up the pellet more quickly and increasing the heat load on the
cryogenic cell. Similarly, increasing the ablation efficiencies a« and g (which were not
directly measured in this paper) would also increase the production of AICI. To compare
the measured Al density (1.2 x 10° atoms per cm®) and the maximum Al density based on
the estimated ablation volume, we assume our ablation crater to be cone-shaped, and
calculate the volume of the ablation cone estimating a crater depth of 6 um?* and our

The resulting volume of sample ablated is 5.03 - 10~° cm?®. Then we can use this volume
and stoichiometrically convert aluminum density to moles of aluminum in the gas phase

after ablation,

g 21079 om3 = Y 6.022 - 1023
2.70 9/, 3% 5.03-107° cm® + 26,987/ 1 x [ ol
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to get 3.03 - 10'* atoms. We can then use our known volume of our cell (28 cm?) to

calculate the maximum Al density after ablation,

3.03 - 10™ atoms
28 cm3

resulting in the maximum Al density in the ablation volume to be 1.1 x 1013 atoms per
cm?®. This allows a rough estimate of « to be on the order of 10*. Modifying the ablation
conditions might enhance efficiencies. For example, most researchers use ultraviolet
excimer laser sources to ablate alkali halides,?*¢-2*° although infrared lasers have also been
used,?? so it is possible that shifting to shorter wavelengths would produce more Cl atoms.
Alternatively, if we assume that the Al component is responsible for most of the laser
absorption, then smaller Al and XCl, particles in combination with more uniform mixing
might also improve heat transfer to the XCl, and accelerate its solid-to-gas transition. We
could also consider ways to avoid the Al saturation behavior that is described by Model
A’. Changes in the rate of cooling gas flow or surface geometry might inhibit Al atom

recombination, although this is somewhat speculative.

Finally, it is important to point out that ablation of an Al:XClI, mixture will always
be limited by the constraint of eqn (5). Because all the Al and CI atoms must be packed
into a fixed volume Vo, increasing Nai requires decreasing Ncj and vice versa. To decouple
these quantities requires separate Al and CI sources. Recent work has shown that using a
gas source for the halide, for example SFs, can successfully generate metal halides like
AIF.%! To produce a source of Cl atoms, Clz, HCI or possibly methanochlorides like CCla,

CHCIl3 and CH2Cl> would be reasonable candidates. There is a previous report of AICI
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being produced by ablation of an Al rod exposed to Cl. gas,?®? but its characteristics were
not described in detail. These potential Cl sources are corrosive and/or toxic, so the
introduction of these gases into a vacuum chamber would add experimental challenges.
But they are also chemically stable and easy to put in the gas phase, so they could result in

much higher AICI production if all the solid Al could be vaporized and reacted.

3.5 Conclusions

This work has demonstrated that pulsed laser ablation of Al:XCIn mixtures
provides a robust and reliable source of cold AICI molecules. Stable, non-toxic precursors
can be used instead of AICI3, the most commonly used precursor in previous studies. The
reason that the alkali halide mixtures are relatively insensitive to the chemical nature of the
precursor is that high intensity laser ablation provides enough excess energy to efficiently
dissociate the CI salt into its atomic constituents. A simple model that assumes AICI
formation is mainly determined by the initial Al + Cl — AICI encounters can quantitatively
capture trends in the AICI production as a function of precursor composition and Al:XCl,
mixing ratio. The most important attribute of the solid XCl, source is a high Cl atom
density, a conclusion that may be generalizable to the production of other heteronuclear
diatomics as well. More powerful lasers, improved ablation of the Al component, and
decoupling the Al and Cl sources are all promising future directions for producing a large
numbers of cold AICI molecules. The work in this paper represents a first step in
understanding the chemical mechanisms of laser ablation sources for producing AICI and

will hopefully provide guidance for their future development and optimization.
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Chapter 4: Chemical Tuning of Exciton
versus Charge-Transfer Excited States Iin
Conformationally Restricted Arylene
Cages

4.1. Introduction

The properties of organic electronic materials are determined by interactions
between their conjugated subunits, for example, molecules in a crystal or polymer repeat
units in an amorphous film.?* One major challenge in this field lies in understanding and
controlling these interactions, which can give rise to new emergent properties of the
assembly. For example, when multiple organic chromophores interact, new electronic
states that support delocalized excitons or separated electron—hole pairs can arise due to
dipole—dipole and electron transfer interactions. In bulk solid-state samples, disorder and
the large number of interacting molecules make it challenging to achieve a first-principles
understanding of these new states. The complexity of the solid-state has motivated the
study of smaller systems that can be purified and studied in isolation, for example, in dilute
solution. Examples of such conjugated assemblies include donor-bridge-acceptor
molecules and covalent chromophore assemblies like bichromophores and
dendrimers.””2>+264 |n these supermolecules, covalent linker groups define both the
number and connectivity of the interacting conjugated subunits.

The ability to synthesize discrete multiunit assemblies of conjugated molecules

unlocks the ability to study complicated multibody phenomena like singlet fission 476265
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210 with a high level of experimental and computational sophistication. However,
conformational flexibility in these covalent assemblies can lead to multiple configurations
that have different subunit interactions and thus different electronic states and dynamics.
In many cases, the conformational freedom of these covalent assemblies complicates their
interpretation as structurally well-defined model systems.'%271-274 A second problem
concerns the role played by the covalent linker group in the electronic structure and
dynamics. Although it is most convenient to assume that the linker is inert, there now exists
a large body of work showing that it can play an important role in facilitating charge and
energy transfer.2>-2%* Given these complications, it is desirable to design a covalent
multichromophore architecture that (1) provides additional limits on the conformational
freedom of the constituent chromophores and (2) allows a modular approach to vary the
chemical structure of the linker group and systematically explore its role in determining
the electronic properties of the assembly.

In this work, we utilize a novel cage architecture for creating assemblies of
conjugated organic chromophores. Meta-substituted aromatic caps serve as the covalent
linking groups that attach to both top and bottom of the conjugated subunit. This strategy
enables improved control of both molecular spacing and orientation because it provides
two points of attachment for each conjugated subunit, bringing the assembly closer to
crystalline order. Furthermore, the capping group acts as a constant structural element

while providing chemical tunability that can be used to actively modify the electronic
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structure of the assembly. To illustrate this strategy, Figure 4.1 presents two possible
implementations of the cage structures with capping units that can support either neutral

exciton or CT states.

Charge Transfer

hv '
Bithiophene co®
Walls sy
Phe
N
£/6) hv

Exciton Délocalization

Figure 4.1. Schematic of capped bithiophene cage. Dependent on the capping unit used to
lock the bithiophenes into the cage conformation, it can undergo charge transfer or exciton
delocalization.

To demonstrate the capabilities of the architecture shown in Figure 4.1, in this
paper, we study the properties of a bithiophene trimer built as a cage with two different
aromatic capping units. The use of a simple phenyl cap leads to the generation of a Frenkel
H-type exciton excited state with a reduced radiative rate and lowered fluorescence yield.
This is an example of a passive capping group whose electronic states do not mix with
those of the chromophore walls. The excited state properties are dominated by through-
space interactions between the chromophore subunits themselves. Switching to a triazine

cap provides the opportunity for chromophore-linker electron transfer and leads to the
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formation of new CT states with enhanced fluorescence. The ability to create different
nanoscale heterostructures while retaining the overall morphology provides an
unprecedented opportunity to tune the properties of these discrete assemblies. This
architecture is in principle scalable and may provide a path to systematically bridge the gap

between molecular properties and solid-state material performance.

4.2 Synthesis of Arylene Cages 4a and 4b and Model Compounds 6a and 6b
Using a ruthenium-catalyzed diol-diene [4+2] cycloaddition,® a protocol for

benzannulation was developed in the laboratory of one of the present authors.?®® This

method opened novel synthetic routes to diverse polycyclic aromatic hydrocarbons: acenes

286

and fluoranthenes, oligo(o,p-phenylenes) and, therefrom, nano-graphenes,?’

diindenoperylenes (periflanthenes),?®® rubicenes,?®°

and a novel class of triple helical
phenylene cages,® including an all-aryl caged fac-1r(ppy)3 analog.?® The relatively rigid
topology of the arylene cages and the roughly orthogonal orientation of their walls vs caps
inspired the design of the cages 4a (Z = CH) and 4b (Z = N), which have 5,5-(2,2-
bithiophene) walls terminated by 1,3,5-benzene or s-triazine caps, respectively. The choice
of thiophene walls was inspired by the fact that thiophene oligomers and polymers
comprise an important family of organic semiconductors that have seen wide application

in devices like photovoltaic cells and transistors. There has been extensive previous work

on covalent thiophene assemblies, like dendrimers, that support energy migration” and
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charge separation®®>% and they have even been used in bulk heterojunction
photovoltaics.828® But so far, there has been no effort to create a single structural motif that

can be engineered to serve either purpose.

1) Pdo(dba); (5 mol%)
SPhos (20 mol%)

< K3PO,+7 H,0 Ni(COD), (300 mol%)
X 7z X (1a, 900 mol%) 1,10-Phenanthroline
T Y ko (1b, 800 mol%) (1a, 310 mol%)
Z__Z —
he PhMe (0.17 M) (1b, 400 mol%)
X 110 °C (1a) THF (0.0045 M)
80 °C (1b) 80 °C (1a)
1a (X =Br,Z=CH) 2 2) NBS (300 mol%) 3a(Z=CH) 60°C (1b)
(100 mol%) (380 mol%)  CDCl; (0.85M) 71% Yield (Step 1)
1b (X =Cl, Z=N) 25°C 81% Yield (Step 2)
(100 mol%) 3b (Z=N)
54% Yield (Step 1) 4a (Z = CH), 34% Yield
85% Yield (Step 2) 4b (Z = N), 22% Yield

Figure 4.2. Synthesis of triazine-capped and benzene-capped 5,5'-(2,2-bithiophene)-
containing arylene cages 4a and 4b. Yields of material isolated by silica gel
chromatography. See Supporting Information for further experimental details.

The procedure for synthesizing the thiophene cage compounds is summarized in
Figure 4.2. The all-benzene cages were prepared via dimerization of a tris-bromide, 2%
requiring use of the ruthenium-catalyzed diol-diene benzannulation protocol due to its
compatibility with aryl bromide functional groups. As thiophenes undergo efficient
bromination at the 2-position,” the preparation of the benzene-capped 2,2-bithiophene
cage 4a was more directly achieved via 3-fold Suzuki coupling of 1,3,5-tribromobenzene
1a%®' and 2- thienylboronic acid 2 followed by 3-fold N-bromosuccinimide (NBS)-
mediated bromination to form the tris-bromide 3a.?°2 The latter reaction was conducted in
CDCl; to enable monitoring of the reaction by *H NMR, as the tris-bromide 3a is not
separable from the corresponding mono- and dibrominated compounds. The 3-fold

reductive dimerization of tris-bromide 3a to form the benzene-capped cage 4a via the
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Lipshutz cuprate, [Ar,Cu(CN)Li2]?°? (as described by lyoda),*?%-2% and related methods
involving direct 3-fold lithiation of the thiophene C—H bond adjacent to sulfur followed by
CuCly or FeCls-mediated dimerization,2®8* were complicated by the formation of
inseparable impurities. In contrast, 3-fold nickel(0)-mediated reductive dimerization®2%7-
29 delivered the benzene-capped cage 4a in 37% yield. In similar manner, 3-fold Suzuki
coupling of cyanuric chloride 1b?°:3%0301 and 2-thienylboronic acid 2 followed by 3-fold
bromination mediated by N-bromosuccinimide (NBS) delivered tris-bromide 3b, which
upon nickel(0)-mediated 3-fold reductive dimerization delivered the triazine-capped
donor-acceptor cage 4b in 22% vyield (Scheme 1). Cages 4a and 4b could be crystallized
via vapor diffusion of hexanes into dichloromethane and pentane into chloroform,
respectively, allowing their structures to be corroborated by single crystal X-ray diffraction

analysis (Figure 4.3).

Figure 4.3. Single-crystal X-ray diffraction data of arylene cages 4b (Left) and 4a (Right).
Displacement ellipsoids are scaled to the 50% probability level. Hydrogen atoms and
solvent have been omitted for clarity.
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The cage structures are chiral, but at room temperature, they appear to interconvert too
rapidly to be resolved as separate species in NMR experiments or by chromatography.43
Finally, 2,2'-bithiophene model compounds 6a and 6b, which are terminated by phenyl and
diphenyltriazine moieties, respectively, were prepared via direct 2-lithiation of the

monothiophene precursors 5a and 5b followed by FeCl3-mediated dimerization (Figure

O s "BuLi {100 mol%) O 5 0o
A B Felacac)s (100 mol%) ./ 5 G
g THF (0.05 M), 60°C O
6a

4.4)%

5a

(380 mol%s) 65% Yield
Ph N Ph
Y
~N
S PriLi (110 mol3%)
h 4 Felacac)y (100 mol)
™ |N THF (0.05 M) GD"E N~ |N
Ph’J“"N’J“Ph PhJ‘*NJ"Ph
5h [1+]
(380 mol%) 53% Yield

Figure 4.4. Synthesis of triazine-terminated and benzene- terminated model compounds
6a and 6b corresponding to dithiophene-containing arylene cages 4a and 4b.

4.3 Photophysical Properties of Arylene Cages 4a and 4b and Related
Computational Studies

4.3.1 Evaluation of Conformational Disorder

It was posited that the geometric and conformational constraints of the present triple
helical cage architectures would restrict the composite chromophores in a roughly

orthogonal arrangement. Computational geometry optimization was used to compare the
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geometries for the studied monomers and cages. We found several different minima on
their respective ground state potential energy surfaces. Due to the absence of the cage
structure, 8 different conformations of monomer 6a are accessible at room temperature, as
a low rotational barrier is associated with the biaryl linkage between benzene and thiophene

moieties (Figure 4.5 and Table 4.1).

Figure 4.5. Equilibrium geometries and associated value of the SCCS dihedral angle for
all geometries of 6a obtained in gas phase (purple), cyclohexane (orange) and acetonitrile
(blue).
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gas phase cyclohexane acetonitrile

transl 0.00 0.07 0.06
trans2 0.28 0.27 0.40
trans3 0.28 0.27 0.40
trans4 0.02 0.00 0.22
cisl 0.57 0.53 0.46
cis2 1.16 1.09 0.96
cis3 0.36 0.34 0.00
cis4 0.36 0.34 0.00

Table 4.1. Relative energies (in kcal/mol) of the equilibrium geometries of the phenyl
monomer 6a in gas phase, cyclohexane and acetonitrile.

The steric hindrance associated with the larger triazine moiety reduces the configuration
space energetically accessible in monomer 6b, for which two quasi-isoenergetic

conformers (AE = 0.7 kcal/mol) are found (Figure 4.6 and Table 4.2).

Figure 4.6. Equilibrium geometries of the lowest energy conformers of 6b, cisl (in blue)
and trans_d (in orange) as obtained from gas phase optimization.
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Gas Phase Dihedral Acetonitrile

transl 0.00 106

trans d 0.66 133 0.73
trans_e_min 3.49 -151

trans e 4.30 164 4.50
trans_a 5.25 -54

trans_b 5.25 54

trans3 5.62 127

trans c 9.12 -135

cisl 0.00 106 0.00
cis2 4.07 12 3.64
cis 3 10.24 -84

Table 4.2. Relative energies (in kcal-mol™) of the equilibrium geometries of the triazine
monomer 6b in gas phase and acetonitrile.

The cage architecture provides different steric constraints, and two quasi-isoenergetic (AE
= 0.8 kcal/mol) conformations were found for compounds 4a (Figure 4.7) and 4b (Figure
4.7 and Table 4.3). To put these results in perspective, if we considered three
chromophores, each able to freely adopt two conformations, we would naively expect to
have 23 = 8 local energy minima for the assemblies. In our computational search, we were
only able to find two low-energy minima for 4a and 4b (within a given enantiomer of the

triple helix), a remarkable reduction in the available phase space for these chromophores.
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Figure 4.7. Left) Equilibrium geometries of the lowest energy conformers of 4a,
cisloutside (in blue) and trans (in magenta) as obtained from gas phase optimization.
Right) Equilibrium geometries of the lowest energy conformers of 4b, trans (in blue) and
cislinside (in magenta) as obtained from gas phase optimization.

Gas Phase dihl dih2 dih3
trans 0.00 179 152 -145
1cis 4.68 -165 144 -138
1cis_inside 0.77 59 147 -136
2Cis 3.01 -48 142 -166
2cis 2 10.78 142 155 122

Table 4.3. Relative energies (in kcal-mol™) of the equilibrium geometries of the triazine-
capped cage 4b in gas phase and SCCS dihedral value for the thiophene moiety of each
individual branch.
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The cage structure has the most pronounced effect on the conformational dynamics
and electronic heterogeneity of the chromophores. Compounds 6a and 6b are structurally
flexible with numerous quite flat vibrational modes involving different rotational motions
and the relative torsion of conjugated rings. These molecular motions are notably restricted
by the cage structure in 4a and 4b. The suppression of the low-frequency modes in 4a and
4b with respect to the monomeric compounds becomes evident when exploring the
variation of vertical excitation energies at the Franck—Condon geometry triggered by
molecular vibrations (Figure 4.8). The results clearly show that thermal activation of the
low-frequency modes induces a much larger variation of the So-S1 gap in 6a than in cage
4a. Again, theory confirms the general trend of reduced conformational freedom and
narrower energy distributions for the cage structures, despite the presence of three

chromophores instead of one.
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Figure 4.8. Histogram of the distribution of the changes in excitation energy to the S1 state
of compound 6a (a) and cage 4a (b) upon thermal activation of the low-frequency modes.
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4.3.2 Inert Phenyl Linkers and Frenkel Exciton Formation in Compounds 4a
and 6a

Due to the substantial vibronic coupling in the thiophenes, the reduced
conformational freedom did not lead to an observable narrowing of the absorption
spectrum, as shown in Figure 4.9a. In a comparison of the cage compound 4a to the
monomer 6a, both spectra are featureless Gaussian-type peaks with a full-width-half-
maximum of about 70 nm. The cage exhibits a slight blueshift of the main peak, along with
the appearance of a red-shifted shoulder past 400 nm. This change in absorption line shape
is a classic sign of H-type aggregation. In the standard Kasha model, side-by-side transition
dipole moments (TDMs) interact to split the original monomer excited state into a strongly
allowed exciton state at higher energy and a weaker state at lower energy.>°? This side-by-
side geometry is created by the bithiophene cage walls. The absorption and fluorescence
spectra of 4a and 6a are insensitive to solvent polarity (Figure 4.10), consistent with little
or no CT character.

Additional experimental evidence for neutral, H-type excitons is provided by
examination of the fluorescence spectrum. The 0—0 vibronic peak, which is clearly visible
in 6a’s fluorescence spectrum as a peak at 430 nm, is diminished in the spectrum of 4a,
where it now appears as a shoulder. By fitting each of the emission spectra to a set of three
Gaussians with an equal spacing of 1350 cm—1 (Figure 4.11), we find that the amplitude
of 4a’s 0—0 peak decreases by ~20% relative to that of 6a. This loss of intensity in the 0—0

peak is another sign of H-type Frenkel exciton formation.%
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Figure 4.9. (a) UV-vis absorption (solid) and emission (dashed) spectra of phenyl-capped
bithiophene cage (4a, black) and phenyl-capped monomer (6a, red). The emission of 4a is
shown in three solvents, cyclohexane (CH), toluene (Tol), and chloroform (Chl), to show
no shift in the emission as solvent polarity increases. For the emission spectra, a 350 nm
excitation wavelength was used. (b) Fluorescence decays of cage 4a (black) and monomer
6a (red) are almost identical.
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Figure 4.10. (a) Absorbance (solid) and emission (dashed) of cage 4a in cyclohexane (CH),
toluene (Tol), and chloroform (Chl) showing no solvent dependence. (b) Absorbance
(solid) and emission (dashed) of monomer 6a also showing no solvent dependence.
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Figure 4.11. Emission spectra of 4a (a) and 6a (b) are shown in solid black. Three
gaussians are fit to each emission spectrum to give the overall fit in pink. Peak 1 and peak
2 are fit to the 0-0 and 0-1 vibrational modes, respectively. Cage 4a shows a 22% decrease
of the 0-0 vibrational mode with respect to the 0-1 vibrational mode.

A final piece of evidence can be obtained by comparing the radiative rates (kraq) of 4a and

6a. These two molecules have similar fluorescence lifetimes of 235 + 10 ps as shown in

Figure 4.9b, but the quantum yield of 4a (0.06) is half that of 6a (0.12), so we find Krag =
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0.25 ns ! for 4a and kg = 0.48 ns* for 6a. The decreased krq value for 4a is consistent
with the low-lying emitting state having a weaker TDM, exactly as expected for an H-type
aggregate. All three measurements (absorption line shape, fluorescence line shape, and
radiative rate) are consistent with the idea that the cage structure supports the formation of
neutral H-type excitons.

The last question is whether the modified cage excited state undergoes significantly
different dynamics. To investigate the excited state relaxation dynamics, we utilized
femtosecond transient absorption (fs-TA) experiments. Figure 4.12a shows the evolution
of the TA spectrum of cage 4a after 400 nm excitation. An initial excited state absorption
(ESA) peaked at ~710 nm, along with a negative signal at 480 nm, appears immediately
after excitation. The ESA decays and is replaced by a weaker absorbance with a double
peak at 520 and 600 nm that remains constant over the 1.1 ns time range of the experiment,
which we assign to the T1 — T, absorption.

Global analysis shows only a single relaxation time of 203 ps required to adequately
describe the time-dependent TA dynamics across multiple wavelengths (Figure 4.12b).
The ESA decay is slightly faster than the measured fluorescence decay time, but their
similar dynamics suggest that both observables correspond to the initially excited singlet
state, which undergoes ISC to the triplet manifold. The fs-TA data for monomer 6a are
very similar to those in Figure 4.12 (Figure 4.13), but with a slightly shorter singlet decay

time of 190 ps. For both 4a and 6a, the rapid ~200 ps ISC time (summarized in Table 4.4)
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Figure 4.12. (a) TA spectra over time of phenyl-capped cage 4a in chloroform. Arrows
indicate spectral decline and growth over time. (b) Corresponding Kinetic decays at
selected wavelengths of initial negative signal (480 nm) and ESA (710 nm).
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Parameter 4a 6a

TRPL py, (PS) 229 244

TA py, (PS) 203 190
Dp, 0.057 0.116
Kygq (N5 0.249 0.475

Table 4.4. Time-resolved photoluminescence (TRPL) and TA lifetimes of compounds 4a
and 6a. The quantum yields (®p.) and radiative rates (k,.,4) are compared showing 4a’s
decreased radiative rate. Radiative rates are calculated using TRPL photoluminescence

lifetimes, kyqq = P4/z,,.
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Figure 4.13. (a) Spectrum over time of 6a in chloroform. (b) Associated kinetic traces at
single wavelengths.

4.3.3 Active Triazine Linker and CT States in Compounds 4b and 6b.

The substitution of a triazine cap for the phenyl group has only a modest effect on
the absorption spectrum of cage 4b as compared to that of 4a. Both cage compounds exhibit
similar blue-shifted absorptions dominated by the bithiophene chromophore. Interestingly,
the absorption of the corresponding monomer 6b is broader and even exhibits a weak CT
band at around 500 nm. As discussed above, we attribute the broadening to conformational

disorder that is partially removed by the cage structure, and the CT feature probably
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originates from one of these monomer conformations. When compared to 4a, the main
difference is seen in the fluorescence spectrum, which shifts from 450 to 550 nm and loses
all vibronic structure. 4b’s fluorescence peak position is also sensitive to solvent polarity,
suggesting that the emitting state has CT character (Figure 4.14). The total fluorescence

quantum yield for 4b is 0.24, significantly greater than that of 4a.
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Figure 4.14. (a) Absorbance (solid) and emission (dashed) of cage 4b in cyclohexane
(CH), toluene (Tol), and chloroform (Chl) showing a stokes shift as polarity increases. (b)
Absorbance (solid) and emission (dashed) of monomer 6b also showing a stokes shift with

increased polarity.

Finally, when the fluorescence decays are examined, 4b is found to undergo a
biexponential decay (Figure 4.15b). Its emission has a short component similar to those of
the monomers (298 ps), but the majority of the fluorescence is emitted with a much longer
lifetime of 4.3 ns (Table 4.5). The decay time of the long-lived component (4.3 ns) is about
6% greater than that of the analogous triazine-capped monomer 6b (0.77 ns). The
fluorescence spectrum redshifts slightly over the course of the decay (Figure 4.16),
suggesting that the two lifetimes reflect two different CT states. Examining the solvent

dependence of the decay, the relative amplitude of the long component increases in more
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polar solvents, as does its lifetime (Figure 4.17 and Table 4.6). This is again consistent

with the long-lived state having CT character, since more polar solvents tend to favor

charge separation and slow down recombination.
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Figure 4.15. (a) UV-vis spectra (solid) and emission spectra (dashed) of triazine-capped
bithiophene cage (4b, blue) and triazine-capped monomer (6b, pink). The emission of 4b
is shown in three solvents, cyclohexane (CH), toluene (Tol), and chloroform (Chl), to show
the red-shifted emission peak as solvent polarity increases. For the emission spectra, a 350
nm excitation wavelength was used. (b) Fluorescence decays of cage 4b (blue) and

monomer 6b (pink).
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Parameter 4b 6b

TRPL 71 (ps) 298 277
T, (ns) 4.30 0.765

TA 71 (pS) 6.64 6.72
T, (ps) 298 349
Dp; 0.238 -
kyqq (ns?) 0.0758 -

Table 4.5. TRPL and TA photoluminescent lifetimes of compounds 4b and 6b. Note that
the 6 ps decay time in the TA cannot be resolved by the TRPL measurement. The quantum
yield (®pL) and radiative rate (k,.oq) Of 4b are shown. The radiative lifetime is calculated
using the weighted average of the two components from TRPL (0.298 ns (29%) and 4.30
ns (71%)). Therefore, 7p;, = (0.298 - 0.29) + (4.30 - 0.71) = 3.14 ns. Then the radiative

rate can be calculated, k,,q = 0-238/3_14 = 0.0758 ns™ 1.
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Figure 4.16. Spectrum of 4b changing over time shows a redshifted emission at later times.
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Figure 4.17. Solvent dependence of 4b fluorescence decays shows a decrease in the short
component and an increase in the long component and polarity of the solvent increases.
The lifetimes and weighted components are shown in Table 4.6.

t1 (ns) %t1 t2 (ns) %t2
CH 0.608 74 3.43 26
Tol 0.429 30 3.76 70
Chl 0.298 29 4.30 71

Table 4.6. Lifetimes of decays from Figure 4.17 using biexponential fits from the equation
in section 2.3.6. As polarity increases from cyclohexane (CH) to toluene (Tol) to
chloroform (Chl), the short component lifetime (t1) and amount (%t1) decreases and the
long component lifetime (t2) and amount (%tz) increases. Percent components are
determined from the A values in the biexponential fitting equation. All fluorescent decays
were collected in a 20 ns window from 476-510 nm.

There is no sign of a CT absorption feature in Figure 4.15a, so the emissive CT
state must form via relaxation from the neutral ~7 ps component that mainly reflects the
loss of the stimulated emission feature and growth of an induced absorption around 500

nm, accompanied by a slight shifting of the main ESA feature at 650 nm. This rapid
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relaxation was not observed in 4a and can be assigned to the formation of a CT state from
the initially excited Frenkel exciton. This initial decay is followed by a 300 ps process that
mainly affects the large ESA peak at 650 nm, causing it to lose intensity and shift out to
700 nm. The long-lived ESA has different spectral features from the triplet ESA of 4a, with
a major peak at 700 nm instead of two weaker peaks centered around 500 and 600 nm.
Since the 650 nm ESA peak decay is not accompanied by the growth of any other feature,
including in the region expected for the T1 — Tn ESA, we think it represents a
subpopulation of CT states (possibly due to a different cage conformation) that undergo
rapid internal conversion back to the ground state.

The behavior of 4b can be compared to that of the corresponding monomer 6b
(bithiophene with triazine termination), which undergoes a similar 7 ps relaxation to the
CT state, followed by a 350 ps decay that likely reflects rapid internal conversion and
possibly some ISC to form a long-lived triplet with ESA features at 500 and 600 nm (Sl,
Figures 4.19 and 4.20. However, both the long-lived ESA at 700 nm and the long-lived
CT emission are absent in 6b, suggesting that the cage constraints allow 4b’s CT state to
avoid the rapid nonradiative relaxation processes found in 6b.

Calculations showed that molecular torsions for the monomer 6b can take place with
almost no energetic cost (0.5 kcal/mol or less), confirming its high flexibility. To
experimentally mimic the cage constraints, we measured the PL lifetime of 6b in a rigid

polymethylmethacrylate polymer matrix. We found a longer lifetime component of 2.4 ns
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in the polymer (Figure 4.21), consistent with the idea that increased steric hindrance slows
down the nonradiative decay. It is interesting that the solid-state matrix is less effective at

preventing this relaxation than the cage in liquid solution.
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Figure 4.18. (a) TA spectra over time of triazine-capped cage (4b) in chloroform. Arrows
indicate shift to longer wavelengths, followed by decay over time. (b) Corresponding
kinetic decays at selected wavelengths of induced absorption (500 nm) and long-lived state
(700 nm).
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Figure 4.19. Global fitting analysis of 4b in chloroform. (a) The spectra associated with
the two principle components determined via SVD. (b) The kinetic traces of the principle
components with overlaid fits (dotted lines).
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Figure 4.20. Global fitting analysis of 6b in chloroform. (a) The spectra associated with
the two principle components determined via SVD. (b) The kinetic traces of the principle
components with overlaid fits (dotted lines).
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Figure 4.21. (a) Fluorescent decays of 6b in solution (chloroform) vs. 6b ina PMMA film
showing an increased long-component lifetime in the solid-state film sample. In solution,
T, = 461 ps with a relative amplitude of 55%; and 7, = 832 ps with a relative amplitude
of 45%. In the film, 7; = 547 ps with a relative amplitude of 64%; and 7, = 2.38 ns with
a relative amplitude of 36%. (b) The spectra associated species of 6b in the PMMA film at
early times and later times to show that the spectrum does not change at later times; it only
shows a slight redshift.

4.3.4 Computational Characterization of Cage Excited States.

The experimental absorption spectra suggest that the cage assembly supports some
degree of excitonic character. To clarify how the cage structure modifies the excited
electronic states, we turned to time-dependent density functional theory (TDDFT)
calculations. Vertical electronic transition calculations for both 4a and 4b show that they
possess three low-lying singlet states corresponding to the interaction of local excitations
on the individual branches of the cage (Figures 4.22 and 4.23), with the highest excited
singlet (S3) in both compounds presenting the largest oscillator strength (Table 4.7) but

with appreciable oscillator strength remaining in the lowest states as well. This trend is
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consistent with H-type exciton formation, but to confirm this, we performed additional
calculations with a systematic series of approximations to isolate the effects of

conformational disorder versus electronic coupling, concentrating on cage 4a.

cislinside

0.59

0.25

Figure 4.22. NTOs for excited states S1-Ss of the lowest energy conformers trans (left)
and cislinside of cage 4b.
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Figure 4.23. NTOs for excited state Si1, Sy, and Sz of the lowest energy conformer of 4a.
The first three low-lying singlet states correspond to the interaction of local excitation on
the individual branches of the cage.

AE1 (f1) AE:2 (f2) AE;3 (f3)

Cage 4a

monomers 3.60 (0.915) 3.61 (0.939) 3.92 (0.911)
point-dipole 3.48 (0.538) 3.57 (0.200) 4.09 (2.191)
multi-dipole 3.54 (0.164) 3.63 (0.970) 3.96 (1.714)
non-bonded trimer 3.63 (0.226) 3.70 (1.046) 3.97 (1.090)
cage 3.52 (0.100) 3.61 (0.840) 3.92 (1.160)
Cage 4b

monomers 3.64 (0.884) 3.93 (0.743) 4.10 (0.765)
point-dipole 3.55 (0.294) 3.85(0.172) 4.27 (2.097)
multi-dipole 3.62 (0.492) 3.91 (0.379) 4.14 (1.597)
non-bonded trimer 3.74 (0.672) 4.10 (0.397) 4.21 (1.274)
cage 3.60 (0.440) 3.90 (0.340) 4.12 (1.070)

Table 4.7. Excitation energies (in eV) and oscillator strengths (in parenthesis) for the three
lowest excited singlets computed for non-interacting capped bithiophene (monomers),
through the point-dipole and multi-dipole approximation, the non-bonded trimer and the
full cage for compounds 4a and 4b.
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First, we considered three individual capped bithiophene monomers with the frozen
cage geometry without any intermolecular coupling. The three computed energies of each
bright S state show a sizable variation due to the different monomer structures within the
cage, with each excitation energy close to the S;—Sz energies in the complete cage.
Although different monomer conformations within the cage help explain the shifts in
energy, the oscillator strengths of S; for the three monomers are relatively unaffected
within this approximation, with values in the 0.91-0.94 and 0.74—0.88 range for monomers
in 4b and 4a, respectively. Second, we turned on electronic interactions between the
subunits using several levels of approximation. The center-to-center spatial separation
between bithiophene units lies in the range 5.1-5.7 A, similar to the size of the
chromophore itself. The close proximity suggests that the point-dipole approximation will
not be adequate, since this tends to overestimate the exciton couplings.®”2%43% |ndeed, this
model overestimated the splitting by ~0.2 eV, as shown in Table 4.7. The use of a
multidipole model designed to include molecular size effects can accurately reproduce the
cage energies and transition dipole moments from the full quantum calculation. The good
agreement suggests that short-range CT interactions triggered by intermonomer orbital
overlap play a minor role (at most) in the main absorption band of cages 4a and 4b. To
confirm this, we analyzed the three lowest singlet—singlet transitions using a nonbonded
trimer model obtained by removing the benzene and triazine (top and bottom) capping
rings in 4a and 4b, respectively. Calculated excitation energies and oscillator strengths
follow the same distribution as in the full cage results, in agreement with a through-space

exciton coupling. The main difference is that the energies of the nonbonded trimers are
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systematically blue-shifted with respect to the cages, which results from the reduction of
the effective conjugated length of the system.

Using the multidipole model, we can calculate intermolecular exciton coupling
constants in the range of 60—80 meV, depending on the chromophore pair. These couplings
are larger than those deduced for polythiophene, which range from 5 to 30 meV depending
on the preparation method.>® The larger coupling may result partly from the short
bithiophene segments used in the cage,"” but it is still well below the couplings observed
in oligothiophene crystals, which are typically greater than 200 meV.3%3° The
calculations suggest that the cage geometry can achieve electronic couplings intermediate
between a disordered polymer and tightly packed crystal, leading to novel excitonic states
that have intermediate properties as well.

The calculations show that the initial absorption event creates a neutral excited state
in both 4a and 4b, consistent with their similar absorption spectra, but after that, their paths
diverge. Table 4.7 summarizes the full quantum calculations of the low-lying neutral states
of 4b, and they are similar to those of 4a. Unlike 4a, however, electronic structure
calculations indicate that 4b also supports multiple low-lying singlet states with CT
character. Excited state optimization of 4b identifies low energy CT state minima with
reduced gaps to the ground state and nonvanishing oscillator strengths (Table 4.8). All
three low-lying states in this geometry (CT1, CT2 and CTs3) exhibit significant CT character,
in which bithiophene moieties and triazine rings act as electron donor and acceptor groups,

respectively (Figure 4.24). The CT states in cage 4a are computed at much higher energies,
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and their involvement in the decay of photoexcited cage 4a seems energetically forbidden.
This result is consistent with the experimental observation of an emissive CT state in 4b
that is reached by picosecond relaxation from the Franck—Condon geometry.

Finally, we note that the calculated oscillator strengths agree qualitatively with the
trends observed experimentally. If we compare the neutral *FE states of 4a and 6a, we find
that the computed ratio of 1.02:0.71 = 1.4 is not far from the experimental Kraq ratio of
0.48/0.25 = 1.9. If we compare the neutral exciton state of 4a with the CT state of 4b, we
find the experimental krq ratio 0.25/0.08 = 3.1 is greater than the calculated ratio of
oscillator strengths, 0.71:0.43 = 1.7, but consistent with the observation that the CT state

retains significant oscillator strength.

Compound State Evert AE Strength
Monomer 6a 'FE 2.85 -0.682 1.02
Cage 4a 'FE 2.79 -045¢ [/ - 071
1.075°
IcT 3.43 0.41%/0.005° 0.01
Monomer 6b IcT 2.86 -0.552 0.30
Cage 4b IcT, 2.64 -0.222/-0.78" 0.43
ICT, 2.93 -0.172/-0.73* 0.51
ICTs 3.14 0.14%/-0.41° 0.12

Table 4.8. Vertical and relative energies (in eV) and oscillator strengths at excited state
minima of monomers 6b and 6a, and cages 4b and 4a. FE: Frenkel exciton; CT: charge
transfer state. *Computed with respect to the vertical excitation energy of S: at the ground
state geometry. "Computed with respect to the vertical excitation energy of Ss at the ground
state geometry.
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Figure 4.24. Excited state relaxation of the triazine cage (4b) showing CT character present
in the lowest lying states and phenyl cage (4a) showing that CT is energetically forbidden.

4.4 Discussion

The photophysical behaviors of 4a and 4b are summarized in the Jablonski
diagrams in Figure 4.25. On the basis of the experimental and computational results in the
previous sections, we can draw several conclusions. First, the lowest vertical transitions in
cages 4a and 4b reflect two main contributions: (i) conformational disorder between the
three coupled moieties and (ii) through-space interchromophore Coulomb interaction. In
fact, the calculations show that the blue shift in the absorbance is primarily the result of the

constrained cage shifting the localized excited state and not the formation of a fully

97



delocalized H-type exciton. The Sz excited states in Figure 4.25 are more localized than
calculated exciton states in phenyl-cored dendrimers,®® possibly due to the orthogonality
of the capping groups. It is remarkable that both theory and experiment show that through-
space Coulombic interactions enable the Ss state to steal considerable oscillator strength
from the lower energy states, despite the fact that visually the wave functions show limited

delocalization.
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Figure 4.25. Jablonski diagram representing the singlet energy level shifting from three
non-interacting capped bithiophenes to capped bithiophene cages and then the excitonic
state. Then the schematic outline of the relaxation processes in the phenyl-capped cage (4a)
is shown, along with the main (88% of the transition) electron/hole pair densities for the
S3 state. The schematic outline of relaxation processes in the trazine-capped cage (4b) is
shown, along with the main (95% of the transition) showing the electron/hole pair densities
(blue/orange) for the lowest CT state.
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This illustrates how subtle through-space chromophore—chromophore interactions can
affect the electronic properties of the cage even with orthogonal phenylene caps that
prevent through-bond orbital interactions. Modifying the chromophore “walls” by using
moieties with different TDM strengths or orientations could modify the strength of the
intermolecular coupling and allow the construction of more delocalized Frenkel exciton
states with different properties, e.g., enhanced radiative rates (superradiance).

While the initial excited state is determined by the chromophore wall geometry, its
subsequent fate can be controlled by the linker properties. For the inert capping group of
4a, the ISC rate appears to be largely unaffected by exciton state formation, which acts
mainly to reduce the competing radiative rate. For cage 4b, the initially excited state is
similar to that of 4a but rapidly relaxes into a CT state, a fraction of which survives for 4.3
ns. The use of the triazine cap introduces a conformationally restricted CT state that can
largely avoid the rapid ISC and internal conversion that quench the fluorescence of
monomer 6a, enhancing the fluorescence quantum yield of 4b relative to 4a. 4b’s CT state
has significant electron—hole overlap, as can be seen from Figure 4.25, leading to a
singlet—triplet energy gap greater than 1.0 eV (Table 4.9). This large gap prevents facile
intersystem crossing, as observed in thermally activated delayed fluorescence emitters that
have a greater degree of charge separation. The ability of thiophene CT states to avoid ISC
has been observed in previous work,?? but the origin of this ability has yet to be

satisfactorily explained.
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molecule AE f

4h? 1.18  0.49
4CzIPNP 0.13 0.07
DABNA-1°  0.15 0.31

aTDA-DFT, ©®B97XD/6-31+G(d).
b TDA-DFT, LC-0PBE/6-311+g(d,p) and with & = 3.
¢ From [Nat. Commun. 10 (2019) 597].

Table 4.9. Singlet-triplet energy gap (DE in eV) and oscillator strength (f) for the lowest
CT state of 4b, 4CzIPN and DABNA-1. These results indicate that the CT state in 4b has
an intermediate CT character with a sizeable hole/electron overlap resulting in large
singlet-triplet gap (exchange interaction) and strong oscillator strength. The CT state in 4b
has a donor-acceptor long-range excitation character, like in 4CzIPN, but the spatial
electron/hole separation in 4b is much weaker than in 4CzIPN, as manifested by the smaller
gap and oscillator strength in the latter. The CT character in DABNA-1 is rather different,
which has been characterized as a short-range CT transition, with small singlet triplet gap
but large oscillator strength.

The overall picture that emerges is that different elements of the cage structure can
be used to control different time periods of the assembly photophysics. The initial excited
state structure is largely determined by the geometry of the chromophore walls and the
detailed chemical structure of the caps has little impact on the structure of this state. But
the subsequent relaxation of this excitonic state, from picoseconds onward, depends
strongly on the nature of the capping group. A noninteracting cap simply allows the
chromophore’s intrinsic relaxation to proceed (e.g., ISC), but a different cap structure can
open up new pathways (e.g., CT) that can outcompete the intrinsic processes. In this way,
the cage approach could enable the use of different wall/cap module combinations to

rationally design the photophysical behavior of molecular chromophore assemblies.
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4.5 Conclusions

The newly developed cage-type architecture enables the construction of
multichromophoric molecules with tunable linkers. Although the cage framework still has
some flexibility even with its additional bonding constraints, it provides the opportunity to
examine assemblies of bithiophene chromophores in two limits: inert linkers that support
through-space interchromophore interactions and active linkers that modify the electronic
states. The first type of linker is demonstrated by the phenyl cap which enables H-type
Frenkel exciton formation. This excitonic state still undergoes facile 1SC, but the weak
TDM of the low-lying emitting state suppresses the fluorescence output by a factor of 2.
The use of a triazine cap introduces low-lying CT states that can avoid ISC and enhance
the fluorescence yield. Both capping groups lead to low-lying neutral excitonic states with
weaker oscillator strengths, but the triazine linker provides a new CT relaxation pathway
that can avoid ISC and generate a higher overall fluorescence quantum yield. While many
workers have shown how covalently linking chromophores can produce new excited states,
this paper shows how chemical tuning can precisely control the nature of those states, even
for the same geometrical arrangement. These results provide a new route toward
structurally well-defined multichromophoric assemblies whose excited states can be

rationally designed using the tools of organic synthesis and computational chemistry.
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Chapter 5: Nanosecond Laser-Induced
Liquid-Gas Transition for Light-to-
Mechanical Energy Conversion

5.1 Introduction

Gas expansion has long been harnessed to generate mechanical work in heat
engines, thanks to the large volume changes that can be achieved. The development of soft
robotics has motivated research into nontraditional actuation mechanisms that rely on this
phenomenon,115117.118121311-318 A common strategy to create a large volume expansion
involves heating a high density working fluid to cause a liquid—>gas phase transition. In
most cases, the heat required to vaporize the working fluid is supplied by a resistive heater
embedded in the actuator structure.!'®120313  An alternative strategy is to surround the
liquid with an absorbing medium that can convert light into heat.’!® The photothermal
strategy avoids electrical contacts and allows the actuator to be controlled remotely.

One challenge for the liquid—>gas actuation strategy is to selectively deposit the
heat into the working fluid while minimizing heat loss to the surroundings. Heat that
diffuses into the surrounding actuator structure cannot raise the temperature of the working
fluid and contribute to the work output, which lowers the overall efficiency. This had led
to the use of pulsed heating, even down to the microsecond timescale, to try to minimize
thermal losses.181%8-160 There are now many examples of electrically pulsed liquid->gas

actuators, but the reported efficiencies remain low, typically on the order of 0.1%.116:320-322
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The efficient transduction of laser light into mechanical energy has also been the
subject of interest for the shock wave and laser propulsion communities. Workers in the
shock-wave field have developed the laser flyer concept in which a solid organic layer is
sandwiched between a massive transparent substrate (usually glass) and a thin (<100 um)
metal layer (usually composed of aluminum (Al)).162163.165166.170-172,174.175 The jmpact of a
high energy nanosecond laser pulse causes rapid heating of the metal film and explosive
decomposition of the organic layer, launching the metal film away from the substrate at
high velocities. The conversion of laser energy into plate Kinetic energy can reach
efficiencies as high as 50%.16416816% | aser flyers are not candidates for actuator
applications because the impact of the laser pulse destroys the solid-state device and the
thin metal film cannot be reused. However, the high light-to-mechanical energy
conversion efficiencies reported in this literature motivated us to examine whether
nanosecond impulsive laser heating could be applied to a liquid—>gas transition that is more
amenable for use in actuators. A preliminary examination of the performance
characteristics should indicate whether this direction is worth pursuing.

In this paper, we investigate how laser-induced impulsive heating, adapted from the
laser flyer literature, can be applied to liquid—>gas actuation. We design a simple laser
flyer apparatus in which a variable volume of liquid can be confined next to a metal plate.
When a high-energy nanosecond laser pulse impacts the plate, explosive vaporization of
the liquid beneath it propels it upward. The initial velocity of the plate, and thus its kinetic
energy, is measured under a variety of conditions, including liquid volume, laser

wavelength, pulse energy, and the chemical composition of the working fluid. A simple
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model is proposed to explain the observed dependence of the velocity on the liquid heat of
vaporization. We find that the impulsive laser heating is confined to a relatively small
volume adjacent to the metal plate, even when a large total volume of liquid is used, and
that this expanding volume can propel the metal plate with energy conversion efficiencies
that approach 2%. Although some surface modification of the metal is observed due to
liquid decomposition at high temperatures, there was no measurable decrease in the energy
conversion even after 200 cycles. Our results suggest that nanosecond pulsed laser heating
for liquid—>gas actuation may be worth studying as a new light-based way to supply

mechanical energy to robotic devices.

5.2 Results and Discussion

After testing a variety of metals using H20 as the working fluid (Figure 5.1), we
found that Al plates exhibited the greatest laser-induced motion. The high responsiveness
of Al when exposed to high power laser pulses is consistent with its high susceptibility to
ablation in air and water.32*3?* The simple design of the liquid->gas flyer shown in Figure
5.2 resulted in a reproducible impulse to the Al plate as long as the metal cylinder was
glued to the underlying plexiglass. Figure 5.3 shows a sequence of images for a typical
experiment. The impact of the laser pulse launches the Al plate vertically, accompanied
by a splash of the liquid. For a 450 mJ laser pulse and D=1.0 mm, video analysis of 5

different samples yielded an average initial velocity vi =3.5 £0.2 m/s, giving a 5% variance.
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Figure 5.1. The efficiencies of different metals aluminum (Al), titanium (Ti), stainless steel
(SS), and copper (Cu) of the same length and widths are compared. The metal plate
thickness is varied to make the masses of the samples equivalent, except Ti with half the
mass of the other metals (mass is used in efficiency calculation to account for this). Each
metal was tested with a spacer of D=1 mm filled with H ,0.
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Figure 5.2. Schematic of metal plate laser propulsion experiment. Liquid fills a 9 mm
diameter hole in a cylinder with depth D and the metal rectangular plate is placed on top
of this hole. A 1064 nm, 5 ns pulse is directed through the clear substrate to hit the bottom
of the metal plate. The metal transfers thermal energy to the liquid, which undergoes
explosive vaporization, propelling the plate upward.
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Although confinement of the liquid was necessary to obtain the large and consistent v;
values for all D values, motion could still be observed when the Al plate was suspended
above unconfined liquid. We compared the performance of this system to two different set-
ups in which the Al plate was in contact with 1 mm of water above the transparent PMMA

substrate.

Figure 5.3. Sequence of images after a single 1064 nm, 0.5 J laser pulse hits an Al plate
on top of a cylinder with D=2 mm. The images show (a) 5 ms before the laser pulse is fired;
(b) the impact of the laser pulse at time zero; (c) 2.5 ms after the laser pulse when the plate
flies off the cylinder with liquid splashing out; and (d)-(f) from 15 to 23 ms after time 0,
the plate increases in height while the water droplets disperse.

If the metal surface was not glued to the substrate, the average vi=2.5 m/s was lower and
there was greater variability in vi, with a standard deviation of 20%. If no cylinder was
used and the Al plate was suspended above an unconfined layer of water, the laser-induced
vaporization could still launch the plate, but again with a lower vi=2.8 £0.3 m/s (Figure
5.4). Sealing the metal cylinder to the underlying transparent substrate leads to a
significant improvement in v; and reproducibility. However, we were surprised that the
enhancement was not larger. Its relatively small effect on v; probably reflects that most of
the propulsion is due to vaporization of a thin interfacial layer that does not feel the

confinement on the timescale of the experiment.
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Figure 5.4. The role of the system confinement is quantified (a) by comparing the v; with
and without a spacer to show increased v; and lower error for the spacer that is glued to the
plexiglass. No spacer means that the aluminum plate was held 1 mm off the plexiglass with
a rectangular mold, as seen in (b) Spacer means that the normal 1 mm spacer was used, but
it was not glued to the plexiglass, as seen in (c) Spacer/glued means that the spacer was
glued to the plexiglass to create a tight seal. For all data, a spacer with D=1 mm is filled
with water (H 2O).

If most of the propulsion is due to interfacial vaporization, then we do not expect the total
volume of the fluid cylinder to have a dramatic effect on vi. To examine the role of the
total liquid volume, we systematically varied D, the depth of the cylinder, while keeping

other variables constant. Two working fluids, H>O and pentane, were tested.

Asseenin Figure 5.5, for H20 the largest vi occurs at D=1.0 mm, while for pentane
there is no dependence on D until after 1.0 mm. Interestingly, as D increases up to 20.0

mm, v; only decreases by about a factor of 2 for both liquids.
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Figure 5.5. The initial velocity (vi) is plotted as a function of cylinder depth D = 0-20 mm.
Data for water (H20) and pentane (CsH12) are shown.

Since liquids typically have a low compressibility, most of the gas expansion will be
directed at the Al plate. For larger D values, the cylinder confinement provided slightly
greater v; values, but even for D=20 mm, the plate was launched with a v; of 0.7 £0.2 m/s,
about half the value observed for a fully confined H>O fluid with D=20 mm. In those
experiments, the liquid volume was large enough that a large bubble could be observed to

expand and ripple through the water as the Al plate was launched.

In addition to vaporization, laser heating can also initiate chemical changes. For

protic solvents like water, methanol, and ethylene glycol, the Al plate exhibited a whitish

108



discoloration after laser impact that is likely due to surface oxidation. In alkane liquids, a
black soot-like film developed on the Al surface (Figure 5.6). Interestingly, neither surface

change had a measurable effect on v;j after up to 200 cycles (Figure 5.7).

After

A, « Oxide layer

Before

CsHy,
« Carbon layer;

Figure 5.6. An image of the aluminum plate before laser impact (left) is shown to compare
to the surface after laser impact (right). When water (H,0) was filled in the spacer upon

laser irradiation, a white layer is left on the surface, most likely representative of an oxide
layer. When n-pentane (CSH X 2) was filled in the spacer upon laser irradiation, a black layer

is left on the surface, representative of carbon decomposition.

The plexiglass substrate, on the other hand, did sustain damage, typically after 5-10 cycles
when D=1.0 mm. This change usually consisted of cloudiness within the substrate, surface
abrasion, and hairline cracks (Figure 5.8). We confirmed that this damage did not occur
when the cylinder was empty. For larger D values, up to 20 mm, damage to the plexiglass
plate was still observed after >20 laser shots, but it degraded in a different manner than for
the D=1.0 mm samples. For larger D values, the plexiglass would slowly lose transmission
and turn dark, rather than crack, which we ascribed to laser excitation of internal defects in

the plastic.
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Figure 5.7. a) A 0.941 g Al plate was shot with a single pulse over 200 times with water
(HZO) filled in the spacer showing v, reproducibility within =15%. b) The same 0.941 g

Al plate was shot with a single pulse over 80 times with n-pentane (C5H12) filled in the

spacer showing v. reproducibility within ~10%.
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ated (a),
internally damaged (b), or cracked (c) after 5-20 pulses depending on piece of plexiglass
and spacer height.

We tested two different laser wavelengths, 1064 nm and 532 nm, for D=1.0 mm
and H20 as the working fluid. 532 nm has a smaller penetration depth into Al, which leads
to enhanced effectiveness for ablation and nanoparticle generation.?1:325-328 \We expected
that 532 nm would result in a larger vi due to enhanced fluid heating, but we observed the
opposite trend. For a fixed pulse energy of 0.20 J, a 1064 nm pulse yielded vi=1.2+0.1 m/s,
while a 532 nm pulse yielded vi=0.7 £0.1 m/s. We did not investigate this wavelength
dependence in more detail but it is suggestive that processes beyond simple Al absorption
may play a significant role in heating the liquid. It is possible that 532 nm produces a
different distribution of ionizing versus heating outcomes that result in less rapid heating
of the liquid adjacent to the Al. Alternatively, it is possible that vaporization during the
pulse changes the sample optical properties, causing the incoming 532 nm light to be
scattered more than 1064 nm light. A more detailed study of the vaporization dynamics

would be required to understand the origin of this wavelength dependence.
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Figure 5.9. The initial velocity vi is plotted against the laser pulse energy Epuise for (a) water

(H20) and (b) pentane (CsH12). The energy threshold where movement starts to occur is
0.2 J for H20 and 0.07 J for CsHa12, after which vi increases linearly with Epuise.

Varying the 1064 nm pulse energy revealed a pronounced energy threshold for
generating vertical motion. Figure 5.9 shows how vi depends on pulse energy for two
liquids, pentane and H2O. In both liquids there is no detectable motion until the energy
thresholds of 0.07 J for pentane and 0.20 J for H2O are reached. After this threshold, v;
increases roughly linearly with Epuse. The dependence of vi on liquid in Figure 5.9 was
general. In Figure 5.10 we show v; values measured for different liquids using a 1064 nm

pulse with Epuse=0.45 J. There are two interesting aspects of Figure 5.10.
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Figure 5.10. v; values for protic solvents (blue) and a variety of alkanes are shown. Each
value represents an average of at least 10 experiments with a 0.45 J, 1064 nm laser pulse
and D=1.0 mm. The alkanes are shown in different colors to highlight the trend in
decreasing vi with increased chain length. The protic solvents shown are water (H20), a
90% water + 10% methanol mixture (H.O/MeOH), ethylene glycol (C2HsO-), and glycerol
(C3HgOs3). The alkanes are shown in order of increasing chain length, n-Pentane (CsH12),
n-Hexane (CeHu14), cyclohexane (CsHz2), n-Octane (CgHis), and n-Decane (CioH22).

First, the protic solvents (H.O, methanol, ethylene glycol and glycerol) all show
comparable vi values, even though the glycerol data has a large standard deviation that may
reflect the difficulty of preparing a filled cylinder with this highly viscous liquid. This
suggests that these liquids give rise to explosive boiling through a comparable mechanism
that is relatively insensitive to properties like viscosity, boiling point, enthalpy of

vaporization, and heat capacity (Table 5.1 and Figure 5.11).
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Viscosity | Boiling Point Enthalpy of Vaporization | Heat Capacity
(1)) (To) (AHyap) (co) (@298 K)
mPas K kJ/mol J/mol-K
H,O/MeOH 1.317%2 36630 37.43%29 64.5%1
H.O 1.002332 37333 37.6%38 75.4%34
C,H:0; 20.16533% 4713% 65.0333 149.8336
C3HsO3 863.0%% 550333 91,7338 218.93%

Table 5.1. Physical constants of protic solvents, an aqueous mixture of water:methanol
90:10% (H2O/MeOH), water (H20), ethylene glycol (C2H¢O2), and glycerol (C3HgO3),
used to plot against their respective initial velocities (v;) in Figure 5.11.
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Figure 5.11. The protic solvents, an aqueous mixture of water:methanol 90:10%
(H20/MeOH, red), water (H20, blue), ethylene glycol (C2HeO2, green), and glycerol
(CsHgOs, orange), are plotted against their respective physical constants, viscosity (u),
boiling point (Ty), enthalpy of vaporization (AHvap), and heat capacity (cp'). This highlights
that there is no trend in initial velocity (vi) on any property of the solvent. The physical
constants used in the graph are tabulated in Table 5.1.
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All these liquids provide a high density of oxygen atoms, and previous work has shown
that these atoms can undergo exothermic reactions with the metal surface to release extra
heat.3?* The Al surface is oxidized after using these solvents, as judged by changes in color
and reflectivity consistent with the formation of excess Al.Os. The alkane liquids, on the
other hand, exhibit a clear trend with size, with a factor of 2 decrease in v; as we go from
n-pentane to n-decane. In the absence of oxygen, there is no obvious candidate for an
exothermic reaction with Al.  The high temperatures achieved do lead to some
decomposition of the liquid, as evidenced by the accumulation of black soot on the Al
surface, but this coating had no discernible effect on vi. We conclude that the trend with
increasing liquid molecular weight must be the result of differences in physical properties,

rather than differences in chemical reactivity.

In order to explain the observed trend in v; with alkane molecular weight, we
develop a simple physical model. From the data in Figure 5.9, it is clear that some energy
threshold must be achieved to initiate multiphoton absorption and rapid heating of the Al.
We consider dynamics after this threshold is reached, when some fraction f of the incoming
1064 nm laser pulse energy is channeled to the liquid contained in a volume Vg adjacent to
the metal plate. This energy heats the liquid from its initial temperature T; (=298 K) to

some final temperature T+. Given a molar heat capacity Cv, a liquid molar density p, and a

heat of vaporization AHysp, We have

prulse = pVOCv(Tf - Ti) + pVOAHvap (4)

Equation 2 can be rearranged to obtain an expression for Tr.
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Tf pVoc [f pulse + pVOCvT pVOAHvap] (5)

We assume that the gas contained in Vo and heated to T can be treated as an ideal gas that
undergoes an adiabatic expansion from Vo at a rate Cgas, S0 the time dependent volume V/(t)
is given by

V() = Vo(1 + cyast®) (6)
Under these conditions, the time-dependent pressure is given by

PoVY _ mRTy V{  pRTy

P(®) = v Vo VY (14cgest?)”

()

where y = £ s the usual coefficient for an adiabatic ideal gas expansion. The momentum

Cy

impulse given by the bubble to the metal plate with mass=m is

i « [ P(t)dt = pRT; f—tw (8)

(1 +c
If we further assume that the bubble expansion velocity cgas is the same for all the alkanes,

we find

pT 1{fE AH,

m Vocy
Note that this model predicts that vi does not explicitly depend on the liquid boiling point
because superheating bypasses this temperature. However, the AHyzp term depends on the
same intermolecular interactions that determine the boiling point, so there is expected to
be a correlation with this quantity (Figure 5.12). Equation (9) predicts a linear dependence
on Epuise, as observed in Figure 5.9, providing the first indication that this model is

consistent with the data.
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Figure 5.12. v; values for alkane solvents (black squares from left to right: CsHi12, CsH14,
CeHi12, CgH1s, C10H22) are plotted against their respective enthalpy of vaporizations (Ty)
The fit is generated from Equation (9), where the parameters for each alkane are given in
Table 1. The fvolume of liquid (Vo) was varied to fit the data, resulting in the best fit at
V0=3.4 L. Epuise= 0.45 J, and the fraction of energy (f) was fixed at 1.

However, the model also predicts that vi should exhibit an m™ dependence. We varied the
mass by a factor of 3 and a log-log plot yielded a m™®® dependence (Figure 5.13). It is
possible that this mass range is simply not large enough to provide an accurate picture of
the mass dependence, but it is also possible that this is a sign that the model is too simplistic.
Equation (9) can be scaled by an arbitrary factor to match the alkane v; data, and the relative
role of the Epuise term can be adjusting either f or Vo, the volume of the liquid that is
superheated. With f=1.0, we obtain a good fit to the alkane v; data by setting Vo=3.4 uL

and using the solvent parameters given in Table 5.2.

117



0.8 . - . , . , . . .
m HO
. C5H12
—— Linear Fit | |

sl HO0 m=-0678+0.16 .

CeH,, m=-0.602 + 0.025

0-2 T T T T T T T T T
0.2 -0.1 0.0 0.1 0.2

Log(m) (9)

6.0 T T T T T T T T T

5.5 m HO

' ® CH

5 12

5.0 I

45- .
—~ 4.0 ] .
E 354 0 1

>' -
3.04 \i
25 ]
2.0 -

1.5 T T T T T T T
0.6 0.8 1.0 1.2 1.4 1.6

Mass (g)

Figure 5.13. The mass of the aluminum (Al) plate was varied from 0.6 g to 1.6 g by
changing the height of the plate but keeping the length and width constant. The initial
velocity (vi) was then analyzed for each plate using water (H,O) and pentane (CsHi2) in a
spacer of D=1 mm. (Top) The log of the mass was plotted against the log of the
corresponding vi. A linear fit was done to find the slope of the line which gave a m™¢
dependence with Vi. (Bottom) The mass is plotted against its corresponding vi with the m

96 fit determined from the log-log plot. This shows the general trend in increasing mass
results in a lower initial velocity.
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Figure 5.14. v; values for alkane solvents (black squares from left to right: CsH12, CsH14,
CeH12, CgHis, C10H22) are plotted against their respective enthalpy of vaporizations (AHvap)
The fit is generated from Equation (9), where the parameters for each alkane are given in
Table 1. The fvolume of liquid (Vo) was varied to fit the data, resulting in the best fit at
V0=3.4 L. Epuise= 0.45 J, and the fraction of energy (f) was fixed at 1.

This calculated solvent dependence is overlaid with the vi data in Figure 6. However, this
value of Vy is clearly an overestimate, since 0.45 J is not sufficient to vaporize this volume
of pentane given its AHv2=26500 J/mol and density p=8.73 mol/L. The volume of liquid
is probably at least 7x smaller in order to attain a T+ value on the order of 700 K, which is
the threshold for alkane carbonization, %34 which is observed experimentally. If Vo=0.34
uL, this corresponds to vaporizing liquid to a depth of 5.3 um, emphasizing the interfacial

nature of this phenomenon.
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p (-107) v AHvap | Ti | £ | Eimn | Vo(-107) Tt

mol/mL | J/mol K | J/mol K J mL K
CsHi 8.73°2 | 168.6™ | 26500°3 | 298 |1 |0.445 |3.41 229.5
CsHu4 7.66°% | 197.7°% | 31000°% | 298 |1 |0.445 |3.41 227.4
C¢H1z 9273 | 156.0°* | 33100%° | 298 |1 |0.445 |3.41 176.1
CsHis 6.133%2 | 255734 | 41000°3° | 298 |1 |0.445 |3.41 220.9
CioHz2 | 5.13% | 31553 | 51300%3 | 298 |1 |0.445 |3.41 216.0

Table 5.2. The numerical values for each alkane solvent used to generate equation (9) fit
to overlay the experimental data in Figure 5.14. The physical constants include molar
densities (p), isochoric liquid heat capacities (cv'), enthalpy of vaporizations (AHyap). The
initial temperature (Ti), pulse energy (Ein), and fraction of pulse energy (f) are all fixed.
The volume of liquid vaporized (Vo) was varied to find the best fit with the experimental
vi of each alkane upon overlaying fit line with data. The final temperature (Tf) was
calculated using equation (5) to show that the Vo is largely overestimated from our model.
Note: The liquid heat capacities are the same at constant pressure and volume due to the
incompressibility of a liquid. The change in volume during heating is negligible.34

Even though the model in Equations (4)-(9) can provide a qualitative description
for the observed vi behavior, it is not adequate to provide a quantitative description of the
phenomenon. This is not too surprising, given that this model assumes a fixed heated
volume Vo, Cv and AHvap parameters that are independent of temperature, and ideal gas
behavior even at very high (liquid) densities. None of these assumptions is expected to be
valid under the conditions of rapid laser heating. Nevertheless, the model does capture the
essential behavior within the alkane class of working fluids. It also provides guidance for
the choice of working fluid: higher vi values can be obtained by using high density liquids

that can be driven to high T values via low Cv and AHvqp values.
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Finally, we turn to the efficiency of the photon-to-kinetic energy transfer, defined

as

=Z— (10)
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Figure 5.15. The efficiencies (n) of the solvents are compared showing a decrease as
alkane chain length increases. H20 is also shown to compare its efficiency to the alkanes.
All samples have a spacer of D=1 mm and are hit with a 0.45 J single pulse.

The 7 values measured in this work approach 2% and are significantly greater than those
reported for resistively heated liquid—>gas actuators. We believe that these higher
efficiency values result from the much higher temperatures that can be attained through

nanosecond laser heating. It has been shown shown that the efficiency of a pulsed laser

heat engine, based only on gas expansion, scales with T, the final temperature of the heated
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gas.'®! Although our system is based on a different liquid->gas expansion, we expect the
same physical reasoning to hold.

One advantage of using the metal plate to heat the liquid is that it provides a robust
absorbing surface whose performance does not degrade. We found that molecular
absorbers, like gold nanoparticles dissolved in the working fluid, tended to rapidly bleach
when exposed to high power laser pulses. A second advantage of the metal absorbing
surface is that it localizes the heating to a small volume at the interface, even when the total
volume of the working fluid is much larger. This localization facilitates the generation of
very high temperatures. Of course, in the systems studied here, the high temperature comes
at the cost of chemical degradation of the working fluid. Eventually, the working fluid
would have to be replaced, which limits the useful lifetime of the actuator. One solution
would be to use a chemically inert working fluid, for example liquid xenon, to avoid this
problem.

There are some practical challenges to be addressed before a actuator based on
nanosecond laser induced liquid—>gas expansions could be built. The chemical
degradation of the working fluid and transparent substrate have already been described.
The design of the actuator presents another challenge. For our experiments, the metal plate
was not attached to the working fluid container to facilitate the Kkinetic energy
measurements. To make a practical actuator, a movable top plate would have to be attached
to a closed system. Most liquid—>gas actuators accomplish this by encapsulating the fluid
in an elastic polymer membrane, but the high temperatures achieved by the pulsed laser

heating would likely decompose the polymer. A metal bellows design is probably more
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appropriate for an actuator based on explosive vaporization, as demonstrated previously
for a heated gas actuator.'%2% A second consideration is that the duty cycle of an actuator
based on this principle will be limited by the cooling and condensation of the gas back into
liquid form. Since the gas generated in our structures escaped into the surrounding
atmosphere, we could not measure this condensation time. The construction of a closed
system would bring the added benefit that tis time could also be measured, since
condensation would be accompanied by a large volume decrease which could be easily

detected.

5.3 Conclusion

This paper applies concepts from the laser flyer field to the area of liquid->gas
actuation. We show that explosive boiling induced by nanosecond laser heating of a metal
surface can transform light into kinetic energy with efficiencies greater than 1%. A study
of how this phenomenon depends on parameters like laser pulse energy, fluid volume, and
the chemical structure of the liquid provides information that can be used to optimize
actuation based on this type of phase transition. Our simple theoretical analysis suggests
that increasing the density of the liquid, decreasing its AHvsp, and improving heat transfer
from the metal to the liquid are all important for improving the energy transfer efficiency.
If stable liquids and closed-cycle actuator designs can be found, it is possible that pulsed
laser heating may lead to liquid->gas expansion actuators with higher efficiencies and

shorter response times.
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Chapter 6: Conclusions and Future
Outlook

In this dissertation, new strategies for the molecular organization of functional
materials have been discovered and enhanced. New systems beyond molecular crystals
were examined experimentally and theoretically to provide new avenues for design based
on light-driven properties.

First, a systematic study in the development of a reliable way to produce cold
molecules led to a generalized method that will be used in the future production of cold
polar diatomic molecules. This research focused on mixtures of aluminum and chloride
salts but can be applied to other alkali halides of interest. This study is the first of its kind
and provides interesting results that contradict what chemical intuition suggests. First,
although AICIs does produce the largest amount of AICI after pulsed laser ablation, its
hygroscopic nature makes it an unreliable precursor for AICI production, sometimes giving
no yield at all. Second, using pulsed laser ablation to generate AICI from a mixture of Al :
XCly, does not depend on any energetics of the precursors, such as bond dissociation
energy. The high-energy laser used to ablate the solid can completely dissociate the species
into its atomic substituents. So having a robust solid sample that is insensitive to the
environment and relatively nonhazardous, like KCI, is more beneficial. Third, in analyzing
the AICI formation, a simple model can quantitatively describe Al + Cl encounters in the

gas plume to form AICI dependent on precursor composition, mixing ratio, and AICI
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recondensation. Most importantly, a high Cl atom density of the XCl, source was linearly
correlated to the production of AICI.

This work has proven that pulsed laser ablation of Al : XClIn provides a reliable
way to produce AICI, without the need for high temperature ovens. This result can be
generalizable for the production of other heteronuclear diatomics. Future studies should
focus on using a high density of halogen atoms; for example, flowing chlorine gas into a
chamber with ablated aluminum atoms. Furthermore, the methods discovered here will
lead to quicker formation of the first AICI optical lattice. Once in an optical lattice, high-
resolution gas phase spectroscopy will be done on the lattice as it is tuned with external
fields to unlock new fundamental physical theories. While the current status of the project
is far from this ultimate goal, this work provided the first steps toward the groundwork of
this project.

Due to the long timeline of the AICI project, I shifted focus to organizing molecules
in the condensed phase through covalent bonding. Our collaborators developed a
bithiophene trimer that was attached in a cage geometry by aromatic caps. This type of
construction limits the flexibility of the molecular orientation leading to less
conformational freedom. The novelty of this structure is that it resembles solid-state
crystalline structures in terms of its rigidity, unlike the typical floppy bithiophene
dendrimers that are studied. This is a huge leap in the progress towards efficient energy
harvesting, in linking desired properties to molecular structure. This framework allows for
the tuning of properties by changing the molecular capping group holding together the

three bithiophenes.
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This system was examined in two limits, (1) inert covalent linkers that promote
through-space interchromophore interactions, and (2) active covalent linkers that change
the electronic states of the chromophores. First, a phenyl capping unit holding together the
cage geometry showed the formation of H-type Frenkel excitons that undergo ISC, like
normal bithiophene assemblies. By switching the capping unit to an active triazine, a new
CT state dominates the electronic properties by outcompeting ISC and increasing the
fluorescence output. Not only was the CT state dominant in this molecular organization,
but the fact that it gave a long-lived fluorescence output was a surprising benefit. This
answered the major question of how assemblies of bithiophenes can be tuned based on
molecular structure and chemical components and thus will lead to the future developments

of multichromophoric molecules with tunable linkers.

Although there has been much research on examining new excited states through
the synthesis of different covalently linked chromophores; this work shows that the same
geometry can be precisely tuned by only synthetically changing the linking group. Future
studies will now be able to rationally design an assembly of chromophores based on the

desired excited state properties and introduce them in a controlled way.

For electronic states, high molecular order is desired. But for mechanical
applications, disordered phases like liquids and gases may be more useful. This work
provided a proof of concept for a new impulsive laser-powered actuator. A nanosecond
laser pulse was used to propel a 1-gram aluminum plate vertically almost 1 meter through
the air. By inserting a liquid layer adjacent to the metal, the metal was used as a heat source

for explosive boiling of the liquid. The characteristic volume expansion upon gas formation
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was optimized with different variables like liquid, pulse energy, volume of liquid, and
confinement of liquid. Remarkably, energy conversion from light to kinetic energy
efficiencies approached 2%. Furthermore, experiment backed by theoretical analysis
showed that decreasing the AHvap Of the liquid increased the efficiency of the metal
propulsion.

This work provides a basis for laser-powered actuators with higher light-to-kinetic
energy conversion efficiencies. By using a pulsed laser, the rate of heating occurs fast
enough to compete with thermal diffusion. Therefore, less energy is lost through heat
diffusion to the surroundings. In theory, the efficiency of the system is correlated to the
temperature gradient of the working fluid before and after impulsively heating.!®! This
work showed that a pulsed laser is an effective way to increase the temperature change
quickly by using an aluminum heat source. This research paves a path towards improved
performance with the use of higher energy lasers and a lower AHygp liquid.

The development of this system into a real actuator does present challenges, in
which an ideal liquid would not decompose upon laser irradiation. Second, the optically
clear substrate that the laser pulse enters the system through would need to be more robust
than the PMMA used in this work. If these challenges were overcome, this design could

lead to improved performance of liquid—gas expansion actuators.
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